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ABSTRACT

The University of North Dakota (ITND) Energy & Environmental Research Center
{(EERC), Owens-Corning Fibergias Corporation (OCF), and Raytheon Engineers &
Constrietors (RE&C) conducted research to develop a catalytic fabric filter (CFF) for
simultaneous control of NQ, and particulate matter. Funding for the project was provided
by the U.5 Department of Energy Pittsburgh Energy Technology Center (DOE-PETC),
Consolidated Edison Company of New York Inc. (Con Edison), and the Empire State
Electric Energy Rasearch Corporation (ESEERCO), OCF provided catalyst-coated bags,
fabrie samples, and technieal support as a cost share.

The CFF concept employz a high-temperature woven-glags fabric (32-glass), catalyst,
and coating procedure developed by OCF. The woven fabric is coated with a catalyst
capable of selectively reducing combustion flue gas NO, to nitrogen and water, using
ammonia as the reducing agent. Particulate control is accomplizshed as a result of
econventional filtration mechanismes invelving woven fabyic and dust eake formation.
Catalyst-coated bags are housed in a hot-side baghouse operating at air preheater inlet
temperatures.

Bench-scale catalyst deactivation experiments demonstrated that strong acids (0.1 M
HC1 and H,50,) and a strong base (0.1 M NaOH) destroy catalyzt reactivity on used fabrie
samples having a light residual ash layer. Although the degree of catalyst reactivity loss
was greater for residual ashes containing greater concentrations of alkali, the end result
in all cases was a significant decrease in eatalyst reactivity, which would require catalyst-
coated bag replacement. ’

Results from the pilot-scale 18- and 500-howr pulse-jet tests have shown that
catalyst loss or erogion from the febric did not occur and 80% MO, reduction is possible
with an ammonia skip of 7.6% of the inlet NO, concentration at an air-tocloth ratio of
3 ft/min. Assuming a typical inlet NO, coneenfration of 300 ta 400 ppm (0.5 to 0.7 ib of
NO,/MMBtu), the resulting ammaonia ship would be roughly 20 to 30 ppm. Decreasing the
air-to-cloth ratio would regult in an inarease in NO, reduction and a decrease in ammonia
slip. Becent hench-scale tests with new fabric samples prepared using ten coats of
- eatalyst rather than the seven enats used for the pilot-scals tests have shovm improved
reactivity., Assuming that further beneh. and pilot-seale tests substantieta the improved
performance, 30% NO_ reduction could be achisved with an arvmonia slip of <10 ppm, or
95% NO, reduction could be achieved with an ammonia slip of <20 ppm. These lavels of
ammonia slip meet ammonia emission limits {9 to 30 ppm) cwrrently enforced in some
areas of the United States.

Particulate collection efficiency was typically > 99.9% during the 100. and 500-honr
test periods, easily meeting the current New Source Performance Standards GVSPS) of
0.03 iyMMBtu. Baghouse differential pressare was easily controlled at 4 to 6 in. W.C.
using on-line pitlse cleaning. Sulfur dioxide oxtdation to sulfur trioxide was not observed
to be a problem.

A single set of nine catalyst-coated DES92 bags were evaluated in a slipstream
baghouse for 5136 howrs, resulting in 13,920 cleaning cycles, while subbituminous coal
was fired in a stoker-fired boiler at the UND steam plant. Supplemental ash injection




was used to augment fly ash from the sioker-fired holler. Baghouse operating conditions
ineluded flue gas temperatures of 500°-700°F, filter face veloeities of 3-5 ft/min, and
differential pressures of 2-6 in. W.C. There were no catalyst-coated fabric failures as a
result of the 5136 hours of normat baghouse operation. Data from MIT Flex, Mullen
rarst, and hench-geale reactivity tests with various fabrie samples demonstrated that
catalysi-coated fabric strength and reactivity did not degrade with time.

Particulate collection efficiency for the slipsiream baghouse, ag deteymined by a
modified EPA Method 5, ranged from 99.96% to > 99.9% for inlet mass loadings ranging
from 1.5-5.7 gr/eef. Differential pressure across the slipstream haghouse was effectively
controlled using on-line clesning, a reservoir pulse pressure of 49 peig, and a pulse
duration of Q.1 seconds.

To determine the commercialization potential of the CFF concept, a conceptual
design was daveioped and an economic evaluation was prepared for the CFF proeess to
estimate capital and levelized costs for two commercial pulverized coal-fired boiler
applications, a new 500-MW plant, and an older 250-MW plant. In both cases, the CFF
contept was compared o conventional hot-side selective catalytic reduction (SCR) for NO,
conirol and cold-side pulse-jet fabric filtration (PJFF) for particulate control. The
economic analysis was prepared based on Electric Power Research Institute (EPRI)
technical assessment guidelines.

The economte evaluation showed that the total installed plant investment for the
CFF concept wag 5% higher than the total ingtalled plant investment for the SCR/PJFF
combination, $146/KW versus §128/kW for the new 80)-MW plant, and 4% lower for the
250-MW plant, $21¥EW versus $221/kW. On a 30- and 15-vear levelized cost basis,
respectively, the CFF concept was somewhat less costly than the SCR/PJFF system for the
new S0-MW plant, 5.91 versus 6.33 mille’kWh, and for the 250-MW retrofit, 9.15 versus
10.07 mills’kWh. These differentials represant an annual cost savings for the CFF of
$1,400,000 and $1,300,000, respectively. Levelized costs for the CFF are driven by
catalyst-coated bag replacement costs. Eloments driving levelized costs for the SCR/PJFF
included SCR catalyst replacement costs and the additional induced draft fan power
requirements to offset the combined pressure losses across the SCR reactors and the
BEJFF. The concepinal design and economic evaluation indicates that the CFF is
economically competitive with the SCR/PJFF, but further CFF development is necessary
in erder to compete commereially with the better developed technologies. Therefore,
future CFF development efforte must focus on reducing the cost of catalyst-coated bags,
demonstrating a bag and catalyst life of > 2 years, and improving performance with
raspect to NO, reduction and ammonia slip at air-to-cloth ratios equivalent to or higher
than those used in this evaluation. —




CATALYTIC FAEBRIC FILTRATION FOR SIMULTANEOQOUS NO_ AND
PARTICULATE CONTROL

EXECUTIVE SUMMARY

Introduaction

The University of North Dakota (UND) Energy & Environmental Research Center
(EERC), Owens-Corning Fiherglas Corporation {OCF), and Raytheon Engineers &
Constructors (RE&C) conducted research to devalop a eatalytic fabrie filter (CFF} for
simultaneous control of NO, and particulate matter. Funding for the project was provided
by the U.5. Department of Energy Pitisburgh Energy Technology Center (DOE.PETC),
Consolidated Edison Company of New York Ine. (Con Edisor), and the Empire State
Electric Energy Research Corporation (ESEERCQ). OCF provided catalyst-coated hags,
fabric samples, and technical support as a cost share.

The DOE-PETC funding was secured sg a result of a competitive award from the
DOE-PETC Advanced NO, Control Program. The objestive of this program was to
develop advanced concepts for the removal of NO, from flue gas emitted by coal-fired
utility botlers or for the conirel of NO, formation by advanced combustion modification
techniques. Funded projects were reguired to focus on the development of technology that
significantly advanced the state of the art, using a process or a combination of processes
capable of reducing NO, emissions to 60 ppm or less. The coneept must have succesafutly
undergone sufficient laboratory-scale development to justify sealeup for further evaluation
at the pilot zeale (not to axcead & MW In size). Other requirements ineluéded preduction
of a nonhazardous waste or a salable by-product. The concept was to have application to
both new and retrofit coal-fired systems and show the potential for a 50% cost savings
when compared to a commercial selective catalytic reduction (SCR) process capable of
meeting the 80-ppm WO, emission limit.

The EERC approach to mesting the program objective involved the development of a
CFF for simultaneous NO, and particulate control. This coneept employs a high-
temperature woven-glass fabric (52-glass), catalyst, and coating procedure developed by
QCF. The woven fabric is coated with a catalyst capable of selectively reducing
combustion flue gas NO, to nitrogen and water, using ammonia as the reducing agent,
FParticulate control Is accomplished as a result of conventional filtration mechanisms
involving woven fabric and dust cake formation. Catalyst-coated bags are housed in a
pulsa-jet hot-side baghouse operating at air preheater inlet temperatures,

The overall cbjective of the project: proposed by the EERC was to evaluate the
catalyst-coaved fabric filter concept for effective conirol of NO, and particulate emissions
simultaneously. General poals included demonstrating high removal efficiency of NO,
and partienlate matter, acceptable bag and catalyst life, and that process economies show
a significant cost savings in comparison to a commereial SCR process and eonventional
particulate control, Specifie goals ineluded the following:

* Reduce MO, emissions to 60 ppm or less .

* Pemonstrate particulate removal efficiency of >929.5%
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» Demonstrate a bagfcatalyst life of > 1 year
» Control ammonia slip to <25 ppm

* Show that catalytic fabric filtration can achieve a 50% cost savings over
conventional fabrie filiration and SCR control technology

¢ Daterrine compatibility with SO, removal systems
* Show that the concept results in a nonhazardovs waste product
Approach

Development of the catalytic fabric Slter concept required further evaluation of air-
to-cloth ratio effecis, ammonia slip, 80, oxidation to S0,, temperature cyeling, catalyst-
coated fabric prepsration, fuel impacts, fabric cleaning (reverse gas versus pulse jet),
catalyst Yife (poisoning and registance to erosjon), and filter performance and life
{(particulate control, differential presmwra, and durability). The specific approach used tao
address these issues iz defined by the following five taslks:

Task 1 - Program Definition

Task 2 ~ Design and Construction of Test Unit

Task 3 « Experimental Program and Data Reduction
Task 4 — Conceptnal Design and Economic Evatuation
Task 5 — Test Unit Removal

Task 1, Program Definition, required preparation of a profect managemenst plan.
This document contained a detailed scope of work, project schedule, and project hudget;
identified key project personnel; and presented the quality assurancefquality control
(QA/QC) plan for the project.

Taszk 2, Design and Construction of Test Unit, was divided into three subtasks.
Subtask 2.1, Reverse-Gias System, involved the design and construction of a new raverse-
gas chamber in addition to upgrading an existing reverse-gas chamber to minimize
temperature and flue gas flow control problems. Construction of the new chamber was
necessary to permit operation over a range of air-to-ctoth ratios (.5, 2.0, 3.0, and
4.0 ft'min) without having to slipstream a signifieant portion of the flue gas. Upgrading
the existing chamber was nesezzary to permit baghouse operation in the temperature
range of 500° to TG0°F, In combination, the chambers house two 13-in. % 26-ft bags
providing a total filter area of 157 ft°.

Subtask 2.2, Pulsa-Jet System, involved the design and construction of a pulsejet
fabric filter gystem for use in Subtask 3.3, as well as for filtering the flue gas during off-
line eleaning of the reverse.gas system. Construction of a new pulse-jet fabrie filter
systemn was necessary to obtain adequate temperature control over the range of interest
{500° to 750°F) and {0 operate at the appropriate range of air-to-cloth ratios {2, 3, 4, and
& ft/min), with minimal flue gas flow rate adjustments and slipstreaming. The pulse-jet
fabric filter houses twelve bags, € in. in diameter by 8.25 fi long, providing a total cloth

area of 151 ft*. The pulsejet system is a single compartment capable of ¢leaning both on.
line and off-lina.
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Subtask 2.3, Catalytic Fabric and Filter Bag Preparation, invoived the preparation
of catalystcoated fabric for use in the experimental phase of the project. This work was
done by or under the direction of OCF personnel. Specific activities included
manufacturing the high-temperature 82-glass fabrie, coating the fabrie for asbrasion
registance, coating the fabric with catalyst, smd manufacturing the filter bags for the
reverse-gas and pulsejet baghouses. A total of 27 reverze-gas and 94 pulsejet bags were
manufactured for the pilot-scale exporimental effort.

Task 3, Experimental Program and Data Reduoction, had four subtasks. Subtask 3.1,
- Fundamental Testing, was a bench-grale support effort to the primary experimental test
plan. This effort was intended to supply information needed to understand the process
mechanism thoroughly, allow sereening of additional falwic samples, address the issue of
catalyst poisoning, and generally support the pilot-scale effort.

Subtask 8.2, Process Testing/Reverse-Gas System, included the bulk of the pilot-scale
experimental effort. Thig subtask involved twelve 100-hr test periods, one 500-hr test
period, and four 1- to 2-day test periods. Each of the 100-hr test periods was performed
while coal was firad and catalyst-coated flter bags were evaluated in a pilot-geale reverse-
gas baghouse, The shorter test periods involved fring either natural gas or coal. Based
on the results obtained during the 100-hr reverse-gas and pulsedet tests, the 500-hr
raverse-gas test originally planned was replaced with a 8(X-hr pulze-jet test,

Subtagk 3.3, Process Testing/Pulge-Jet System, involved three 100-hr test periods
and ona 50(-hr test period. Two 100-hr test periods and the 500-hr test period were
performed while coal was fired. The third 100-hr test period involved oil firing. All four
test periods used a pilot-scale pulsedet baghouse to evaluate the catalyst-coated filter
hags. .

Subtask 3.4, Fabriec Durability Testing/Pulse-Jet Systam, evaluated the performance
of a single get of catalyst-coated filter bags in a pilot-scale pulsejet baghouse for more
than 5000 hours. The test involved slipstraaming flue gas from a stoker-fired boiler at
the UND gicam plant during parts of two heating seasons. The primary purpose of this
activity was to determine filtar bag performance (particulate control, baghouss differential
pressure, and fabric cleanability) for an extended operating peried.

Based on the resilts of Task 3, 2 techniral and economic agsessment of the eatalytic
fabric filter concept, Task 4, Conceptual Desipn and Economie Evaluation, was completed.
Task 4 was based on a referenca S00-MWe presnfisld plant burning high-sulfur coal and a
260-MWe plant with the catalytic fabrie filtration system added ag a retrofit. The basis
for the economic evaluation was the Eletiric Power Research Institute (EPRI) Technical
Assessment Guide (TAG).

Task 6, Test Unit Removal, required the identifieation of all major test facilities,
equipment, instruments, and hardware and their condition, ovwmership, and proposed
disposition. With the exception of some instrumentation upgrades, the reverse-gas
baghouse (Subiask 2.1} and the pulse-jet baghouse {Subtask 2.2), all of the equipment and
facilities necessary to perform the experimental program were available at the EERC.
Therefore, the Task 5 effort was minimal and primarily involved preparing an eguipment
disposition plan, documenting owmership of equipment acquired and fabricated in Task 2,




and maintaining ¢control of the eguipment until. final disposition was determined by DOE
and other funding organizations.

The EERC, a3 the primary contractor for the project, was responsible for the
menagement and direction of all technical and administrative project activities. EERC
rersonnel performed all work associated with Task 1, Subtasks 2.1 and 2.2, Task 3, and
Task 5.

OCF personnel performed and/or supervized all work assoctated with Subtagk 2.3,
inelunding manufacturing the S52.gisse fabrie, coating the fabrie, and manufacturing the
fllter bags for the reverse-gas and pulsedet systernsn, This effort, as well 28 technical
support, was yrovided by OCF as a cost share to the project.

RE&C, as a subcontractor to the EERC, provided technical support for Task 1 and
performed Task 4. EERC and OCF personnel involved in Task 3 provided input to RE&C
Task 4 activities.

The project echadule was based on a start dats of October 1, 1990, with an assumed
project duration of 36 months, Therefors, the planned project completion date was
September 30, 1293, Because of delays encountered in completing Subtask 3.4, arequest
was marle and approved to extend the grolect completion date through Auguest 31, 1994,
The 11-month. extension pexmitted the continuation of Subtask 3.4 into December 1993 .
and allowed participation in a July 1994 contractors’ review meeting at no additional cost
to the project sponsors.

Results

Although all of the project abjectives were not achieved, significant progress was
made coneerning the development of the CFF concept. Also, project results documentad in
this report demonstrate that the CFF concept has commereial potential. Data presented
in the report demonstrate the potential to reduce NO, emissions to 60 ppm (0.1 1b of
NO/MMBtu) or lese and contxol ammeonia slip to <25 ppm. Particulate collection
afficiency for the woven 52-glass fabric was >99.6%. Although fabric and catalyst lifs
were not spacifically demonstrated for »>1 year, there was no evidence that fabric and
catalyst Life would not be > 1 year based on the 5136 hours of flue gas exposura
completed.

Specific, experiments were not completed to verify the compatibility of the CFF
coneept with S0, removal options. However, no data were developed or observations
made that would indicate that the CFF concept, when operating within design
parameters, would interfere with the performance of & downstream spray dryer ar wet
scrubber. Also, the hot-side CFF baghouse presents an ideal temperature regime for the
use of sodinm-bhased sorbents {0 control 80, emisggione resulting from the use of low-gulfur
fuels, CFF reaction products are nitrogen and water. Tharefors, the CFF concept does
not generats a hazardous waste. Data show that catalyst erosion from the fabric does not
accur and the vanadium compoenent in the catalyst is not vanadium pentoxide. Also,
disposal of spent catalyst-coated bags is factored into the QCF estimated purchase price,
with OCF reprocessing the used fabric and eatalyst.
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The economic evaluation completed demonstrated that the CFF concept is
competitiva with a combination of conventional SCR and cold-side pulsejet fabric
filtration (PJFF). Howaever, the project objective of a 50% cost savings was not achieved,
On 2 levelized cost basis, the CFF concept was 7% to 10% cheaper than the SCR/PJFF
combination. A more detailed summary of specific conclusions and recommendations is
presented in the following paragraphs end in Section 4.0.

Ag part of the catalyst-toating process, a fugitive organic lubricant is added to
protect the catalyst and fabric and to facilitate sewing of the bags. Therefore, to obtain
optimum performance of the eatalyst-coated fabrie, the fabrie must be heat-treated to
ramove the lubricant and complets catalyst curing. Since the optimum heat treatment
time and temperaturs for each of the fabrics was imknown, bench-geale tests were
completed to evaluate the effect of heat treating on catalyst reactivity, The resulis of
these tests were then used to select the heat freatment conditions for the catalyst-coated
filter bags used in the pilot-scale tests.

From the bench-geale results, it was determined that each set of new bags would be
heat-treated in the pilot-seaie haghouse at 700°-7T25°F for 4 hours using flue gaz
containing 2—4 vol% O, resulting from the combustion of natural gas. The heat treatment
procedure developed for these pilot-scale tests was appropriate for this project. However,
further development of heat treatment procedures will be necsssary prior to
commerctalization of the catalyst-coated fabric filter concept.

Catalyst Deactivation

Catalyst deactivation experiments were designed to represent a worst-case scensrio,
where the catalyst-coated fabric filters are weitad as a result of an upset condition, such
as a tuba leak. During such an upset condition, water may leach various componenis
from the ash laver onto the fabric, creating an alkali, acid, or sulfurrich solution.
Depending on the nature of the upzet condition, the watted fabric would either dry
quickly beecange of CFF operating tempsratures or remain wetted for an extended period
in the event of a foreed system shutdown.

Results of the bench-scale catalyst deactivation experiments demonstrated that
strong acids (0.1 M HC] and H,80,) and a strong base (0.1 M NaQ#H) destray catalyst
reaciivity on clean fabric samples. However, in the case of the acid-coated fabrie,
thoroughly washing the samples with wiater resulted in a complete recovery of catalyst
reactivity. These results imply that the strong base chemieally destroys catalyst
reactivity, while the acid merely interferes with the catalyst site.

Strong acids and a strong base were found to destroy catalyst reactivity on used
fabric samples having a light residual ash layer. Although the degree of catalyst
reactivity loss was preater for residual ashes containing greater concentrations of alkali,
the end resuit in all cazess was a gignificant decrease in catalyst reactivity, which would
require ecatalyst-coated bag replacament. o

Exposure of clean catalyst-coated fabric to a severe moisture dew point showed little
or no effect on catalyst reactivity. However, for used fabric samples having a light
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residual ash layer, catalyst reactivity was permanently reduced to a level requiring
replacement of the eatalyst-coated hags.

Catalyst-coated fabric samples coated with any one of several chemical forms of
alkali (Na, Ca, and K) and then expoged to a severe moisture dew point demonstrated a
significent loss of catalyst reactivity. Independent of chemical form, sodinm had a greater
effect than calcium, and ealcium a greater effect than potassium, consistent with the
inereasing Bronsted acidity of the ions.

Five new fabric types were prepared by OCF for screening near the end of the
oroject. The fabric samples were 1dentified as Fabric 205, 206, 207, 208, and 209. Based
on the bench-scale data, Fabric 208 appears to be significantly more reactive than the
DES92 fabrie used for the pilot-scale pulsedot tests, Assuming future bench- and pilot-
scale tests substantiate the improved performance of Fabric 208, 80% NO, reduction could
be achisved with an ammonia slip of <10 ppm, or 95% NO, reduction could be achioved
with an ammonia slip of <20 ppm.

Fabric 208 represents a standard DE992 woven S2-glass fabric prepared using ten
coats of the standard 0.2 M V-Ti catalyst coating rather than the saven coats nsed
previously., The purpose of applying ten coats of eatalyst was to slmply increase the,
amount of catalyst on the fabric in the hope of inereasing NO, reduetion and redueing
ammonia slip. If successful, the cost of the CFF concept could be reduced as a result of
keing able to operate the CFF at a higher face velocity and could redu¢e the operating
and maintenance (O&M} costs associated with ammonia slip.

Pilgt-Seale Parametric Tests

Testing of catalyst-coated fabric flters with the reverse-gas and polse-jet systems
ineluded fahrie-sereening tests, fuel effects tasts, operating temperature tests, and dew
point exposure tests. Sixteen reverse-gas test periods and six pulse-jet test periods were
completed. With the exception of the two 500-hr pulsesjet tests, test duration was
100 hours or less. Specific observations made a8 a result of the pilot-scale parametric
tests include the following )

» Pilot-seale 100-hy fabric-screening tests dernonstrated that the 22-0z/yd* woven
52-glass fabric, prepared waing seven coats of a vanadinm-titanium catalyst and
applied using an organic-based coating process, resulted in higher NO, reduction
and lower ammonia slip than the other four catalyst-coated fabric types tested.
However, differences observed between the 14- and 28-pz/yd® fabric prepared using
the same catalyst and organic-hased coating process may be simply due to the
greater catalyst concentration on the 22-oz/vd® fabric, Therefore, further
development or testing of the catalyst-coating process would be appropriate to
mazimize the quantity of the catalyst that can be affectively applied to an 32-
plass fabric.

» During 100-hr test periods using bath the ptﬂs-e-jét and reverse-gas baghouses,

90% NO, reduction and <25-ppm ammonia slip were demonstrated. Air-to-cloth
ratio had a significant affact on catalyst-coatad fabrie performanes. An air-to-
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cloth ratio of <4 fi/min and a flue gas temperature of 650°-700°F were
necessary to achieve 80% NO, reduction and control ammonis slip adequately,

Flue gas temperature also had an effect on catalyst-coated fabrie performance. As
flue gas tamperatures were decreased from 650°F, ammeonia slip increased and
NO, reduction decreased, while temperatures of > 750°F are known 1o
permanently deactivate the catalyst.

The pilot-scale data from the 100-he test periods indicate that fuel type (oil and
coal) may have some effect on NO, Teduction and ammonia ship. However, the
ghort duration of thess tests and range of operating parameters experienced
prevent the formulation of specific conclusions.

In order to minimize the effect of fly ash characteristics on CFF performance,
future development activities should evaluate a catalyst-coated 52-glass fele. The
catalyst-coated felt would not be affected by pinholing to the degree a woven
fabric is affected. Therefore, dust eake characteristics, such as pinholes, would
have less effect on NO, reduction and ammonia slip.

Results from the 100-hr oil-fired test were aimilar to the 100-hr coal-fired tests,
However, NO, reduction was slightly lower and ammeonia slip, as a percentage of
inlet NO, concentration, was slightly higher. Lower NO, reduction and higher
armmaonia slip probsbly resufted from a very low fly ash mass loading entering the
baghouse, resulting in very little dust cake development end a Iow cperating
differential pressure {« 3 in. W.C.).

Particulats collection efficiency was >99.5% for both the 14- and 22-0z/yd? woven
52-glass fabrics for all 100-hr coal-fired test periods when the ammoniz was
turned off, However, with the ammonia om, the ealevlated particulate collection
efficiency for tests with high ammonia glip {(>40 ppm) waz lower becanse of
ammonivm sulfate or bisulifate formation on the particulaies sampling filters
artificlally Inereasing mensurad outlet masg loadings.

Baghouse diffarential pressure was controlled at reasonable levels, 4-8 in. W.C,,
during the 100-hr coal-fired test periods at all air-to-cloth ratios tested. Baghouse
differential pressure was controlled using off-line cleaning during reverse-gas
tests and on-line cleaning during pulsejet tests. Pulse-cleaning frequency ranged
from 10 to 60 minutes, depending on specific operating conditions.

M, concentrations in the flue gas were measured at both the inlet and outlef of
the C¥FF baghouse during several test periods to verify that nitric oxide and
nitrogen dioxide were not being converfed to N,(. For all coals tested, N,O
concentrationg ware <10 ppm at the CFF haghouse inlet and outlet,
demonstrating that N,0 was not being formed as a result of flue gas exposure to
the catalyst-coated bags.

Based on the catalyst-coated fabric and baghouse hopper ash samples analyzed,
no significant eatalyst loss or erosion ocecurred that would affect performance with
respect to N(, reduction or ammeonia slip or create concern with respect to fly ash
digposal. This observation was made during the 10{- and 500-hr pilot-seale
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parametric tests as well as the fahric durability test where cotalyst-coated fabric
was exposed to fiue gas in a pilot-geale baghouse for 5136 houre. Therefors, the
CFF concept meets the DOE-PETC Advanced NO, Control Program objactive
concerning the production of a2 nonhazardous waste product. However, vendors of
both the CEF concept and conventional SCR systems will nead to address the
recycle andfor disposal of spent ¢atalyst in commereial applications.

Meagnrements were made to determine 80, concentrations downstream of the
CF¥ haghouse with the ammonia injection gystem turned off to avoid
interfarence. Rasults from the 100- and 500-hr tasts while various fuels were
fired {oil, bituminous coal, subbituminous coal, and lignite) demonsirated that the
CFF was not oxidizing SO, to 50,.

The 500-hr bituminous coal-fired tests demonstrated that the reactivify of the
catalyst-coated fabric decreased slightly during the first 100 hours of operation.
After 100 hours, performanes was stable, demonsirating 80% NO, raduction, with
an ammenia alip of 7.5% of the inlet NOQ, concentration at an air-to-cloth ratio of
3-3.5 fYmin. Assuming an inlet NQ, concentration of 300-400 ppm (0.5 to 0.7 1b
of NO/MMB#tu), which is greater than, if not typical of, pulverized coal (pe)-fired
boilers with low-NO, burners, the resulting amimonia =lip would be 20-30 ppm.
These regults demonstrate the potential to meet the DOE-PETC Advanced NO,
Control Program chjective of reducing NQ, emissions to 60 ppm (0.1 Ih of
NQ/MMBtu) or loss and meet ammonia emission limits (9 to 30 ppm) currently
enforced In come sreas of the United Siatas.

Analysis of bagheuss hopper ash collacied during the 500-hr tests showed that
ammonia eoncentrations in the ash were <30 pgfg when 80% NO, reduction was
attempied. At this level, <30 pgg, ammonia concenirations in the ash are not
expected to interfere with ash disposal or utilization options.

Particulate collection effictency was typically > 980.0% during the 500-hr tests,
easily meeting the current New Source Performance Standard of 0.08 1D/MMBtu.
Exceptions were observed when ammonia slip exceeded 40 ppm, resulting in the
formation of a sulfate or bisulfate. Baghouse differential yressure was aasily
controlled between 4 and 6 in. W.C. using on-line pulsa cleaning.

Pilgt-Beale Fabrie Durgbility Tazt

Nine pulse-jet bags were installed in the slipstream baghouse at the TUIND steam
plant in July 1992, These bags represented nine of the twelve hags used for the first
100-hr pulse-jet test (PTC-BV-429) suceessially eomplated for Subtask 3.3. Results from
the 100-hr test (PTC-BV.429) showed NO, reduction ranging from 73% to 92% for air-to-
cloth ratios and ammonia-to-INO, molar ratios of 2 to 6 ftY'min and 0.7 to 0.96, respectively.
Measured ammonig slip was <7.6% of the indet NO, concentration, which averaged
T47 ppm {1.24 |b of NO,/MMBtu).

Completion of the 100hr test and the resnliing data established an exeellent
baseline from which to evaluate fabric performance and durability in the pulse-jet
baghouse at the staam plant. Operation of the slipstream baghouss was initiated on
July 16, 1922, and continued intermittently through December 3, 1993, at which time
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system operation was terminated becauss of funding limitations. Specific obssrvations
made as a result of slipstream baghouse operation include the following:

» A single set of nine catalyst-coated DEY92 bags was evaluated in a slipstream
baghouse for 5136 hours, resulting in 13,820 cleaning eyeles, while
subbituminous ecoud was fired in a stolrer-fired boiler at the TTND steam plast,
Supplemental ash injaction waz used to auvgment fly ash from the stoker-fired
boiler. Baghouse operating conditions included flue gas temperatures of
500°-700°F, filter face velocities of 3~5 fiymin, and differential pressures of
2-6 in. W.C. No catalyst-coated fabric failures occurred as a resuit of the
5136 hours of normsal baghouse oparation. Because of project funding Himitations
and steam plant dovmtime, the project objective of demonstrating a bagleatalyst
life of >1 year was not achicved. However, there were no data collectad or
observations made that would indicate a bag/caialyst life of <1 year.

» Particulate collection efficiency for the slipstream baghouse, as determined by a
modified EPA Mathod 5, ranged from 99.96% to >99.89% for inlet mass loadings
ranging from 1.5-5.7 grfsef. An infet mase loading of 3 gr/scf resulted in cleaning
eyele frequencies of 20-30 minutes,

+ Differential pressure across the slipstream baghouse was effectively controlled
using on-line cleaning, a resarvoir pulse pressure of 43 peig, and a pulse duration
of 0.1 seconds. These pulse system conditions resulted in 2 pulse air volume of
roughly (.3 fi® per bag.

« Sampling at the cutlet of the slipstream haghouse demongirated that the catalyst.
coated bags did not oxidize 80, to 50, Measured SO, concentrations were
<1 ppm. These data are consistent with the resulis ohserved for the 140- and
500-hr pllot-scale parametric fests.

* Data from MIT Flex, Mullen borst, and bench-scale reactivity tests demonstrated
that catalyst-coated fabric strangth and reastivity did not degrade with time.
Fabric samples tested representad 840, 1642, and 5136 hours of flue gas exposure.

Although the initial focus of a process development effort is to evalnate technical
performance, suecessful tschnology commerelalization is nitimately dapendent on
achieving technical performance goals at an economie advantage over competing
technologies. One oljective of the DOE-PETC Advanced NO, Control Program was to
demonstrate that concepis selected for evaluation have application o both new and
retrofit coal-fired systems and show the potential for 2 50% cost savings when compared to
a commercial SCR process capable of meeting the program objective of 2 60-ppm NO,_
emisgion limit, .

To determine the commercialization potential of the CFF concept, RE&EC was asked
to develop a conceptual design and prepare an economic evaluation of the CFF process to
estimate capital, operating, maintenance, and levelized costs for two commercial pe-fired
boiler applications: a pew 500-MW plant and an older 250-MW plant with mwlerate
retrofit constraints. In both cases, the CFF concept was compared to conventional hot-side
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CATALYTIC FABRIC FILTRATION FOR SIMULTANEOUS NO_ AND
PARTICULATE CONTROL

1.0 INTRODUCTION

The University of North Dakota (UND) Energy & Environmental Research Center
{EERC), Owens-Corning Fiberglas Corporation (OCF), and Raytheon Engineers &
Constructors (RE&C) conducted research to develop a catalytie fabrie filter (CFF)} for
simultaneous control of NO, and particulate matter. Funding for the project was provided
by the U.8. Department of Energy Pittsburgh Energy Technology Center (DOE-PETC),
Consolidated Edison Company of New York Ine. (Con Edison), and the Empire State
Electric Energy Research Corporation (ESEERCO). OCP provided catalyst-coated bags,
fabric samples, and technical support as a cost share,

The DOE-PETC funding was secured as a result of a competitive award from the
DOE-PETC Advanced NO, Control program. The ohjective of this program wae to develap
advancad concepis for the removal of NO, from flue gas emitted by cosl-fived utility
boilers or for the confrol of NQ, formation by advanced combustion modification
techniques. Funded projects were required o focus on the development of technology that
significantly advanced the state of the art, using a process ar a combination of processes
capable of reducing NO, amizsions to 60 ppm or less. The concept must have successfully
undergone gufficient laboratory-scale development to justify sealeup for further aveluation
at the pilot scale (not to exceed 5 MWa in gize). Other requirements included produetion
of a nonhazardous waste or a salable by-produst. The concept wae to have application to
both new and retrofit coal-fired systems and show the potential for a 50% cozt savings
when compared to a commercial selactive catalytic reduction (SCR) process capable of
meeting the 60-ppm NO, emission limit.

The EERC approach to meeting the program objective involved the development of a
CFF for simultaneous NO, and particulate contrel. This concept smploys 2 high-
temperature woven-glass fabric (582-glass), catalyst, and ¢oating procedure developed by
OCF. The woven fabric is coated with a catalyst capable of selectively reducing
combustion flue gas NO, to nitrogen and water, uasing ammonia as the reducing agent.
Particulate control is accomplished as a resuit of conventional filtration mechanizms
involving woven fabric and dust eake formation. Catalyst-coated hage are housed in a
pulse-jet hot-side baghouse operating at air preheater inlet temperatures.

The overall ohjective of the project proposed by the EERC was to evaluate the
catalysé-coated fabric filter concept for effective control of NO, and particulate emissions
simultaneously. General goals included demonstrating high removal efficiency of NO,
and particulate matier, demonstrating accaptable bag and catalyst life, and demonstrating
that process economics show 2 signifieant cost savings in comparison to a commercial SCR
processz and conventional partieulate control. Specifie goals ineluded the following:

= Reduce NO, emissions to 60 ppm or less
+ Demonstrate particulate removal efficiency of >99.5%
* Demonstrate a bag/catalyst kife of >1 year
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¢ Control ammonia slip to <25 ppm

+ Show that catalytic fabric filtration can achieve a 60% cost savings over
conventional fabric fltration and SCR conirol technology

s Determine compatibitity with S0, removel systems
a Bhow that the concept results in a nonhazardons waate prodact

This document represents the final project report for DOE Contract Mo, DE-AC22.
90PCH0861, Catatytic Fabric Filtration for Simultaneous N0, and Particulate Control. In
addition to presenting the results of the hench. and pilot-scale experimental activities, this
docnment summarizes the key findings of the concepiual emginesring and esonomic
avaluation and identifies areas in which firther development of the catalyst-coated fabric
filter conecept is necessary in order to improve performance and reduce costs.

1.1 Background

The idea of applying either permanent or throwawsay catalysts to a high-
temperature fabrie filter for NO, contrel ig not new (i-4). Initial work at OCF begen in
the eariy 1980s and was carried out and fundsd exclusively in-housa to develop a catalyst-
coated fabric to be usad in fliter bags for simultaneons NO, and particulate contral. The
keay to this research effort was the development of novel methods for producing highly
active catalysts on high-temperature glass fbers. In 1984, OCK contracted with the
EERC tr assist with the development effort. Because of funding constraings, the
developmental work was discontinued in the fall of 1988,

In April of 1988, the developmental effort was resumed by OCF and the EERC.
QOCF activities wers fundad by OCF and primerily invelved preparation of catalyst-coated
fabrics for bench-scale experiments that were performed at the EERC. EERC activities,
funded within a Cooperative Agreement program with the 1.8, Depariment of Energy
(DOE), focused on bench-scale experiments designed to show continuity with previous
work and sereen a large number of catalyst-coated fabrie samples. The properties and
performance of the materials developed are summarized in the following discussion.

1.2 Early Fabric Performance

123 QCF Lshoratory Results

A block diagram of the OCF laboratory apparaius used initially to evaluate catalytic
activity is shown in Figure 1-1. The flow rates of the gases used were individually
conirolled by mase-flow controllers (Matheson Model 10) to achieve the desired chemicel
compesition and total gas flow rate. The gas mixture was passed through a Pyrex glass
heat exchanger, then through a single thickness of the test cloth contained in a glass
filter holder, and held within an oven. An all-glass assambly was required, because other
materials, such ae 316 stainless steel, nickel, and copper, are eiightly estalytie at elevated
temperatures (5, 6) and can interfore with the evaluation of catalyet reactivity, After
passing through the test fabrie, the simulated flue gas entered a sample conditionsr
{Thermoelectron Model 90) and, finally, a chemiluminescent nitric oxide (NO) analyzer
{Thermeelectron Model 10A). NO, and ammonia concentrations were also messured using
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Figure 1-1, Block diagram of OCF laboratory apparatus used to evaluate eatalyst-coated

fabrie activity.

catalytic converters that converted these species to NO. This specific experimental
apparatus was dismantled and is no lonpger available to support bench-gcale development
efforts.

- The steady-state catalytic activity of a sample was typically measured at seven
different temperaturas, each at four different face velocities. The composition of the
simulated fiue gas chosen for the lahoratory tests ig listed in the third column of
Table 1-1. Although the gimulated flue gas did not contain water, particulates, and minor
flue gas components, it did contain ammonia, which is the reducing agent required for
eatalytic NO, reduection. Typical NO, raduction reactions inelude the following:

6NQ + 4NH, + Catalyst = SNH, + 6H.0
4NO + 4NH, + O, + Catalyst « 4N, + 6H,0

6NO, + NI, + Catalyst - TN, + 12H.0

ZNC, + 4NH, + O, + Caialyst = 3N, + 6H,0




TABLE 1.1

Flue (3ag Compositions (vol%)

Typical Simulated
Component Flus Gas Flue Gas
N, 7376 78.1
0, 4.88 6.0
co, 12.31 16.7
80, 0.24 0.0
50, 0.0024 0.0
NO 0.06 Co0l
NH, 0.0 0.1
HCl 0.01 0.0
H,0 8.79 0.0
Particulatea 16 gfm, ] 0.0

Typieal resuits for the OCF catalyst-coated fabrie are shown in Fipure 1.2, The
fractional derreases in NO, concentration are plotted as a funetion of temperaturs and
face velocity. For example, at a temperature of 662°TF (350°C) and a face velocity of
2 ft/min {0.67 m/min), the fabric will reduce 90% of the NO, in the gas stream. It should
be noted that the OCF catalyst-coated fabric exhibits an extraordinary degree of catalytic
activity. If the fabric is 1 mm thick, a face velocity of 2 ft/min i3 equivalent to a space
velocity of 40,000 hr™. Typical SCR catalysts operaie at much lower space velocities,
ranging from 3000 to 10,000 hr~%. The high degree of catalytic activity was expected and
is attributed to the mass-transfer advantages inherent in using a high external surface
area fiber and in exploiting novel materials and processing technigques developed at OCF
for producing catalytic materials,

The primary difference betwean the catalyst«coated filter hag concept and
conventional SCR technology is the catalyst support. Conventional SCR technolopy
generally uses a honeyeomb support structure. The catalyst-coated fabrie is prepared by
coating the surface of an 82-glass thigh-temperature) cloth, resulting in a ¢atalyst bonded
to the surface of the fabric. The catalyst coating consists of a chemical source of titanium
and vanadinm, generally referred to as “sol-gel" materials. After the fabric has been
coated, the sol-gals hydrolyze during air drying, resulting in a highly porous layer, The
fabrie is ther cured st a low temperature to drive off any residuel organic material and
partially densify the coating. The final product ia a highly porous catalyst coating that is
strongly bonded to the surface of the glazs fabric.
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Figure 1.2. Fractional decreasss in NO, concentration as a funetion of temperature and
face velocity.

OCF determined that eatalyst pickup during the coating process was 22.4 gfyd® of
fabric. Catalyst plekup was measured for a 13.6-0z/yd®, nontexturized style 484 weave,
Based on this information and the numbers presented in Table 1-2, OCF determined that
the weight of the glass and catalyst was roughly 81 kg/MW. A similar calenlation for a
22.0z/yd® 52-glass woven fabric results in a 73-kg/DIW value,

These numbers (%1 and 73 kg/MW) are relatively smail when compared to values
(630 to 1050 kg/MW for catalyst and support) reported in the literature for conventional
SCR technology {6, 7). Therefore, these data indicate that by using a fibrous support,
levels of NO, reduction comparable to those observed for conventional SCR technology
may be observed uging the CFF concept with 7 to 14 times leas catalyst and support mass.

Catalyst eompogition and the unique method of applying the cataiyst to high-
temperature glass fabric are propristary to OCF (8). Other catalyst and coating procedure
optmns will continue to be evalua.tad by QCF in order to improve OFF performance and
miniinize cost,

1.22 Slipstream Sample Triais at the ERRC

While early in-house comversion efficiency results were promising, several eritical
flua gas conditions could not be duplicated dn the OCF laboratory. For example, the
effecta of fly ash, sulfur, water vapor, and trace constituents on the catalyst-coated cloth
remained unknown. For thess reasons, OCF contracted with the EERC to evaluate the
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| TABLE 1.2
Catalyst Pickup on Woven S2-Glass Fabric

Fabric Weight, oz/yd® 138 2
Flue (as Flow Rate (scfm/3W) . 1800 1800
Operating Temperatura (°F) 660 660
Flue Gas Flow Rata (acfm/MW) 4026 4026
Ajr-to-Cloth Ratio {(ft/min) 2 4
Cataiytic Fabric Area ((5MW) 2013 1007
Weight of Fabrie (g/yd®) 386 624
Welght of Catalyst (g/yd®) 924 99,4
Weight of Fabric and Catalyst (gfyd®) 4084 653.3
Weight of Fabric and Catalyst (kg/MW) 21 (L

NO, reduction capebility of the fabric while fly agh was filtered from a pilot-scale
pulverized coal-fired (po.firad) farnace. Velva North Dakota lignite was fired in the
EERC’s particulate test combugtor (PTC) to produco fly agh for the testing, A deseription
of the PTC is given in Appendix A.

Since full bag samples of the test fabrics were not immedistely available, a special
slipstream sampler was designed and constructed hy the EERC to test fabric samples of
about 0.5 ft® in size. The fabric sample was housed in an oven thai kept the samples at
650° + 25°F, and flus gas was drawn through the filter sample at a face velocity of
2 ftfmin. After passing throngh the filter, the flow was split, with about 10 scfh going to
a gas pump and dry gas meter for control of the total flow. The sampling scheme is
shown in Figure 1-3. For these tesiz, ammonia was injected into the system well
upstream of the sample point to ensure sufficient mixing with the flue gas stream prior to
its being sampied with the slipstresm sampler.

In all, 15 different eloth samples were testad in 8 to 11-hr rung. The samples
represented variations in cloth composition, weave, and coating procedure. Average
experimental conditions under which the samples were Tun are listed in Table 1-3.
Convarsion efficiencies, or percent NO, reduction for the 15 samples, are presented in -
Table 1-4. Overall, NO, reduction ranged from 70% to 93% at an ammonia-to-NC, molar
ratio of =1.0. A noncatalytic biank wae included te aliminate the posaibility of NO,
removal becauze of 1) resction with ammonia, 2) reactions with stainless stecl surfaces, or
3) interaction with the fly ash or dust cake. Conversion efficiencies did not decrease with
time during shori-term tests because of catalyst blinding or fly ash buildup on the fabric.
If anything, removal efficiency increased during the first few hours of testing and then
stabilized. Cloth durability also appearad to be good for all catalyst-coated fabric samples.
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Fipure 1-3. Schematic of slipstream sampler.

TABLE 1-3
Slipstream Sample Test Conditions

Temperature, °F 650

NO,, inlet concentration, ppm 800

50, inlet concentration, ppm 300
_Vol% O, 5

Voig CO, 15.5

Air-to-Cloth Ratio, ft/min 2

Ammonia-to-NO, Molar Ratio =10

Test Duration, hr | 11




TABLE 14

NO, Reduction Efficiencies for EERC Slipstream Samples

NO,
Sample Reduction, %

EERC 1
EERC 2
ERRC 3"
EERC 4
EERC &
EERC 6
EERC 7
EERC 8
EERC 9
EERC 10
EERC 11
EERC 12
EERC 13
EERC 14
EERC 16

* Biank, nonestalytic glass cloth.

S ERBREHAEEBRIAISE LG8

1.2.3 DBag Trial at the EERC

The next logical step for proof-of-coneept testing for the catalyst-coated fidter bags
was construction and testing of baps. Nine bage approximately 4 f& long and 7 in, m
diameter ware constructed and-placad in operation. Experimentsal conditions were similar
ta those used for the slipstream samples {see Tabla 1-2). Tast duwration was planned to be
approximately 100 howrs, and the primary objectives were to demonstrate NO, reduction
and bag durability with time. —

Low convarsion sfficiency (roughly §0% NO, reduction) was obsarved early in the
test, caused at least in part by an air leak in the baghouse. It was also noted that the
convergion efficiency dropped each time the bags were cooled and reheated; the
cooling-reheating cycle ocewrred 8 times during testing, SEM snalyses of a used bag
revealed the presence of fibrils on the cloth swface that were not observed on the surface
of catalystcoated fabric with good activity., Further analysis using x-ray diffraction (XRD)
indicated the presence of sodinvm sulfite, which probably condensed on the cloth as the flue
gas cooled. Speculation at that time was that the sodinm sulfite covered the catalyst
surface, reducing activity. Both alkaline metal psisoning and deposition of ammonium




bisulfate have been reported to reduce the activity of SCR catalysts when rapid cooling
oceurg in the presence of fine gaz or ammonia snd SO, (9, 10). However, this can be
avoidad by purging the catalyst prior to eooling. Subsegnent work by EERC personnel
has shown that silicone gasket material may have been the canss of reduced catalvst
activity., This issue is disenssed in more detail later in this section.

Later in the test, the original bags were removed, and thres new bapgs were
installed. The temperature was not changed during the ¢ourse of this rm. Even though
the air-to-cloth ratio was higher than in earlier tests (approzimately 4 rather than 2
- ft/min) and the baghouse temperature lower, NO, reduction averaged about 7T7%. After 2
days of operation, NO, reduction had not decreased, and equally important, no holes or
tears were found in the bags. Thesge results indiecated that good NO, reduetion and bag
durability were possible, at least in a short test period. Results also indieated that
tamperature eycling in the presence of ammeonia should be avoidad, aithough it is not
expected to be a mejor obstacle, gince conventlonal baghouses canmot tolerate excessive
temperature ¢ycling without bag damage.,

124

~ In April of 1088, the catalyst and fabric development effort was resumed by OCF
and the EERC. OCF activities were funded by OCF and primarily involved preparation of
catalystcoated fabrics for hench-scale experiments that were performed at the EERC.
EERC activities, funded within g Cooperative Agresmant yrogram with DOE, fecused on
hench-acale experiments designed to show contlnuity with the previous work and to screen
a large number of catalyst-coated fabric zamples.

Prior to initiating the experimeontal offort, a banch-seale experimental syetom was
designed and constructed for ¢atalyst-coated fabric-screening tests. The fabric filter holder
was designed to be housed in an oven and hold a 0.8-fi* sample of catalyst-coated fabric.
The operating procedure for the hench-seale experimental system involved heating the
oven to 650°F with nitrogen flowing {hrough the system. Once the oven was heated, the
CQ,, H,O, and 0, levels were sot at 156%, 5%, and 5% by volume, respectively. The 80,
was then adjusted to the desired level. For the initial bench-seale experiments performed,
30, levels ranged from 300 to 30K} ppm. Flow rates for NO were adjusted to achieve o
cancentration of about 300 to 1000 ppm. Once all the flue gas constituent levels had
stabilized, the ammonia was added to achieve ammonia-to-NQ, molar ratios ranging from
(.6 to 1.2. System temperatures, along with flue gas data, were monitored continuocusly
and recorded every 2 minutes using a Kaye data logger. In most cases, 4 hours of data
wasg collected for each set of experimental conditions. A schematic of the bench-scale
experimental syatem is presented in Figure 1-4.

During the period April 1988 through June 1989, numerous bench-scale experiments
were completed {11). Resulis from the initisl experiments were poor, with only 10% to
30% NO, reduction obzerved. Afier a thorough review of the system and the
experimental procedure and discussions with OCF personnel and others, the EERC
determined that the poor resulis were cauged by the decomposition of the gilicone gasket
materizl used to seal the filter holder. At 650°F, the silicone gasket material decomposed
into silicon dioxzide and D8 and D4 silozanes, which reacted with the catalyst,
permanently reducing its reactivity. Based on this observation, the EERC believes that
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used to seal the pilot-acale baghouse.

An experimental test matrix completed in March 1989 demonstrated NO, reduction
in the range of 58% to 92% for a single febric and a range of operating conditions. The
statistically desgigned experimental matrix evaluaiad the significance of parameters such
ag flue gas SO, and NO, concentration, ammonia-to-IO, molar ratio, and air-to-cloth ratio.
Temperature was not included gz an independent parameter in this series of expariments,
ginee it had been shown to have a significant offect on NO, reduction during initial OCF -
work, Results from this experimental effort demonstrated that flue gas NO,
concentration, sir-to-cloth ratio, and the interaction of these two parameters have a
significant impact on NO, reduction. Results from these tests demonstrated continuity
with previous work ecompleted by OCF and the EERC.

A seeond series of bench-seale catalyut-conted fabric-screening experiments was
completed in May 1982, Each of sixieen fabric samples was evaluated in terms of NO,
reduction, ammonia alip, and 80, production. The cperating conditions at which each
fabric sample wan tested are presanted in Tahle 1-5. Replicate experiments were
performed to determine data variahility. For Individual fabric samples, NO, reduction
ranged from 3% to 99%, with ammonia slip valusa ranging from 2 to 340 ppm. 80,
concontrations dovmstream of the catalyst-coated fabric samples ranged from 4 to over
200 ppm. Previous work sponsored by OCF had not shown that oxidation of 50, to 50,
would be a problem. It is possible that the high 50, concentrations measured during
bench-scale tests naing simunlated flue gas were an artifact of the experiments.
Subsequent sxperiments using flue gas from a pe-fired pilot-scale combustion system
demongtrated 50, levels dovmstream of the catalyst-coated fabrie filter to be <15 ppm.
Because of the potential operability problems asgociated with the produetion of SO, the
EERC monitcred S0, concentrations dovwmatream of the catalyat-coated fabrie filter
samples during most bench-scale teste and during all of the subsequent pilot-scale tests
completed,

TABLE 1-5
{Operating Conditions for Catalyst-Coated Fabric-Screening Experiments

Temperature, "F 650
NQ,, inlet concentration, ppm £00
50,, inlet concentration, ppm 300
Vol% O,

Vol% H,0

Vol% CO, 15
Air-to-Cloth Ratio, ft/min 2
Ammonia-to-NQ, Molar Ratio o 0.9

Pest Daration, hr ' 4
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Eight of the sixteen catalyst-coated fabrics were screened a second time vsing the
bench-scele experimentsl system as a sample system in conjunction with a pilot-scale, pe-
fired combustion system. This approach allowed testing of the fabric samples under
actual flue gas conditiong It was eritical that the fabric be tested in an actual lue gas
stream produced from the combustion of coal, since submieron particles, volatile species,
and trace elemants that may affect the catalyst would be present. Testing in a simulated
flue gas stream with reentrained fly ash would not produce the same effect, since volatile
species would not be present, and submicron fly ash particles are not easily reentrained as
separate particles.

This series of tests involved the use of four different coals: two eastern hituminous
coalg, a western subbituminous coal, and a lignite. Dependent variahles measured
included NQ, reduction, ammonia slip, SO, production, and particulate collection
effiziency. This spproach allowed testing of & maximum numher of fabrie sgmples in an
actual five gas environment at a8 minimum cost, Since the hench-scale fabric filter
holder/slipstream sampler could test fabric samples of 0.8 1% in size, the cost of making
multiple sets of full bags was avoided. This experimenteal test series was initiated in late
1989 and wes completed in earty 1990, The results of these catalyst-costed fabric.
sereening experiments were the bagis for the gelection of eatalyst-coated fabries used to
manufacture catalyst-coated filter bags for pilot-scale experiments.

Resulis from this series of bench-scale experiments identified five catalyst-coated
fabric samples with sufficlently high catalyst reactivity (80% to 909% NO, reduction and’
< 25 ppm ammonia elip) to warrant further testing (12, 18). Other obsarvatins included
thag for the ghort duration of each test period (8 hours), there was no apparent change in
catalyst reactivity and NO_ reduction decreaved gigmificantly with ineveasing airto-cloth
ratio. Specifically, for the fabric samplezs tested in the bench-seale system, the maximum
air-to-cloth ratio at which 85% to 9% NO, reduction was achisved wasz 3 ft/min.

Figure 1-5 presents results for one of the more reactive catalyst-coated fabric samples
tested.

These bench-scale tests alsp attemnpied to determine the effect of coal type on
catalyst-coatad fabric performanca. Although three of the coals, tha two bituminous coals
and the subbituminous eoal, resulted in similar eatalygt-eoated fahric performancs, therse
appeared to be a decrease in NQ, redietion for the Iignite. This is believed to have been
caused by pinhole formation in the dust cake, resulting in gas charmeling and limited
contact between the flue gas and catalyst. Since the distribution of flue gas through the
catalyst-coated fabrie is dictated by the fuel-gpecific characteristics of the dust cake on the
fabric surface, fuel impacts on NO, reduction and ammonia glip would be expacted. These
effects are bast demonstrated during pilot-stale and demonstration tests of significant —
duration allowing for an eguilibrium to be achieved between dust cake development and
release as a result of multiple bag-cleaning cyclex

Analysig of eatalyst-coated fabric samples hefore and after exposure to flue gas has
shown that there is a decreage in both the quantity of catalyst on the fabric and the tatal
surface area. However, the percentage decrease in surface ares is greater, indicating that
a high percentage of the total reactive sites is Iocated at or near the surface of the
catalyst conting, Therefore, the catalyst coating is not highly porous, or the porosity
decreases as a result of exposure to flue gas, Figure 16 jllustrates NO, reduction versus
surfare area and catalyst concentration for several catalyst-coated fahric types, A
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minimum surface arsa of 4.5 to § m®g of fabric and a venadium concentration of 6.5 to

T mgfg of fabric appear necessary to provide good fabyie reactivity. Therefore, it would be
beneficial to maximize the surface area of the catalyst and the eatalyst concentration on
the fabric within provessing and economic constraints.

125 Catalvst Degctivation

Performance of the catalyst-coated falwic can he decreased in two ways: by a
physical defect such g5 a hole in the fabrie or physical blinding of the fabric weave and by
catalyst poisoning from a flue gas or fly ash constituent. The bulk of SCR catalyst
deactivation data from indusirial experience snd from pilot- and lshoratory-scale studies
has focused on available commereial V.00/Ti0, catalyets sapported on ceramie materiale.
The catalyst coating tested in this project is coated on S2-glass fabric by the "sol gel”
process. The OCF eatalyset is vanadinm/titanium based, but does not contain V,0,. While
both types of catalyst are uiilized for NO, reduction, the exact chemical composition and
structure are slightly differemt, This detailed information is propristary to OCF.

The following contams a short summary of SCR catalyst deactivation data (14), SCR
experience in Germany has shown that gageousg argenic oxide or very fine arsenic oxide
coverad dust particles canse catalyst deactivation in wet-hottom boiler flne gases upstream
of the zit preheater where conceniratione are about 100 times higher than in dry-bottom
boiler Aue gas. Since arsenic concentrations in European coal ashes are higher than in
most American coal ashes, arsanic poisoning is not of great concern in the United States.
The arsenic deactivation mechanism begins with vaporization of arsenic in the combustion
chamber followed by condemgation and absorption of gaseous arsenle oxide on fly ash
particles, which then deposit on the eatalyst surface,

Argenic oxide prefersmtially condenece in the smallest pores of the catalyst,
physically blocking gas flow end causing chemical attack of the catalyst, as has heen
characterized by infrared spectroscopy. One abatement measure is to add limestone io the
wet-bottom hoiler to simultaneously improve sleg flow characteristics as well as bind
gaseous arsenic oxide and other volatile metals,

Post-flue gas desulfurization (FGD) SCR pilot plant tests were conducted on a
medium-sulfir coal with two V-Ti catalysts: an extruded homogeneous catalyst, and a
composite catalyst in a parallel-flow honeyeomb design (15). These tests showed that
silicon, sodium, potassium, phesphorous, and sulfur penetrated the catalyst-coated surface,
while calcium gnd iron remained concentratad at the surface. While eompounds
containing these iong are normally eolid at these process temperatures, the contamination
showed patterns eonsistent with vapor or liquid deposition and alzo liquid mohilization of
solid-phase contaminantz, Dissolved speeies in the SO, serubber mist upstream of the
SCR and exposure to moisture from ambient air during shutdowns were two likely sources
of the vapor and liquid phases. Other data from these tests pointed to loss of catalyst
reactivity by poisoning rather than by catalyst degradstion. It can be concluded from
these data that exposure to moisture has a significant negative impact on the V-Ti
catalysts.

‘The presence of S0, in the flue gas can have both a ‘promoting and poisoning offact

on V-Ti catalysts depending upon the chemical composition and structure of the catalyst,
binder, and support (16). Tests conducted with several deactivation agants, in the absence
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of 30,, showed the strongest poisons were KC1 > NaCl > K.80, > Na,80,, but indicated
that poisoning effects were nonexistent in the presence of S0, (17

Much, of the laboratory-scale data produced on V=T catalyst deactivation was done
by Chen, Yang, and Buzanowski at the State Univergity of New York at Buffalo (18).
They have conclided that alkali oxides most strongly deastivate the V-Ti catalysts in the
following order; Cs,0 > Rh0 > K0 > FhO > Na,0 > Li,0O > > CaQ. One possible
deactivation mechanism is the formation of alkali=vanadium oxides formed by acid-base
reactions cansing changes in surface properties (19). As,0, and P,0), were considered
. weaker deactivation agents then the other common atkalies. One explanation for the
more apparent SCR poisoning by araenic, espacially in wet-hottom boilers, iz that while
the other alkali components are captured as glag, arsenic vaporizes into the flue gas,
Howevar, alkali constituents still make up a significant pari of the composition of fly ash,
aspacially the fine particulates (20). Alkali chlorides were shown t0 be less deactivating
than the corresponding allealt oxides. It was concluded that the chlorine atom had a
strong promoting effect and that NaCl in emall ameunts had a promoting effect.
Hydrogen chloride was shown to be a strong deactivation agent at 300°C and lzss 5o at
350°C. The HCI reacted with the NH, to forms NH,Cl and also produced a red-brown
liguid, ¥Cl,, and a green Liquid, VCl,. At 300°C, the NH,C] formation rate was greater
than its sublimation rete; whereas, at 350°C, the sublimation rate was greater,
aceounting for the preater decreased reactivity at 300°C.

Chen, Yang, and Buzanowski deseribe the V.0, S8CR reaction methaniem az an
Eley-Ridesal type that occurs stepwise with 1) chemisorption of NH; on a Brensted acid
site, binding of NO to the chemisorbed NH, desorption of N, and H.O, followed by
oxidation of a suxface hydroxyl group to a vanadyi group. It has been shown that the
SCR activity is directly related to the Brensted acidity of the V.0, catalyst. Even though
water ig a product of the SCR reaction, the effect of accumulated adsorbed water vapor on
SCR reactivity is to wealten the Bronsted acidity and hence weaken the SCR reactivity.
Comparison of polsoned eatalysts, both dry and wetted, validaeted this concept. In cases
where S0, had a promoting effect, it was attributed to S0, incressing the Brensted acidity
of the surface.

1.2.6 Abrasion Resistance

While catalyst reactivity is the foens of development for the eatatyst-coated filter
bag, the durability of the woven fabrie is also eritical. Becaose of the higher (800° to
TE0°F) operating temperature of the bage, conventional Teflon coatinge for abrasion
resistance carmot be utilized, Therefore, other high-tempersturs abrasion-resistant
coatings had te be developed.

Nextel 312, manufactured by 3M Company, has been used in high-temperature
filtration applications, and its abrasion resistance appears accepisble (21, 22). Naxtel waz
used as a standard againgt which OCF candidates for abrasion-resistant cloth were
compared. The method of comparizon was the room-temperature MIT flex test, in which a
cloth is repeatedly folded until failure occurs. Resulis are reported 83 the number of
cycles to fallure. For comparison, Table 1-6 presents the MIT flex numbers for Nextel and
a catalyst-coated woven fabrie. Results are reported for both as-received samples and
heat-treated (8 hours at 6560°F) cloths. For both cases, the catalyst-coated fabric appeared
to perform bettar than Nextel.
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TABLE 1.8

MIT Flax Data for Caialyst-Coated S2-Glass and Nextel Fabrics
(reported as number of cycles to failure)

Heat-Treated
Sample Ae-Recaived (8 hr at 650°F)
Catalyst-Coated S82-glass 140 L35
Nextel 32 25

In a program complated at the EERC, Nextel fabric was tested for over 16,000 hours
in a ning-bag slipstream baghouse without bag failure (23), This shows that 8 high-
temperature fabrie can sugiain long-tarm operation when filtering coal fly ash. Since the
catalyst-coated woven fabric performed better than the Nextel fabric in the MIT flex tests,
1t1smMWtMWﬁWMMMﬂIMEm&uMN&M
fabrie.

20 SCOPE OF WORK

Development of the catalytic fabric filter concept required further evaluation of air-
to-cioth ratio effacts, amrmonia slip, S0, oxidation to 30,, temperature cyeling, catnlyst-
coated fabric preparation, fuel impacts, fabric cleaning (reverse-gas versus pulse-et),
eatalyst life (poisoning and resistance to erosion), and filter performance and life
(particulate eontrol, differential pressure, and durability). The speeific approach used to
address these issues ig repregentad by the following:

Task 1 - Program Definition

Task 2 — Design and Construction of Test Unit

Task 8 — Experimental Program and Data Reduction
Tesk 4 ~ Conceptual Degign and Economic Evaluation
Task 5§ - Test Unit Removal

Task 1, Program Definition, required preparation of a project mansgement plan.
This document contained a detailed scope of work, project schedule, mroject budget;
identified key project personnel; and pre:s&nt.eﬂ the guality sssurancefquality control
(QA/QC) plan for the project.

Task 2, Degign and Construction of Test Unit, was divided into three subtasles:
Subtasks 2.1 and 2.2 involved the detailod design of the test facility, the construction of
the test facility, and shekedown of the system prior to inltiating the experimental effort.
Subtask 2.3 invelved OCF's preparation of the catalyst-coated fabric filters that were to be
evaluated.

Tasgk 3, Experimental Propram and Data Raduetion, had four subtaske. Subtask 3.1,
Fundamental Testing, was a support effort to the primary experimental tast plan. This
effort was intended to supply information needed to understand the process mechanism
thoroughly, allow screening of additional fabric samples, address the issue of catalyst
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poisoning, and generally support the pilot-geale effort, Subtask 3.2, Process Testing/
Reverse-Gas System, was intended to evaluate process perfurma:m:e in a pilot-scale
reverse-gas Tabrie filter, identify and optimize important process variables, and provide
data for a conceptual degign. Subtask 3.3, Process TestingPulse-Jet System, evaluatad
process performancs in a pilot-zeals pulss-jet fabric filter. Subtask 3.4, Fabric Durability
Testing/Pulse-Jet System, evaluated catalyst-coated fabric durability and performance in a
slipstream pulse-jet baghouse,

Based on the results of Task 8, a technical and economic asgessment of the catalytic
fabrie filter concept, Task 4, Conceptual Design smd Economic Evaluation, was eompleted
Task 5, Test Unit Removal, raquired the identification of all major test facilities,
sgquipment, ingbruments, and hexdware and their condition, ownership, and proposed
disposition, ~

The EERC, as the primary coniractor for the project, was responsible for the
management and direction of all technieal and administrative projeet activities. The
EERC performed all work associated with Task 1, Subtasls 2.1 and 2.2, Task 3, and
Task 5.

QOCF performed and/or supervised all work associated with Subtaszk 2.3, including
manufacturing the 82-glass fabrie, coating the fabric, and manufseturing the filter hags
for the reverse-gran and puleejet systems. This effort, ag well as technical support, was
provided by OCF as a cost share to the project.

RE&QC, az a subconiractor to the EERC, provided technical support for Task 1 and
performed Task 4. EERC and OCF personnel involved in Task 3 provided input to RE&C
Task 4 activities.

The project schedule was based on a start date of Oetober 1, 1980, and originally
assumed a project duration of 36 months. Therefore, the planned project completion date
was September 30, 1993, Because of delays encountered in completing Subtask 3.4, 2
request was made and approved o extend the project completion date through August 81,
1994, The 11-month exiension permitted the continuation of Subtask 3.4 into December
1993 and allowed participation in a July 1984 contractors' review mesting at no
additional cost to the project sponsora

2.1 Task 1 - Program Definition

Task 1, Progrem Definition, was-initiated in early October 1990 shortly afier the
contract was signed by the U.8. DOE and UND. Specific activities associated with Task 1
ineluded preparation of the Project Management Flan, which included a Project Work
Plan. Following submission of the Project Management Plan in November 1990, a project
kickoff meeting was held in Pittshargh in December 1990,

In addition to the Project Work Plan, the Project Management Flan presented
information describing administrative systams in place at UND that assisted the EERC
Project Manager with day-to-day project management. These management and
administrative systems addressed general organization, aceounting, budgeting, auditing,

security, health and safety, parsonnel, legal, procurement, data processing, property
managemant, and subcontractor controls.
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The Project Work Plan included a scope of work, milestone schedule, tost plan, labor
plan, project work chart identifying key personnel and company affiliation, and a QA/QC
program. The Project Work Plan was intended to be detailed enough to explain
theroughly the methods and procedures used to eccomplish the goala and objectives of
each task or subtask. Changes to the Project Work Plan ware recommended by the EERC
Project Manager 'when necagsary and ther implemented upon approval by the DOE
Project Manager. Therefors, the Projeet Work Plan was used as a dynamic document.

EERC personnel consulied with OCTF and RE&C personnel during the preparation of
- the Project Work Plan with respect to their parformance of Subtask 2.3 and Task 4,
respectively.

OCF involvement in Task 1 was critical for planning and scheduling the preparation
of the catalyst-coated bage that were used during the experimental phasa of the project,
Coordination of subtasks within Task 2 was necessary to ensuve that the construction of
the test unit and preparation of the catalyst-coated bags were completed within the same
time frame to avold a delay in Task 3 activitles.

RE&C involvement was necessary duwring Task 1 to ansure that the appropriate data
was eollaeted during Task 3 to permit a proper sconomie evaluation in Task 4. To
accomplish this, RE&C personnsl raviewsd the Project Work Plan to ensure that the
experimental progrem aa gutlined would provide the information needad,

Figure 2-1 illustrates the approach to completing the work as well as key decision
points. Although Tagks A and B were performed within a previous EERC/DOE
Cooperative Agreament, they were the development steps upon which this project was
based. Early banch-scale results met the goal of 906 NO, redurctiom and < 25-ppm
ammonia slip (12), Therefore, the declsion was made to proceed with the pilot-scals
development effort (Tasks 1 through 5). Task 1 was completed in January 1991, when the
Project Manapement Plan, including the Project Work Plan, was approved in writing by
the DOE Project Manager.

22 Task 2 - Degign and Congtraction of Test Unit

All experimental netivities associated with the project were performed using
facilities on-gite at EERC or other UND locations. Although much of the
equipment/facilities required to suscessfuily complete the planned effort were already
available at the EERC, it was necessary to upgrade some of the existing aguipment {flue
gas instrumentation, the data acquisition system, and a reverge-gas haghouse} and

congitruct a new reverse-gas baghouse and a new pulse-jet baghouse. The preliminary test
unit dezigm for Subtask 2.} was snbmitted for review and approved in March 1991,

During and after completion of the construction activities, the EERC disposed of all
wastes in aecordance with applicable fedargl, state, and local laws and regulations.
Hazardous wasteg were not 2 produet of the construction effort; thersfore, scrap metal was
racycled wheare appropriate, and sll nonreeyelabls wastes were properly landfilled. If
hazardous wastes had resulted from the constriction effort, the EERC hazardous waste
disposal policy would have been implemented.
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Following completion of constroetion activities, all process equipment, process
controls, flow measurement systems, instrumentation, and data acqnisliion systems were
put through a rigorous shakedown procedure o demonsirate safe operation and devslop
equipment calibration and detailed operating procedures.

The final as-buvilt drawings and equipment lisis for the pilot-scals reverse-gas and
pulsejet baghouses were prepared in conjunetion with the construction effort. This
mformation, along with gystem operating data from the shaksedown tests, was documented
in the July through September 1991 gquarterly technical progress. This document,
entitled "Catalytis Fabrie Filter Teat Unit Degign,” is included in Appendiz A

Subtask 2.1, Reverse-(Gas System, involved the design and construction of & revarse-
gas fabric filter very similar to a device previously constructed and in nuse at the EERC.
The reverse.gas baghouse ig ehown in Figure 2-2, The purpose for duplicating the
existing reverse-pas chamber was to permit aperation over a range of air-to-cloth ratios
{1.5, 2.0, 3.0, and 4.0 ft/min) without having to slipstream a significant portion of the flue
gaz. ‘This approach minimized temperature and flue gas flow control probleme.

In addition to building a new reverse-gus chamber, the existing reverse-gas chamber
was upgraded to permit operation in the temperature range of 600° %o 760°F and
minimize temperature gradients. This upgrade primarily involved installation of new
elecirical heaters and additional insulation to minimize heat logg. Kach chamber houges a
catalyst-coated filter bag approximately 12 in. in diameter by 26 ft long {25 linear feet of
filtration surface), providing a total cloth area of 157 fi>. The reverss-gas chambers used
tube shest-mountad bags and ware cleaned offline.

Flue gas sample conditioning aquipment, instrumentation, and the data acquisition
system were also upgraded as part of Subtagk 2.1, Specifie attention wag paid to *
monitoring requirements for NO, NQ,, N,0, 80,, 50,, and ammonia, The EERC had
previously purchesed an on-line N,,O monitor that was made available for use during the
experimental phass of the project (Task 3).

Acrquisition of an on-line ammonia monitor had a high priority. Although
commereiatly availshle ingtrumentation was not readily available, several companies
were developing instruments, and their progress was monitored. In March 1991, an on-
line ammonia analyzer was ordered from Siemens Energy & Automation, Inc. A detailed
dezeription of the analyzer and support components is presented in Appendix A.
Instrumentation was already available to adequately monitor NO, NO,, O,, 30,, CO,, and
CQ; therefore, na instrument wpgrades for these flue gas constituents were required.
Measurement technigues for 80, and NH, involved wet chemistry methods in addition to
the on-line NH, analyzer.

The available data acquisition system, with the exception of a computer, was
adequate to meet the needs of the project. Therefore, the only upgrade was the
acquisition of a new computer for on-kine data aequisition and off-line dats editing and
raduction. The computer and peripherals had sufficient sapability to meet all data
acquisition, storage, and reduction needs. Subtask 2.1 was federally funded, and all
procurement, construction, and installation activities were performed by EERC personnel
with input from OCF and RE&C personnel.
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Figure 2-2, Reverse-gas fabric filter chambers.
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222 Subtask 2.2 — Pulse-Jat System

Subtask 2.2, Pulse-Jet Syatem, involved the dssign and construction of a pulse-jet
fabric filter system for use in Subtask 3.8, as well as for fMtering the flve gas during off
line cleaning of the reverse-gas systam. Pulsejet fabric filtration technology has hean
applied primarily to industrial systems; however, interest has developed recently in its
applieation to utility boiler systems, epecifically for cazes where existing slectrostatic
precipitators (ESPs) are only marginally effective in meeting particulate control
requirements. Construction of & new pulse-jet fabric filter system was necessary to ohtain
adequate temperature control over the range of interest (500° to 750°F) and to operate at
the appropriate range of air-to-cloth ratios (2, 3, 4, and 6 ft/min), with minimal flne gas
fiow rate adjustments and slipstreaming. The pulsejet fabric filter houses twelve bags,

6 in. in diameter by 8§.25 ft long (8 linear feet of fHltration area), providing a total cloth
area of 151 ft2. The pulse-jet system i a single compartment eapable of cleaning both on-
line and offline. Figure 2-8 is a schematic of the pulsedet baghouse. An important
feature of the pulse-Jot baghouse is ita ability to effectively seal off individaal bags in
order o adjiust the air-to-cloth ratio on-line.

An existing fabrie filter device at the EERC was dismantled to make room for the
new pulsaejet baghousa. Parts seivaged from the existing unit were used in the
construction of the new pulse-jet baghouss as well az the new reverse-gas haghouse to
minimize the cost of construction. Subtask 2.2 was commercially funded, and all .
procurement, construction, and installation activities were perfarmed by EERC personnel
with input from OCF and RE&C personnel.

Subtask 2.3, Catalytic Fabric and Filtar Bag Preparation, involved the preparation
of catalyst-coated fabric for use in the experimental phase of the project. This work was
done by or under the direction of OCF personnel. Speciic activitles included
manufaciuring the high-temperature 52-glass fabrie, coating the fabric for abrasion
resistance, coating the fabric with catalyet, and manufacturing the filter bags for the
raverse-gags and pulse-jet baghouses. Table 2-1 prazenis a summary of the number and
type of filtar bags prepared in support of the projeet. A more detailed discussion of
catalyst-conted fabric and bag characteristics is presented in the discussion of
experimental results. Subtask 2.3 activities were funded by OCF.

23 Task 3 - Experimental Program and Daia Reduction

Task 3 was divided into four subtasks. Subtask 3.1, Fundamental Testing, was a
bench-scala support effort to the primayy ezperimental program. This subtask involved
experiments required to answer technical questions concerning the process mechanism,
investigate factors that may affect catalyst life, and sereen additional fabric samples
developed by OCF.

Subtask 3.2, Process Testing/Reverse-Gas System, included the bulk of the pilot-seale
experimental effort. This subtask involved twelve 100:hr test periods, one 500-hr test
period, and four 1- to 2-day test periods, Eech of the 100-hr teat periods was performed
while coel was fired and catalyst-coated filter bags were evaluated in a pilot-scale reverse-
gas baghouse. The shorter tast periods involved firing either natural gas or coal. Based
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TABLE 2-1

Catalyst-Coated Filter Bags Prepared for Catalytic Pebric Filter Project
Reverse-Gas Bags* Pulse-Jet Bags®
Task 1 ' - -
Task 2° 3 12
Subtagk 3.1¢ - -
Subtask 8.2 24 -
Subtask 8.3 - 82
Subtask 3.4° - : -
Task 4 ~ -
Task 5 - -
Total 27 94

* Heverse-ges filter bags were 12 m. In diameier by 26 ft long and had a fabric weight
of 14 or 22 oz'yd®.

b Pulsejet Slter bags were § in, in diametar by 8.25 ft long and had a fabric weight of
22 azfyde,

* Filter bags usad for Task 2 equipment shakedown were not catalyst-coated. Pulsejet
filter bags used in Task 2 wers also used during Subtask 3.2 to filter flue gas when
the reverse-gas gystem was bypaseed for cleaning,

1 Although no filter bags were required, samples of catalyst-cogied fabric were
prepared in order to complete apyropriate bench-scale experiments,

> Catalyst-coated bags used during a 100-hr pulse-jet test (Subtask 3.3) were
suhsaquently used for Subtask 3.4,

on the results obtained during the 100-hr reverse-gas and pulsejet tests, the 500-hr
reverse-gas test was replaced with a 500-hr pulse-jet test,

Subtack 3.3, Process Testing/Pulse-det System, involved three 100-hx test periods
and one S00-hr test peried. Two 100-hr test periods and the 600-hr test period were
performed while coal was fired. The third 100-hr test period involved oil fiving. Al four

test periods used a pilot-scale pulsedet beghouse to evaluate the catalyst-coated filter
hags.

Subtask 3.4, Fabric Durability Testing/Pulse-Jet System, evaluated the performance
of a singla st of catalyst-coated filter bags in a pilot-ecals pulze-jet baghouse for mors
than 5000 hours. The teat involved slipstreaming flue gas from a stoker-fired boiler at
the UND steam plant during parts of two heating seasons. The primary purpose of this
activity was to determine filtar hag performance (particulate control, haghouse differential
pressure, and fabrie cleanability) for an extended operating period.
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Following completion of the Task 3 experimental effert, all used and unvsed
catalyst-coated fabric samples and filter bags were returned to OCF for proper storage or
disposal. All wastes generated as a result of the experimental program were dispased of
in accordance with approved EERC waste disposal practices and applicable federal, stats,
and local laws and regulations.

23.1

Subtask 3.1, Fundamental Testing, was a bench-scale support activity o the pilat.
geale experimental effort. The purpose of this activity was to perform experiments
necasssry to answer technical questions concerning the process mechanicm, a5 wall as to
support the pilet-scale tegt propam. Additional experiments were performed to sareen
new fabric samples developed by OCF. Experiments were also performed using catalyst-
toated fabric samples to determine the fectors that may affect catalyst life. Specifically,
experiments were performed to svaluate the efiect of flue gas temperaturs on catalyst
reactivity and the potential for chemieal deactivation of the catalyst. A schematic of the
beneh-seals experimental apparatus iz shown in Figurs 2-4, Primary components include
mass flow controllers, a tube furnace assembly, quartz glass reactors, and an NO,
analyzer. After several months of work with the bench-scale experimental system, it was
apparent that modifications were necessary to obtain the range of operating conditions
desired and to obtain acceptable data. The change involved replacing the tube furnate
and guartz giasg reactor with three stainleps steel reactors housed in an electrically
heated cven. Figure 2.5 illustrates the modified system. Detailed discussions of the
individnal systems and the experimental approach used with sach ars presented in
subsaquent sections of this report.

@ EERG QWeesarLoR
. NO,
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Figure 24, Bensh-seale reactor system and gas chromaitograph.
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Figure 2-5. Schematic of modified bench-scale reactor system.

All bench-seale tests wers performed on a simulated flue gas stream prepared from
certified calibration gases Specific flue gas components for bench-seale experiments
included NO, anhydrouz ammonia, O, and N,  The ammonia-te-NO, molar ratio was
typically <1.0. Flue gas temperature was normally 650°F, but temperatures ranging
from 500* to 750°F were used for certain experiments. Flue gas flow rates were
controlled to achieve air-to-tloth ratios in the range of 2 to 6 ft/min.

Setup of the initial exparimental apparatus was completed, and experimental
activities were initiated in August 1991, Banch-scale expariments continued off and on
through January 1994. Subtask 3.1 activities and resulis are discussed in Section 3.1 of
this report. Subtask 3.1 activities involving EBRC personne) were federally funded, and
activities invelving OCF personnel were funded by OCK.

Subtask 3.2, Process TestingReverse-Gas System, invelved the bulk of the pilot-seale
experimental effort, including twelve 100-hr tests, one 500-hr test, and four 1- to 2-day
test periods using the pulverized coal-fired PTC. The revarse-gas fabric filter system was
used for these tests with the exeeption of the 500-hr test, which utilized the pulse-jet
baghouse. The PTC, shown in Figure 2.6, is a vertieally orisnted, pulverized soal-fired
combustor (560,000 Btu/hr) that has been used ¢xtensively in past years and continues to
be used on process development projects addressing environmental control issues. A
detailed description of the PTC and its operation is presented in Appendix A.
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Table 2-2 presents the test conditions for Subtask 8.2. Ome purpose of these tests
was to evaluate the NO, reduction capability of five catalyst-roated fabrics. ‘The five
fabrics were selected based on resnlts from bench-scale tegts complated in 19%0 as part of
the DOE Cocperative Agreament Flue Gas Cleanup project. Results from Subtask 3.1's
bench-seals fabric screening aleo aided in the selection procese. Each of the five fabrics
was made inio filter bags and evaluaied during a 10(-hr test period. A washed Illinois
No. § bituminous coal was fired during each of the initial fabric tests. The baghouse
temperature was maintained at 660°F and sn ozygen concentration of 4.5% + 0.5% by
volume. Variable operating parameters included ammonia-toe-N0, molar ratio (0.73 to 1.4)
and air-to-cloth ratio (1.3 to 4.2 ft/min), with a baseline ammonia-to-NO, molar ratio of 0.9
and an air-to-cloth ratio of 2 ftfmin,

A mass lowmeter and rotameter were usad to adiust and control the ammeonia
injection rate into the flue gas upstream of the fabric filter. Accurate control of the
ammonia was important to obtain the desired level of NO, reduction and minimize
ammonia shp.

The air-to-cloth ratio was controlied by making minor adjustmenis to the fine gas
flow rate and using one or hoth of the reverse-gas chambers, Bench-seale results had
praviously shown that air-to-cloth ratie has a significant effect on overall NO, reduction,
ammonia ship, and the cost of the technology. Therefore, the eiffect of air-to-cloth ratio was
thoroughly evaluated for each of the five catalyst-coatad fabrics tested.

During Subtask 3.2, four different cosls and natural gas were used: two eastern
hituminous ¢ogls, 2 western subbituminous eoal, and a lignite. The bageline coal was an
eastern bituminous coal having a high sulfur content (a washed lincis No. §). Selection
of four coals for testing was important to the overall evaluation of the catalyst-coatad
fabric. For example, it i3 known that coal sulfur content has an impact on 30,
concentration in the flue gas and that chlorine present in the fuel ean result in the
formation of HCI in the flue gas, both of which are highly eorrosive. The ash
characteristica of eastern and wesztern fuels were expected to have an effect on catalyst
performance since conventional SCR experienm in Buwrope and Japan has shown that
arzenic and alkali ash components can poigon SCR catalysts (24-26). In addition, fabrie
filter performance {(particulats removal efficiency andpreasura drop) has been shown to be
dependent on coal type (27-29).

Flue gas temperature has been found to be an impertant operating parameter with
respect to catalyst performance. Previous experimental work by OCF and the EERC has
shown that if the flue gas temperature-is too high, permanent deterioration of the catalyst
will result, and if too low, NO, reduction will not take place. Rapid changes in
temperature have also been observed to decrease the activity of the catalyst-coated fabric.
Two tests were designed to determine the effect of temperature on catalyst performaneca.

A 50(-hr test was necessary to evaluate the performance of a specific catalyst-coated
fabric over an extended test period The objactive of the 500-hr test was to evaluate the
parformance of the catalyst-coated bags with respeet to NOQ, reduction, ammenia slip, SO,
production, particulate collection efficiency, bag‘house pressure drop, fabric cleanability,
and durability.
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TABLE 2-2

Test Conditions for Subtask 3.2 - Process Testing/Raverse-(3ag System

6a

Baghouse Variable Test
Test Number* Purpose of Tests Fabric Sample Coal® Temperature, Parameters®
*F
PTC-IL6-408  Comparative tests of five catalyst- DE484 e 660 &SR, A/C
PTO-IL6414  coated fabric types DE992 LG 660 SR, A/C
PTC-ILG-415 DE484 ILE 660 " BR, AC
PTC-ILG-418 DE434 {aquenus) IL§ 650 SE, A/C
PTIC-ILG-417 G143 IL8 650 SR, A/C
PTC-ILG-418 G148 . ILG - €50 R, A/C
PTC-IL.6-419 DES32 {undercoat) IL§ 650 SR, A/C
PTC-NG-420 G143 NG 660 SR, A/C
PTC-NG-421 DE434 NG B50 R, AfC
PIC-NG-422 | DE434 . NG 650 SR, A/C
PTC-ILG-428 DE992 ILG - 660 SR, AfC
PTIC-BV-423  Determine the effact of coal type DE424 BV b0 SR, AC
PTC-BT424  on catalytic fabric performance DE434 BT 660 SR, A/C
PTC-B1J-425 DE484 BU 660 &R, A/C
PTC-ILG-426  Determine the offoct of DE4384 118 50750 SR
PIC-IL8-427 temperature on catalytic fabric DE434 ILS 250-700 SR
performance eycling
FIC-BV-432  600-hr performance test DE292 BY 650 SR

* Rune PTC-IL6-408 through PTC-ILG-428 wara 2- to 4-day test perteds using the pilot-oeale reverse-gas baghouse, Run
PTC-BV-432 wag a 500-hr test using the pilot-acale pulse-jet baghouse.

* Tha coals used ineluded two eastern hituminous eoals (a washed Illinois No. 6 [[1.8] and o Bluacksville bituminous coal
[BV]), a western subbituminous coal (Black Thunder [BTD, and a western lignite (Beuleh [BU]). Natural gas (NG) was
aleo used during several test periods.

* B8R (ammonia-to-NO, mollar ratto) = 0,78 to 1.4, A/C (air-to-cloth ratie) = 1.3 to 4.2, ft/min.




In addition to NQ, reduction snd ammonia slip, yressure drop end partienlate
emissions were important indieators of overall fabric filter performance. Presmoe drop
wag monitored continuongly using pressure transdusers during each 10{-hr test and the
500-hr tast. At the conclusion of the each test, the bags were carefully weighed to
determine residual dust cake weight, and comparisons were made to bag weights for
conventional pulse<jet baghouses. Careful inspection of the bags followed sach test to
determine that pinholes or tears had not developed and that fraying had not gecurred.
Thig was especially important following the 500-hr tegt.

- Particulate emissions were measured during each test period. A modified EPA
Method 5 was uzed 10 determing overall particulate collection efficiency. In addition, real-

time techniques (aerodynamic particle sizer [APS] and diiferential mobility particle sizer

[DMPS)) were used to determine particnlate emissions in the size range of 0.01 {0

30 mierons. Particle-siza distribution wag measured uging multicyelone and Conlter

eounter techniques. Table 2.3 lists the particulate sampling techniques used

Flue gas concentrations of 0., 80, and ND, were monitored continucusly
throughout eech teat at the inlet emd outlet of the fabric filtar to evaluate NO, reduction.
Concentrations of CO, and CO were monitored at the combustor exit to determine overall
system operability. Continuouns monitoring of ammonia in the flue gas was attempted,
but the results were not acceptable. Wat chemisiry techniques were usged to meamre
ammonia and S0, concantratione in the flue gas at various times during ¢ach text period.
Table 2-4 listz the instrumentation and sampling techniques that were used.

Samples of the catalyst-coated fabric and bulk samples of fuel and ash were
characterized using standard analytical methods. The types of samgdes collected for
analysis and the methods that were applied are listed in Table 2.5, In addition to routine
ash analyses, several ash samples were eollected and analyzed for vanadinm to determine
if the catalyst had been eroded from the tatalyst-coated fabric.

Subtask 3.2 data reduction and analysis focused on flue gas data and baghouse
performance data. Flue gas data were recorded continuously on circular charts and
legzad as a function of time using a Kaye data logger. Manual data were collected by
operations personnel on & 30-minnte basis as a backup to the data-logging systam. Data
from the data logger were downloaded directly to 2 computer, After completion of a run
or test period, data downloaded to the computer were reviewed and edited according to
identifiable equipment malfunctions or other system anomalies. For example, the flue gas
sample conditioners were purged periodically during operation to remeove condensed
moisture. For a short period of thne after purging (<5 minutes), flue gas constitueni data
were incorrect hecause of purge air entering the gas analyzers.

NO, removal was calenlated basad on baghouse inlet and outlet values, ecorrecied fo
4% O,, and reported as percent NO, reduction. Caleculated values for NO, reduction,
ammonia-te-NO, molar ratio, ammonia alip data, and fiy ash nitrogen content were
compared to verify resulis bazed on the nitrogen balance. Detailed flue gas data and
celculated results were presented in both graphieal and tabulated formats in the quarterly
technical progress reports. For weekly test and monthly statua reports, general results
were prezented in 2 digcussion format. Copies of the raw data downioaded to the
computer during sach run or test period wers copied op 5.26-in. Aoppy disks and are
available for review upon request.
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TABLE 28
Particulate Sampling Techniques for Task 3

[

Sampling Technique Sampling Location Rasgulting Data
Modified EPA Methed b Fabric filter inlet and outlet Total mass loading/efficiency
Flow Sensor Multicyclone. Fabric filter inlet Total mags loading/aize distribution
Aerodynamic Particle Sizer (APS) Fabric filter outlet Size distribution {0.6 to 30 pm)
Respirabls mazs 1
Differential Mobility Particle Sizer (DMPS) Fabric filter outlet Size distribution (0,01 to 1.0 gm)
TABLE 2.4

Flue Gas Instrumentation and Sampling Techniques for Tagk 3°
Instrument or Sampling No. of Inatruments Flue Gas Constituent

Techninue Available Meagured Sampling Loeation

Thermo Electron Model 10 2 NO/MNO, Combustor Exit/Bughounse Outlet
DuPont Model 400 2 20, Combustor Exit/Baghouae Qutlet
Beckman Model 766 2 0, Combustor Exit/Baghouse Qutlet
Beckman Modeol 564 i o, Combustor Exit
Beckman 580 1 CcO Combuator Exit
Biemens Ultramat 5B 1 N, 0 Baghouse Inlet/Outlet
Wet Chemistry

Selective Condensation - S0, Baghouse Inlet/Outlet

Specific Ion Electrode “ NH, Baghouee Inlet/Outlet

Arid/Bagse Titratlon - HCl Baghouse Inlet/Outlet

* The EERC purchased an on-line ammonia monitor, hut ite performance was nol acceptable.




TABLE 2.5
Bolid Samples Collected and Types of Analyses Applied®

Sample Type Type of Analysis

Coal ) Prozimate/nltimate, sulfor forms, sieve, heating
wvalus, vanadivm dstermination

(8]1] Prozimate/ultimate, heating value

Coal Ash X-ray flugrescence (XBF), vanadium
determination, ash fusion temperature

Baghouse Ash NH, analysis, vanadium determination, XRF, agh
fusion temperature, loss on ignition (LOT), Coulter
coereter

EPA Filter Ash Vanadium determination, NH, analysis

New Catalyst-Coated Fabric Vanadium determination, BET surface area
Exposed Catalyst-Coated Fabric Vanadium determination, BET surface area

* Seamning alectron microscopy (SEM) was used as a trouble-shooting analytieal tool
when neaded. :

The EERC did not perform extensive computer modeling. Trends for dependent
variables such as NO, reduction and ammonia slip are presented graphically as a function
of independent variables such as fabric type, alr-to-cloth ratio, temperature, and ammonia-
to-NQ, molar ratio. Subtask 3.2 was federally funded and performed in the EERC
combustion piiot plant.

2.3.3

Subtask 3.8, Process Testing/Pulse-Jat System, involved three 100-hr tests and one
6500:-hr test similar to those performed in Subtagk 3.2. Table 246 presents actual test
condifions for Subtagk 3.3. Reavlig from Subtagk 3.2 were used to select the ecatalyst-
coated fabric used in Subtask 3.3. The purpose of the first two tosis was o evaluaie the
performance of the catalyst-coated fabric in a pulsejet system with respect to NO,
reduction, ammonia glip, S0, production, particulate control, baghouse pressure drop, and
bag cleaning for two different coals. Variable operating parameters included the
ammonia-to-NO, molar ratic (0.6 to 1.2) and the air-to-cloth ratio (2.0, 3.0, 4.0, and
6.0 ft'min). The third test used regidual oil (RO) to fire the PTC io evaluate the sffect of
fuel type on eatalyst-coated fabrie performance. The physieal, chemical, and
morphological characteristies of the fly ash from the three fuels were very different,
providing an interesting cornparison.

The fourth test was a 500-hr coal-fired test intended to evalnate catalyst-coated
fabrie performance INO, reduction, ammonia slip, S0, production, particulate conarol,
baghouse pressure drop, and fabric eleanability) in a pulse-jet baghouse over an extended
operating period. This test was run in a manner similar to that used in Subtask 3.2, The
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TAELE 2-6

Test Conditions for Subtask 3.3 — Process Testing/Pulse-Jet System

Fahrie Baghouse Variabls Test
Test Number* Purpose of Test{s) Sample Fuel* Tamperature, °F Parametara®
PTC-BV-429  Detormine the effect of cleaning cycle DE9f2? BV 650 SR, A/C
PTC-BT-430  on catalytic fabric performance DES92 BT 650 &R, A/C
PTC-RO-431  Determine the effect of fuel type on DES92 Residual 0il 850 SR, A/C
catalytic fabric performancs
PTC-BV-434  Complete 600-hr performance test - DES92 BV G50} SR
* The firat three tests were 100-hr teats, and the fourth was a 500-hr test. All four teat periods invelved pulssjet
haghouse operation.
b "BV" represents Blacksville bituminoug eoal; "BT* reprasenta Black Thunder subbituminous eoal; "RO" repremm

resldual oil. I

® SR {ammenia-to-N0, molar ratio) was 0.6 to 1.2; A/C (alr-to-cloth ratio) was 2 to 6 f/min for the 100-hr tests and
1 3 ft/min for the 500-hr test,

1 The DE992 catalyst-conted fabrie is a 22-0z woven 52-glags fabric prepared uging seven coats of 8 madmm—tltﬂmum
catalj.rat



only variable aperating condition was the ammonia-t-NO, molar ratio (0.6 to 1.2), The
air-to-cloth ratio, 3.0 fmin, was selected based on results from the 100-hr tests,

Results from 100- and 500-hr tests were reported in weekly test reports, monthly
gtatus reports, quarterly technical progress reports, as well ag the final technieal report.
Subtagk 3.3 wag commercially funded and performed in the EERC combustion pilot plant.

Subtask 3.4 was an attampt to demonstrate the performance and durability of the
catalyst-roated fabrie in a pulse-jet system. The test was performed using a pulsedet
baghouse operating as a slipstream device at the UND steam plant. The baghouse houged
nine catalyst-coatad fabric Slters 6 in. in diameter by 8 £ in lanpgth. A slipetream of flue
gas was removed fom a stoker-fired boiler with supplemental ash injection used to
maintain an adequate ash leading at the baghouse inlet. Catalytje filtar bag parformancs
was measured in terms of durability, particulate control, fabrie cleanability, and NQ,
reduction potential for over 5000 hoars of operation. Figure 2-7 is a schematic of the
baghouse slipstream system. A more detailed discussion of the gystem is prezented in
Appendix B,

Fly-ash
Feeder
™ \esuum Inlet To Boiler
Systern Inlet =k L Trangdizoar 5:::191‘9 Fulse Air ‘l‘
—— oF Resarvoir
Knockaut TC : TC13
Hoppsr 2 'ﬁ‘- E:q?jaljsmn
Q &P
Ash Collection I. D. Fan
System Heat ¥ [ Sm Damper Valve
Spreader ) TC Port2
@ =T | Stoker ®
Boll ' b
er A | g SPAP
— I. D. Fan
Ash Colection
System

Figure 2-7. Baghouss slipsiream system at UNE steam plant.
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Particulate emissions were measured onee & month at the inlet and outlet of the
pulsejat baghouse to evaluate the catalyst-coated fabrie’s sbility to control particulate
emissions effectively. Sampling techniques were identiecal to thoze identified in Table 2.3.
Baghouse differential pressure was monitored on a continuous basis to determine whether
the catalystcosted filter bags were effectively cleaned and the differentinl pressure
controllad.

Fabrie durability was detarmined using the MIT flex tazt and Mullen hurst
measuraments of new fabric and catalyst-conted fabric samples from filter bags removed
from the baghouse after 840, 1642, and 5136 hours of operation. These physical fabric
cheracteristics were measured by OCF personnel.

‘The performance and durability of the catalyst-coated fabric in terms of NO,
reduction capability was evaluated by conducting = bench-seale N0, reduetion test with
new fabric and fabric samples from filtar bagy removed from the baghouse aftsr 840, 1642,
and 5136 hours of operation. The baghouse was operated at tampe:m‘hlraa ranging fmm
500° to 640°F and air-to-cloth ratios of 8 te 6 ft/min,

In order to seleet a catalyst-coated fabric for this subtask, it was necestary to have
suecessfully completed at least one of the 100-hr tests planned for Subtask 3.3. Thersfore,
Subtask 3.4 did not hegin until July 1922, Results from thiz activity were reported in
monthly status reporis and quarterly technical progress reports and are summarized in
this final technical report. Subtask 3.4 was commercially funded.

24 Task 4 - Concepinal Design and Economic Evaluation

Based on the results of Task 3, RE&C developed a conceptnal design and performed
an economic evaluation of the catalytic fabrie filtration process, As part of the Task 4
economic evaluation, a preliminary assessment was performed early in the project
{concurrent with Task I activities) to identify which variables are most important from an
economic standpoint. This early assessment helped focus the project to address and
optimize thoze items that potentially drive the overall cost of the technelogy. This
information was particularly ugeful in developing the Task 3 test plang.

The conceptual design and economic evaluation was based on a reference 500-MWe
greenfleld plant burning high-sulfur coal, as well as a 260-MWa plant with the catalytic
fabric filtration system added as a retrofit. The format for the economics was the Electric
Power Research Institute (EPRI) Technical Assessment Guide (T'AGH (30).

The first step in performing the economic evaluation was to develop design criteria
upon which to baza a eonceptval desipn. The design criteria were based on Tazk 3 results.
Important design eriteria for the catalytic fabric filtration process include the following:

* Bag life — 2 years

+ Bag cost - developed by OCF

« Inlet NO, level - A fixed outlet emission of 60 ppm NOQ, will also set NO,

removal. Higher inlet NO, concentration fypically requires maore catalyst for
selactive catalytic reduction technology,
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+ Ammonia slip - Lower ammonia slip typically requires greater catalyst quantity
for selective catalytic reduction technology,

+ 850,50, oxidation - affects catalyst formulation and sost

s Air-io-cloth ratio (gross, net, services) - greatly impacts cost, typleally 4 ftYmin for
pulse-iet

* Type of cleaning - pulse jet, intermediate pressurs

» Bag diameter

s Bag length

+ Bags per compartment

+« Compartments per baghouse

+ Number of baghousss

+ Insulation thickneas

* Bag spacing

Similar degign criteria were algo developed for conventional selective catalytie
reduction technology in trder to provide a benchmark from which to compare costs. Since
RE&C had previously completed 2 project for EPRI evaluating cogts for conventional
selective catalytic reduction technology, this comparison was made both cost-effectively
and on a consistent bhasis.

The next step in the evaluation was the development of process flow diagrams and
material and energy batances. The process flow diagrama for this evaluation reflected the
complexity of the ductwork required to operate a hot-gide baghouss.

A systems description was written to reflect the process flow diagram and to
describe the process. The technology was summarized and its level of development
digeussed and arsessed. The level of process development was important for the seleetion
of an appropriate process contingency according to EPRI puidelines,

Equipment lists were prepared reflecting new equipment for the greenficld plant
and both new and modified equipment for the retrofit. The lists contain pertinent
information such as equipment sizes, capacities, performanee, materigls of constroetion,
and number of operating units and spares.

General arrangement drawinge were prepared reflecting the layout of all major
equipment items. Thizs was particularly important for addressing requirements for both
the greenfield and retrofit cages. Both a plan amde]evahon view were required to
evaluate the duciwork requiremenis accurately.




The capital, cperating, and maintenanee costs were estimated using standard EPR]
TAG puidelines. Vendor guotes were obtained for all major equipment items,
Ingtallation factors were developed by the RE&C cost agtimating department.
Contingencies were developed on an area basis in accordance with EPRI standards. Other
tosts such as preproduction costs, interest during construetion, royaities, etc., were also
developed in accordance with the EPRI guidelines.

Since the catalytic fabrie filtration process iz a combined particulate and NO_ control
technology, it was necessary to develop economies for combined NO, and particulate
control (applicable to either retrofit with inadequate particulate control or a greenficld
plant). The comparative economics use selective catalytic reduction for NO, control and a
cold-side pulse-jet fabric filter for particulats conirol.

Ovwerall ceses were estimated as follows:
ic Fabric Fil ~Comparative Cage

New 500-MW Plant Costs asgegsed for both NO, Selective catalytic
and particulate control reduetion + baghonse
Existing 250-MW Flant Costs assessed for both NO, Selective catalyiic

{inadequate particulate removal} and particulate control reduction + baghonse

Thig effort was pexformed by RE&C personnel with input from EERC and OCF staff
involved with the project. Task 4 began after completion of the 500-hr tests. The results
were documnented in a separate report and are summarized in this final technical repert in
Section 3.5. Task 4 was federally funded.

25 Task 8 = Test Unit Removal

With the exception of some instyumentation upgrades, the reverse-gas baghouse
(Subtask 2.1), and the pulse-det baghouse (Subtask 2.2}, all of the equipment and facilities
necessary to perform the experimental program were available at the EERC. Therefore,
the Task 5§ effort was minimal and grimarily involved preparing an equipment disposttion
plan, documenting ownership of equipment scquired and fabricated in Task 2, and
maintaining control of the equipment until final disposition has been determined by DOE
and othar fundingr organizations. Thers is no site demelition anticipated.

Samples of new and used catalyst-coated fabric remapining after completion of the__
experimental effort were returned to OCF for proper storage or disposal. Task 5 activities
performed by EERC personnel were federatly funded Catalytic fabric storage or disposal
costs ineurred by OCF were the responsibility of OCF.
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3.0 RESULTS AND DISCUSSION
3.1 Bench-Scale Fundamental Testing

As part of the catalyst-coating r'ocess, an organic fugitive lubricant iz added to
protect the catalyst and fabric and to facilitate sewing of the bags. Therefore, t0 obtain
. optimum performance of the catalyst-coated fabrie, the fabric must he heat-traaied to
remoave the lubricant and complete eataiyst curing. Since the optimmum heat treatment
time and temperature for sach of the fabries were unknown, bench-geale tests wers
completed to evaluate the effect of heat treatment o catalyst reactivity. The results of
these tests were then used to select the heat treatment eonditions for the catalyst-coated
filter bags used in the pilot-scale tests,

In the initial bench-scale system, fabric samples were insertad into a plass tube and
heated to temperature using peveral tube furnaces (a schematic of the initial bench-scale
gystam ig shown in Figure 2.4). The tube furnaces and glass sample holder were long
enough to ensure that ths gas(es) were well mixed and brought to temperature prior to
coming into eontact with the fabric sample. Onca the desired tamperaturs had bean
reached, the fabric samples were maintained at that temperature for a apecified length of
time. All of the heat treatment tests were done in air or in a mixturs of 4% 0, in
nitrogen.

Three types of catalyst-coated fabrie were teated. The first was a lightweight,
14-0z/yd® fobrie with a single-heam weave (DE484), The second type of fabric was a
heavier weight, 22-0z/yd® with a douvble-beam weave (DE992), Both of these fabries uzed a
DE-fiber {6.5 um). However, the third fabric tested was woven from G-fibers that had an
average diameter of 9.0 pm {(G143). The weight of the G143 fabric was 14 ozyd®.

The resutts of these banch-scale heat treatment tests are shown in Figure 3-1. For
each tesi, the air-to-cloth ratio, ammonia-to-NO, molar ratic, and operating temperature
were ¢constant at 2 fi/min, 0.9, and 650°F, respectively. The data indicate that the
general rend for each of the three fabrics was the same. In all cases, an increase in
catalyst reactivity occurred from 500°-700°F. From T00°-TH0°F, the reactivity was
relatively constant, and at heat treatment temperatures exceeding 750°F, a decrease in
catalyst reactivity ocewred that hecame signifleant at temperatures exceading 800°F.
Although thig trend was the game for each of the fabries, there was a difference in the
catalytic reactivity of the fabries. At lower haat freatment temperatures, the DE992 wag
the most effective. Once a temperaturs of ahont 750°F was reached, the DESS2 and
DE484 demonstrated similar levels of reactivity. For the (1143 fabric, the catalyst
reactivity was lower; however, no tests were made at temperatures above 800°F. It did
not appear from the bench-scale tests that the catalytic reactivity of the fabrics was
affected by the duration of the fabric heat treatment. Test duration ranged from 1 to
25 hours, and the resplts were about the same. From the bench-zeale results, it was
determined that prior to each pilot-seale test, the bage would be hent-treated in the pilot-
scale baghouse at T00°-T25°F for 4 hours using flue gas containing 24 vol% O, resulting
from the combustion of natural gas,
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Fipure 3-1. The effect of heat treastment temperature on NO, removal for three different
fabrics, -

The heat treatment procedure developed for these piloi-srale tests was appropriate
for this project. However, further development of heat treatment procedures will be
necessary prior to commercialization of the catalyst-coated fabrie filter concept.

A small hench-scale unit illustrated in Figure 2-5 was assembled o perform catalyst
deactivation and fabric-screening experiments. Primary system components include three
parallel stainless steel reactors housed in an electrieally heatod oven; multiple gas
eylindere supplying the simutlated flue pag components (oxygen, ammonia, and nitrie
oxide, with the balance nitrogen); and instrument ealibration gases, mass flow controllars,
flow indicators, and on-line analvzers for measurement of oxygen and nitric ozide
concentrations. Ammeonis concentrations were measured using colorimetric techniques.
All fabric samples were 2.8-in. diameter circles. The unit was operated after the fabric
samples were sealed in the holted-fiange reactors and a heatup period of 3-4 hours with
no pas flow to bring the internal operating temperature to 650°F, After operating
temperature was reached, simulated flue gas flow wae initiated and ammonia, NO , and
oxygen concentrations vertfied. Fourier wrensform infrared (FY-IR) analyses using clean,
heat-treated fabric determined that approximately 95% of maximum NO, reduction was
achieved in the first 5 minutes of oparation and that maximum NG, reduction was
achieved in 15 minutes, The FT'IR instrument was not used during catalyst deactivation

39




experiments because of contamination of the FTMIR ¢l with products offgassing from the
contaminated fabrics. Inlet concentrations were verified for each reactor. Each set of
three experiments required 2 to § hours to collect and verify the inlet and outlet gas data.
Specifically, multiple ammonia measurements were necessary during each experiment to
engure reliable data and to document goed ammonia closure. Inlet flue gas prassure was
10-15 in. W.C, The pressure differential across the reactora was 5 in. W.C,, depending on
the amount of deactivation agent coated on the falric. The outlet product gas preasure
was maintained at atmospheric using & bleed valve between the reactor and gas
analyzers.

Catalyst desctivation experiments wera designed to reprasent a worsi-case scenario,
where the catalyst-coated fabric filtera are wetted as s result of an upset condition, such
az a tube leak. During such an upset condition, water may leach varions components
from the ash layer onto the fabrie, creating an alkall, acid, or salfur-rich solution,
Depending on the nature of the upset condition, the wetted fabric would elther dry
quickly because of CFF operating temperatures or remain watted for an extended period
in the event of a forced system shutdown.

Fahbri¢ zamples treated with an acid or hase solution were tested after the solution
was dried at 240°F on the fabric surface and then tasted a second time after thorough
washing with distilled water. Fabric samples treated with & sluarry of the deactivation
agent, resulting in a dried dust cake on the surface, were lightly washed with distilled
water prior to testing in order to prevent aiwmple fabric blinding from contributing to
ohserved catalyst deactivation. Fabric samples treated with coal ash were also wetted and
then dried. These bench-seale tests were desipned to evaluate the effect of a severe upset
eondition on the reactivity of the catalyst-coated fabrie with respect to NO, reduction and
ammeonia slip.

The catalyst-coated fabric type used for the catalyst deactivation experiments was a
22-0z woven S52-glasg fahwie congisting of DE-fibers (6.5 micron) with seven layers of a
vanadium=-titaniim eatalyst bonded to the fabrie nsing the sob-gel process with an organie
solvent. This is the same fabric type az was used during the pilot-scale pulse-jet tests.
For the catalyst deactivation experiments, reactor temperatures varied batwesn
650°-660°F, and the filter face velocity was 4 + 0.15 fiymin. The stmulated flue gas
stream contained 700-725 ppm nitric oxide, sufficient ammonia o achieve a roughly 0.8
ammonia-to-NO, molar ratio, roughly 3.5% oxygen, and a balance of nitrogen.

Table 3-1 summarizes the results from the eatalyst deactivation and fabric-screening
experiments. Each data sot in the table represemts a eingle experiment. Ammonia
closure was typically 97% to 108%. As presented in the table, the potential catalyst
deactivation agents used included distilled water, tap water, HCI, H.50,, NaOH, Ca0,
Cel30,, K30, Na,30,, Na,30,, Nall, CaCl,, Si0,, and three ash samples.

Baseline fabrie performanee wag observed t0 be 71.5% NO_ reduction and 5.6%
ammaonia slip at an ammonis-to-NO, molar ratio of (.78, Results fiom the catalyst
deactivation tests showed that distilled water (70.4% NO, reduction and 5.6% ammonia
slip) had no effect on catalyst reactivity and that tap water (68% NO, reduction and 6.9%
ammonia stip) may have had 4 minor effect. Both acids, 0.1 M HCl and 0.1 M H,S0,,
appeared to totally destroy catalyst reactivity initially, but when the fabric samples were
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TABLE 81

Bench-Seale Catalyst Deactivation Test Results **

Deactivation Agent Htg&m Rg‘hn RamI:E;L % Nﬂ“ﬂa@’n&"f

DES32 Fabric, basalins 0.78 715 5.6
Distilled K0 0.78 70.4 5.6
Tap H,0 0.78 65.0 8.9
0.1 M HQ 1.16 0.0 86.0
0.1 M HC), washed thoroughly” 0.65 78.4 296
0.001 M HCL 0.81 714 -
0.1 M H,SO, 0.85 1.0 80.5
0.2 M H,S0,, washed thoroughly 0.85 1.4 2.48
0.001 M H,SO0, 0.81 58.4 -
0.1 M NaQOH 0.81 21 82.1
6,1 M NaOH, washed thoroughly 0.85 65 80.0
0.00t M NaOH 0.81 534 -
Cal), washed lightly? 0,52 11.3 66.8
CaS0,, washed lightly 0.86 T0.4 17.8
B.50,, washed lightly 0.88 741 0.2
Na,50,, washed Lightly 0.88 285 57.0
Ne,50,, washed lightly 0.82 2.4 74,1
NaCl, washed lightly 0.81 89 70,2
CaCl,, washed lightly 0.81 14.9 68,9
NaCl, washed thoroughly -— 0.79 243 54,7
CaCl,, washed thoroughly 0.19 28.3 499
Si0,, washed thoroughly 0.30 121 535
Blacksville Bituminous Ash (Jow Ca and Na) 0.52 8748 438
Palkirk Lignite Ash (high Ca, low Na) 0.82 34.7 446

Beulah Lignits Ash Chigh Ca and Na) 0.82 309 BO.7
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TABLE 3-1 {continnad)

Deactivation Agent HuN:ll;rJNR?t.iu mﬁEEL% Nﬂiﬁm ’bﬁ;of
500-kr Fabric (PTC-BV-434)
Baseline 0.80 75.8 312
Watted ftap H,0) .80 73.8 416
Acid (0.1 M H,S0,) 0.80 =20 Unmeasurable
Acid Washad 0,80 <8 a1.3
1540-hr Fabric
Baseline 0.82 72.8 3.5
Wetted (tap H,O) 0.2 70.8 46
Acid (0.1 M H,80) 0.82 =36 Unmeasurable
Acid Washsd 0.80 <10 93.9
5136-hr Fabrie
Baselins 0.79 5.4 4.0
Wetted (tap .0} 0.80 70.3 &9
Acid (0.1 M H,50) 0.80 =47 Unmensurable
Acid-Wached 0.80 29 18.7
Clean Fabric and Ash (wetted) 0.80 §8.8 -
PTC.BYV-432 Pabric (wetted) 0.80 7L -
Used Pabri¢ and Ash (wetted) 0.50 50.1 -
DF992 Fabrie
Blackeville Bituminous Ash (low Ca and Na)
and Tep H,0 0.80 58.2 -
PTC-BV.432 Fabrie
Tap H,0 0.80 717 -
FTC.-BV-432 Fabriz
Blackevwille Bitumineus Ash (low Ca and Wa)
and Tap H,0 0.50 50.1 -

* Typical reactor operating conditions for the eatalyst deartivation experiments ware a
temperature of 850°-660"F, a fate velocity of 4 f/min, an inlet NQ, eomeentration of
T00-726 ppin, and an NHYNO, molar ratio of voughly 0.8.

* Ea;hMQEMMt in the table represents a single experiment. Closure on NH, was typically 87%
to '

* "Washed tharoughly™ refera to removal of deactivation agent o the greatest possible extent
with distilied water. o

* Fahric was wetted, coated with deackivation agent; and dried. *Waehed lightly" refers to
minimal ramoval of caked deactivation agant with distilled water o allow for gas flow
through the fabric without significant pressure drop.
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thoroughly washed with distilled water and retested, catalyst reactivity was observed to
be effectively recovered. '

Deactivation experiments with 0.1 M NaOH resulted in complets loss of catalyst
reactivity, 2% NO, reduetion, and >80% ammenda slip. Washing this fabrle sample did
not produce any recovery of catalyet reactivity. Even when the NaOH concentration was
decreased to 0.001 M, NO, reduction decreased to 68%. Ultimately, all of the sodinm-
based catalyat deactivation agents (NaOH, Na,30,, Na,S0,, and NaCl) tested saverely
reduced the reactivity of the eatalyst-costad fabrie.

Of the three calchum-based catalyst deactivation agents tested (Ca0, CaS0,, and
CaCl,), Ca0 and CaCl, resulted in the most significant decrease in catalyst reactivity,
11% to 15% NO, reduction and 66.8% to 68.9% ammonia slip, respectively. The CaS0,
did not decrease NO, reduction as significantly as the sodium-based materialg ar the other
caleium-based materials tested, but thers was a significant inerease in the ammonia slip
observed, with that value approaching 18% of the inlet NOQ, concentration. Potagsium
salfate also had an offect on eatalyst reactivity, although Subrstanhallz.r lesy significant
than that of the other alkali species. In this case, ammonia skip increassd to over 9% of
the inlet NO, concentration, as opposed to the 5% to 6% observed for the baseline fabric.

Two general conclugions can be dravm from theae data. First, condenaation of an acid
on the surface of the dean catalyst-coated fabric interferes with the reactivity of the
catalyst, However, catalyst reartivity can be recovered by simply washing the acid from
the sarfare of the eatalyast-coated fabric, Sacond, exposing the catalyst-coated fabric to an
alkali solution will regult in varying degrees of catalyst deactivation. A strong base, such
as NaOH, will destroy catalyst reactivity. Alkaline zolutions in general appear to have a
more savere negative effect than acidic solutions on the catalyst reactivity of ciean fabric.
Soelutions containing sodinm ions reduce catalyst reactivity more dramatically than
caleinm iong and caleium jons more dramatieally than potasgium ions. The degree of
catalyst deactivation aleo varies, depending on the negative ion associated with the
sodium or caleiwm,

Sodium chloride and calcivm chloride opposed this trend of sironger alkali causing
greater deactivation, with the NaCl decreasing NO, reduction to 14.9% and CaCl,
decraasing WO, reduction to 8.7%. Chlorine has been reported to have a promoting effact
in V,0,-Ti0, catalysts (19), During fabric preparation, sli of these shwried compounds
formed a solid crystalline layer on the surface of the fabrie during the drying stap. This
solid material was partially removed prior to testing by caveful washing with distilled
water. Care was teken not to bend the stiffened fabric. The falrics reated with NaCl
and CaCl, were ratested after a vigorous, thorough washing with distilled water. The—
regpective NO, reduction ratas rose to 24.5% and 28.3%, with ammonia slips around 50%
of inlet NO, concentration. One other solid deactivation agent, 8i0,, was tested after hoth
light and thorough washings, with corresponding NO, removal rates of 6.7% and 12.1%.
During thie teat, the ammonia closure was poor, possibly hecause of a chesnjead reaction
with the 8i0.,.

Additional tests to delineate the effects of chlorine as it exists in tap water were not
completed after discussing with the local water department the water purifieation process
steps which contain chlorine. The regidual chlorine in the tap water is not in the form of
ehlorinated zalés or metals; rather, it is in the form of NH,C] at 2-2.5 ppm eoncentration.
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Chloramina is formed when ammenia is added to the water afier it has baen contacted
with chlorine. This procass is used to aveid the formation of trihalomethanes. The city
water used to deactivate the samples ia moderately hard, containing 140-160 mg/L of
calcium carbonates, bicarbonates, and sulfates. Since we have shown that CaS0,
deactivates the catalyst, it iz presumed that the CaS0, is the contributing factor eansing
2% less NO, reduction with a corregponding 19%-2% higher ammonia slip (ag percant of
inlet MO} with the tap water than with the distilled water-treated fabries.

The thres ash samples ueed in the series of experiments represent a bituminous coal

. and two lignites. Table 3-2 summarizes the chemical composition for each ash type. The
bitominous coal agh eonteined very little alkali; one NHgnite ash contained a high level of
calcinm; and the other lignite ach eontained high levels of hoth ecaleium and godinm.
Results from those three experiments are consistent with thoss observed for the pure
chemiecal deactivation agonts tegted. Catalyst reactivity wae dramatically deereased for
all three fabric samples, with the high-eodium ash demonsirating the greatest
affact—3.28% NO, reduction and 80.7% ammonia slip. The two low-sodium ash samples
decreased NO, reduction to reughly 35% and increased ammonia slip to 44%. However,
these data contradictad the final set of deactivation experiments described below that
avaiuated used catalyst-coated fabrie,

The final set of deactivation tests involved three catalyst-coated fabries: 1) a PTC
pulsedet hag with 500 hows of operation, 2) a UND sieam plant pulsejet bag with
1842 hours of operation, and 3) a steam plant pulse-jet bag with $138 hours of operation.
The steam plant ash contained a higher concentration of alkali constituents than the ash
from the 500-hr test. Two pieces of each fabric were used; the first was a baseline fabric
sample, and the gsecond fabric gample waa tested twice, once after treatment with
0.1 M H,80, and once after a thorough washing with disiilled water. The bassline tests,
conduacted at an ammenia-to-NO, molar ratio of 0.3 + 0.025 and performed similarly to
previous baseline tests, demonsirated from 72%-75% NO, reduction, with ammonia slips
less than 5% of inlet NO,. Also, the data indicate that no detectable loss in catalytic
reactivity was observed from 500 to 1642 to 5136 houra of operation. When the samples
were wetted with tap weter, the NO, rednetion decreased 2%-5%, as reporied for previcus
gsamples, Although previous tests had been run suecesafnlly with 0.1 M H,80, on ¢lean
fabric, the tests with the acid and dust cake continued to offgas throughout the
test contaminating the reactora and tubing and almost instantanzously plugging the NO,
analyzer. The initial NO, readings taken indicated that maximum NO, conversion was
20% for the 500-hr fabric, 36% for the 1640-hr fabric, and 47% for the 5136-hr fabric.
Ammonia slip measurements could not ba made because of the reaction hetween the acid
regidue in the system and the ammonia, After the falwie samples had been thoroughly
washed, the NO, reduction was 3% for the S00-hr, <10% for the 1640-hr, and 23% for the
5136-hr fabrics. These rates of recovery show the opposite trend to that expected for aghes
with increasingly higher alkali content, but the overall conclusion ig that NO, reduction
cannot be adequately recovered after the ash-coated bags have been exposed to a sevare
acid dew point, even safter thorough washing. In gemeral, the results from the bench-scale
eatalyst degetivation experiments show that exposure of dust-laden fahrie to & savere
moisture or acid dew point will permanently reduce catalyst reastivity to a level requiring
replacement of the catalyst-coated bags.

Comparison of the above data indicates E:t'.'r«:l:l:tgl;',.;r that preparation of the fabric sample
is @ critical parameter. The fabric samples cut from the filter baps used on the pilot-scele
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TABLE 3.2

{Coal Ash Analyees for Catalyst Deactivation Tests
Blacksville
BHuminous Coal Beulah Lignite Falkirk Lignite

S50, 46.87 25.5 422
ALO, 929.58 12.3 12.1
Fa,0, 18,92 11.2 12.6
TiO, 0.28 11 0.9
P,0, 0.32 0.5 0.0
Cal 5.40 18.1 20,8
Mg( 1.00 43 7.0
Na,0 0.77 18.07 0.6
K, 0 1.4 0.6 : 15
50, 1.81 12.9 18

unit and tested in the banch-scale unit thowed a marginal trend of 2% lest NO, reduction.
The data verify that results firom the bench-scale unit approximate data from the pilot-
scale system. However, results from deactivation experiments were drastically different
hetwesn fabric samples from the filter baps and fabric samples prepared from cleam, heat-
treaied fabric in the leboratory. For example, fabric samples from the pilot-scale runs
that were treated with water showed much less damage than clean fabric samples coated
with a greater quantity of the same agh a5 on the used fabric and wetted To determine if
the difference in results was eaused by exeess ash on the fabrie, three additions! tests
were run. Two fabric samplos were cut from a bag representing a 500-br run (PTC-BV-
434), one wetted and the other coated with a known quantity of exeess ash and wetted.
The third sample was clean, heat-ireated fabric coated with the same quantity of ash as
the used sample. Results from these runs, presentsd in Table 3-1, indicate that the
wetted used fabric showed a decrease of 2% In NO, reduction from the used fabric. Both
¢lean and used fabries, when coated with asgh, showed a substantial decrease in NO,
reduction, 58.3% and 50.1%, respectively. Therefore, the process of coating the cean
fabric with ash and wetting under laboratory conditione does not produce a fabrie sample
that performs in the bench-scale system in a manner gimilar to the pilot-scale system.
The remainder of the deactivation experiments were performed with clean, heat-treated
fabric samples treated with the given deactivation agent in the same manner as those
samples with added ash. While lesser quantities of the deactivation agents may have
resulted in better NO, reduction, it is reasonable to assume that the deactivation trend is
valid aven if the percentage loss of NO, reduction is exaggerated. Crther conclusions
drawm from the deactivation studies are that 1) some catalytic reactivity can be regained
after febric washing, 2) sodinm > caleium > potassium in deactivation strength, end 3)
chlorine in alkali salt form ia detrimental to the reactivity of the catalyst-coated fabric.
Previous data by Chken, Buzanowsld, and Yang indicated that the chlorine in alkali salts
had a promoting effect on ceramic-supported V-Ti eatalysts {19).

Several differences asids firom seale stand out between the bench-seale test unit and
the pilot-seale baghouse. From the standpoing of inlet gas composition, the pilot-seale
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baghouse used flue gas and corresponding particulate matter from the PTC. . The bench-
scale test unit used a simulated flue gas containing only NO, NH,, 0., and N., excluding
all other major combustion products such as CO,, CO, 80,, 80,, and H/0. These gases
could affect the catalytic reactivity, espectally S0., which has been shown to both inhibit
and enhance, depending on various conditions, V=-Ti catalysts. Water in the flue gas has
the potential to change the acidity of the active catalyst sites, which has bean ghown to be
directly related to catalyst reactivity, While the particulate collection efficiency of the
catalytic filter faberie is a funclion of the presence of a dust cake, it is possible that the
presence and chemical composition of a dust cake layer may also affect NO, reduction
performance, especially in the presence of SO,

Another difference between the pilot- and bemeh-sesle gystems is the difference in
reactor geometry. The main diffarance is the ratio of exposed stainless steel surface area
to the catalytic fabric surface area. In order to minimize the contact of ammonia to the
stainless steel and to minimize the contact time beiween the NO and ammeonia before
they reach the catalytic fabric, the ammonia was injected into thaND—H,—O, stream just
befare the reactor inlet. Since stzinless steel can react with ammenia, zeveral runs weare
made with no fabric in the reactor to dstarmine whether ammonia was lost before
crossing the fabric. The results were that no pereeptible differanca in ammonia or NO,
concentrations from reactor inlet and outlet was detected. No NO, was detected in the
inlet stream, and measurements made after the cutlet stream was scrubbed with & mild
peoroxide solution showed no detectable amounts of NO,, typically less than 5 ppm, After
several runs with the peroxide solution, this practive was discontinued, and all NG,
measurements were made using the NO option of the NQ, analyzer. Ammonia balances
were typleally within 86%-104% prior to rms nsing fabric treated with 0.1 M H.SO,.
Buring thege rung, the outlet fubing hecame contaminatad with acid rezidue and
ammonia balances fell. Even after some replacement and washing of the outlat tubes,
baseline samples showed identical NO, reduction numbers, bit poor ammonia closure,
Arid residue observed in the NO, analyzer capillary tubes appeared to be reddish brown
and highly viscous in nature. Other residue swabbed from the stainless steel tubing
appeared to be more gresnish black. The quantities of thege materials wars not large
anough to collect and analyze, However, Chen, Buzanowski, and Yang also observed a
red-brown liquid when treating ceramic-supported V-Ti eatalysts in a fixed-bed reactor.
They showed the reddisk material tubeV{}]‘andthegreamshmamal to ba VC), and
also showed the presence of NH,Cl in the product gas (19). The ammeonia analysis method
used with the bench-scale reactor does not detect NH,CI,

Another factor that potentially alters NO_ reduction performance is the air-to-cloth
ratio. In the benth-zeala syetem, the air-to-cloth ratio was nominally 4 f&/min 4+ 0.2. On
an average, the pilot-zeale runs showed a deecrease of approximately 2% NO, reduction as
air-to-cloth ratios inereased from 2 to 8 fiymin. The cylinder gas concentrations used were
calculated to produce an air-to-cloth ratie of 4 fi/min at 650°F given the stendard fabric
sample size, & nominal oxygen concentration of 3.5%, and inlet NOQ, of between 700 and
725 ppm with corresponding NH, to achieve an ammonia-to-NQ, molar ratio of 0.8,

Under these restrietions, it wag not pogsible to vary the air-to-cloth ratio without varying
at least one other parameter,




Five now fabric types were prepared by OCF for seresning. The fabrie sereening
data given in Table 3-8 reprosent the data set with the best ammonia balance. The fabric
gamples were identified as Fabrie 205, 208, 207, 208, and 202. Fahric 205 was prepared
using an 82-glass felt and eight coats of a 0.1 M V-Ti catalyst-coating. The use of a felt
rather than a woven fabric may be an advantage at flter face velocities of >3 ftfmin.
Bueceasful development of a catalyst-coated felt would limit the effect of dust cake
characteristics/properties on partieulate emissions and ammondia slip.

Fabric 206 represented the standard DE992 woven 82-glasg fabric prepared using
saven coats of catalyst, but the catalyst-coating was prepared using a higher-viscosity
titania source. The purpose of the higher-vizeosliy titania source was an sttempt to
increase the quantity of V-Ti eatalyst on the surfaecs of the fabric.

Fahric 207 represented two layers of woven DE484 fabric prepared using seven coats
of the standard 0.2 M V-Ti coating on the clean-side layer of fabric and two coats of an
abrasion-resistant Si~Ti coating on the dirty-side layer of fabric, This approach would
simulate a double bag.

Fabrie 208 represents a standard DES82 woven S2-glass fahric prepared using ten
eoats of the standard 0.2 M V-Ti eatalyst coating rather than the seven conts nsed
previously. The purpese of applying ten coats of catalyst was simply to increase the
amount of catalyst on the fabric in the hope of increasing NO, reduetion and reducing
ammonia alip. If successaful, the cost of the overall concept could he reduced as a result of

TABLE 3-3

Bench-Scale Falmie-Sareening Test Besults

NH/NO, NG, NH, Slip,
Fabric Molar Ratio Bemoval, % % of Inlet NO,
DE992 0.78 71.5 b6
205 0.53 25.4 61.9
208 ) 083 _ 7.1 5.6
207 0.80 7.8 1.7
207 1.02 o4 4 7.7
208 0.80 80.4 1.9
208 0.85 24.9 2.1
208 (1R: ) R 91.0 2.8
208 0.957 85.0 2.6
208 1.02 91.0 5.8
209 0.83 . 81.0- i4

209 1.02 - 954 7.6
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being able to operate the eatalytic fabric filter at g higher face velocity and reduce the
oparating and maintenanee ¢osts associated with ammonia siip.

The final fabric sample, 209, represenied a standard DE992 woven S2-glass fabwic
prepared uging seven coats of the standard 0.2 M V=T catalyst coating with a high
molecnlar weight polymer added. Again, the ohjective of thiz change to the catalyst
coating was to inerease catslyat concentration on the fabrie,

Fabric 205 performed vary poorly in three trials, with 25.4% NO, reduction and an
ammonia slip of 61.9% of the inlet NOQ, concentration, Fabric 202 performed well, with
81.0% N0, reduction at an ammonia-to-HQO, molar raiio of 4.83 and an ammonia slip of
1.4% of the inlet NO, concentration., At an ammonia-to-NO, molar ratio of 1.02, Fabric
209 showed a NO, reduction of 95.4% and an ammonia alip of 7.6% inlet NO,
coneantration. Fabric 208 was tested at ammonia-to-NO, molar raties ranging from 0.8 to
(.95 with ammonta glips of approximately 1.9% to 2.8% of the inlet NO, eoncentration.
At an ammonia-to-NO, molar ratio of 1,02, Fabrie 208 deymonstrated 97.0% NO, raduetion
and an ammonia slip of 5.6% inlet NO, concentration. Fabric 206, with the high-viscoslty
titania source, appeared to be discolored over portions of the sample. The sample was
tested using two differently colored areas of fabric. The maximum NO, reduction was
76.1% at an ammonia-to-NO, molar ratio of 0.83. The eorresponding ammonia slip was
5.6% of the inlet NO, concentration. Fabrie 206 periormed better than the clean DESS2
fabric previousgly tested, which had an average of 71% NO, reduction at an ammonia-to-
NOQ, molar ratio of 0.78 and an ammonia alip of about 5.6% of inlet NO, concentration.
Fabric 207 also perfirmed better than clean DESS2 fabric, with an ammonia slip of 1.7%
and NOQ, reduction of 77.8% at a stoichiometrie ratio of 0,80,

Based on this preliminary bench-seale data, Fabries 207, 208, and 209 appear to be
more reactive than the DEDS2 fabrie used for the pilot-ueale pulsajet tests H these
obzervations can be substantiated with further bench-scale testing, Fabric 208 may be
able o reduce the level of ammonia slip observed during pilot-scale pulse-jet tests from 7%
to <5% of the inlet NO, concentration. Further testing would be required in order to
determine potential performance.

3.2 Process Testing/ReverseGas System

Testing of catalyst-coated fabric filters with the reversa-gas system included fabric-
screening tests, coal effects tests, operating temperature tests, and dew point exposure
tests. A 500-hr reverse-gas test was also planned, but was replaced hy a second pulsejet
test. Tabie 2.2 presents the test conditions for Subtask 3.2,

The vanadium catalyst used on the fabrie filters wag similar to the catalyst used to
oxidize S0, to S0, in ESP fiue gas conditionting systems, Although the oxidation of 30, to
=0, takes place a2t 800°F, thare was concern: that a certain level of oxidation would oceur
at SCR temperatures (650°F). Therefore, it was necessary to determine the level of
oxidation of 830, t0 50, due to the presence of the vanadium catalyst. S50, measurements
were made with the ammoenia injection turned off during each teast to avoid interference
by ammaonia and maximize the potential for SO, formation. Concentrations during the
reverse-gas tests ranged from 0.3 ppm with the Black Thimder subbituminons coal to
43.8 ppm with the lincis No. 8 bituminous ceal. The higher concentrations were in the
expected range for a 8% sulfur bituminous eoal (Tlinois No. 6). All but a few of the S0,
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concentrations were less than 1% of the inlet S0, concentration and indicate little
oxidation of 80, due to the catalyst-coated fabric.

A second concern with the nge of catalyst-coated bags was the popsibility of catalyst
groston resulting In an increase in the vanadium eontent of the fly ash. Although
vanadium itself is not identified by RCRA (Resource Conservation and Recovery Act) to be
a hazardous eleament, some vanadium compounds are considered hszardous materials.
Therefore, it was important to monitor the vanaditm concentration in the fy agh.

Table 34 presents the vanadivm content of the coal, fly ash from the inlat to the reverse.
gas or pulsejet baghouses, and ash from the haghouse hoppers as determined by atomic
absorption (AA) analysia. The differences in vanadium conceniration in the baghouse
ashes for the different coals appeared to be caused by differences in the coals, and not a
logs of venadium catalyst from the bags. When the vanadium concentration in the
baghouse ash was compared to the theoretical concentration based on the coneentration of
the vanadium and agh in the coal, there was an inerease in the vanadium in the baghouse
ash in eome cassa. An explanation is that vemadium is known to be enriched in the fine
particulate matter as a result of initial vaporization in the flame zome and the subsequent
condensation on fine ash particles (31). Alhough the concentration of the vanadinm in
the combustor bottom ash was not known, it was expected to be less than the
concentration in the fly agh. In general, the variability of vanadium eoneantration in
baghouss ash samples for a single coal appears to be due to the vanadium variability in
the coal. The data indicats that catalyst erosion from the bagswasnutapmhlemfurthe
ype and duration of tests completed.

8.21 NO, Control with Catalyst-Coated Fabric

Nine reverse-gas baghouse tests ranging from roughly 40 to 100 hours in duration
were completed to sereen different types of catalyst-coated fabries. Each 100-hr test
consisted of 12 individual test periods in order to address the effects of air-to-eloth ratio
(1.5, 2.0, 3.0, and 4.0 ft/min} and ammonia-to-NOQ, molar ratio (0.80, 0.90, and 1.00).

The catalyst-coated fabrics tested were a 14-02/yd® single-beam weave, woven from
DE-fibers (6.5 microns), designated DE484; a 14-0z/yd® single-beam weave, woven from G-
fibers (9 microns), designated (3143; and a 22-0z/yd® double-beam weave, woven from
DE.-fibers, designated DESS2, All fabries were wovern from an S2-glass yarn. The DE484,
DE992, and G143 fabrics were prepared with saven coats of catalyst applied with an
organic-based coating process. One DE484 fabric was also prepared with seven coats of
catalyst applied with an agueous-based coating process, Also a DE992 fabric treated with
three coats of an undercoat before being coated with the vanadium/titanium catalyst was
tested. All catalyst-coated fabriez were selected based on pravieus bench-scals —
performance. The fubric types, characteristies, and the tests in which they were used are
presentad in Table 3-5.

QCF provided all fabric filtar bags for the reverse-gas baghouse and pulse-jet
haghouse tests. For the reverse-gas system, two filter bags (12 in. in diameter by roughly
26 1t long) were used for each test. Prior to testing, it was necessary to heat-treat the
hags in order to remove a lubricant used in the manufacture of the bags and maximize
catalyst reactivity. Deficiencies in the initial heat treatrnent proeedure used for the first
two test periods (PTC-IL6-408 and PTC-IL68-414) wers identified and ¢orrected, resulting in
the bags heing heat-treated in the baghouse chambers, using flue gas generated by firing
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TABLE 3-4
Vanadium Concentration Analyses Resulis for Coal and Ash Samples

Coal Coal Baghouse
Compoaita,  Ash, Inlet, Ash, Sample
ppm ppm Ppm ppm Conditions
PTC.ILG-408 160 Calenlated theoretleal (11.59% ash)
18 220 240
250 250 )
PTC.116-414 260 A/C ratio = 2.0 f/min
PTC-IL6-415 240 Measured value in aghed coal sample
270 AIC ratio = 1.5 ftmin
260 AC ratio = 2,0 ft/min
260 AMC ratio = 8.0 ft/min
260 A/C ratlo = 4.0 ft/min
PTC-IL6-416 260 ASC ratio = L5 fimin
250 AC ratio = 4.0 fmin
200 AN ratio = 2.0 fi/main
PTC-1L6-417 230 A/C ratio = 1.5 fi/min
220 A/C ratio = 2.0 ft/min
250 A/C ratio = 2.0 ft/min
250 ASC ratio = 3.0 ftY/min
260 AJC ratio = 4.0 ft/min
PTC-IL6-419 260 A/C ratio = 1.5 ft/min
230 A/C ratio = 2.0 ft/min
250 A/C ratio = 2.0 ft/min
240 A/C ratio = 3.0 f#/min
240 A/C ratio = 4.0 ft/min
PTC-BV-423 18 203 - Calculated theoretical (8.86% ash)
160 ASC ratio = 1.5 ft'min
200 AJC ratio = 2.0 ftY/min
140 AC ratio = 3.0 f¥min
170 A/C ratio = 4.0 fi/min ___
PTC-BT-424 13 270 Calenlaied theoretical (4.86% ash)
240 A/C ratio = 1.5 ft'/min
240 ASC ratio = 2.0 ft/min
240 ASC ratio = 3.0 ft/min
250 AJC ratio = 4.0 ft/min

E) Continued . . .




TABLE 34 (continued)

Coal - Coal Baghouss
Composite,  Ash, Inlet, Ash, Sample
. ppm ppm pom Fpm Conditions
PTC-B1J-425 <5.0 61 Caleulated theoretical 8.19% ash)
as ASC ratio = 2.0 fYmin
LT AJC ratio = 4.0 ft/min
4 A/C ratio = 5.0 fVmin
46 A/C ratio = 1.5 ft/min
36 ASC ratio = 2.0 ft/'min
PTC-ILG-426 30 270 Caleulated theoretiesl (10,91% ash)
240 Baghouse t2mp. = T00°F
250 Baghouse temp. = 600°F
240 Baghouse temp, = 660°F
240 Baghouse temp. = 550°F
230 Baghouse temp. = 500°F
230 Baghouse temp. = 750°F
. 220 Baghouse temp. = 650°F
PTC.ILG-427 230 Upset Condition 1
220 Upset Condition 2
PTCIL6-428 220 A/C ratio = 2.0 ft/min
PTC-BV-429 240 A/C ratio = £.0 {t/min
' 230 ASC ratio = 1.5 fiymin
240 AJC ratio = 3.0 ft/min
260 AfC ratio = 2.0 ft/min
160 A/C ratio = 2.0 ft/min
180 A/C ratio = 4.0 ft/min
190 AIC ratio = 3.0 fiYmin
180 AC ratio = 1.5 ftYmin
210 A/C ratio = 2.0 ft/min
PTC-BT-430 260 AfC ratio = 4.0 ft'/min
2680 ASC ratio = 3.0 {t/min
260 AJC ratio = 2.0 ftYmin
260 ASC ratio = 6.0 fYmin
. 260 AfC ratio = 2.0 ft/min
FTC-BV-432 13 163 Caleulated theoretical (7.98% ash)
150 Woek 1
180 Weal 2
190 Week 3
PTC-BV-434 . 180 - Week 1
C190 Week 2
190 Week 3
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TABLE 3-b

Catalyst-Coated Fabric Filter Characteristics

Fabrie Vanadium Fabric Woight, Catalyst Fiber
Designation Runs Concentration, g/ft? oxfyd® Coating® Dismneter, pm
DE484 FTC-ILG-408 (348" 14.0 T coats 8.5
PTC-ILE-415
PTC-NG-421
FTC-BV-423
PIC-BT-424
PTC-BU-425
PTC-ILG-420
PTC-ILG-42T ‘
DE252 PTC-H.6-414 0.465* 22.0 7 coats 6.5
PTC-ILG-428
PTC-BV-429
PTC-BT-480
PTC-RO-431
PTC-BV432
PTC-BV-433
PTC-BV-434
DES92 PTC-ILG-419 0.471 22.0 3 eontn 8.5
undercoating
before 7 catalyst
coats
DE454 PTC-ILG-416 NA 14.0 T coats aguecus- 6.5
hased
G143 PTC-ILG-417 0.234 14.0 T coats 9.0
PTC-NG-420

* Average of two concentrations,
* Average of four concentrations.

* Except where noted, all baps were coated with seven coats of a vanadium-titanium catalyst.
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natural gas. The flue gas used to heabtreat the bags nominally contained 4.5% oxygen,
-and:the bulk gas temperature wss‘mamta;lned at 70°-725°F for 4 hours, This resulted
. in H'aquafeﬁheat treatment for all bags used in either the reverse-gas or pulze-jet

* baghouse.

For the fabwic-screening tests, flue gas was generated hy ﬂring a washed [llinois
No. 6 bituminous coal. The average ultimate, proximate, end sieve analyses for the coal
are presented in Table 3-6. The coaliwas typieal of midwestern bituminous coals: high
fixedearhon (48.49%) and heating value (11,501 Btwlk), moderate ash (11.18%) and sulfur
(3.269%), and low molsture (5.59%) cohtent. The coal ash was characterized by high silica
(49.24%), alumina (19.35%), and iron:(18.73%) and low alkali content.

3211 PIC.IL6-408 %
"The catalyst-coated fabric filbers used for Run PTC-IL6-408 ware made from a
14.0zfyd® S2-glass woven fabric coated with seven coats of a vanadium-titanium catalyst.
Fm- the pllot-scale tests, this fabric was designated DE4S4.

The results from the 100-hr tasl; were poor due to inadequate temperature contral in
the réverse-gas baghouse and inadeqnate heat treatment of the catalyst-coated fahrie filter
hags.‘_’f Originally, 12 individual experimental periods were planned in order to address the
effecta of air-to-cloth ratie (1.5, 2, 3, 4 fi/fmin) and ammonia-te-NC, molar ratio (0.8, 0.9,
1.0). Howsuver, because of the heat treatment and temperature control problems, ro ussful
NOQ, reduction data were collected. ‘;ﬁ:la ammenisa slip coneantrations measured

: (13'}'—511 ppm]mnﬁrmeﬁtha poor NQ, romoval performence of the fabric filters. The

bags Wwere heat-treated again and rerl:astad at a later date (PTC-ILG-415),
3212 PTCILA-414

The catalyst-coated fabric ﬁlterE:usEd for this test were made from a 22-0z/yd*
double-beam weave fabric coated with seven coats of the vanadium—titanium ecatalyst.
For the pilot-scale tests, this fabric was designated DE992. The bags were heat-treated
for 4 Fours at 730°F in a convective oven.

Hesults from the 100-hr test were povr, with deteriorating NO, removal efficiency
throughout the test. After approx:ma@ab 36 hours of operation, it was determined the

"bags were not performing as amchad, and the test was terminated. When tha bags were

inspectdd after the test, several holes were found in the bags. At first it was thought the
hags ware damaged by thermocouple probeg in the reverse-gas baghouse during hag
installation. However, it is believed the bags were damaged when they came in contact
with a’hot metel grate in the convective oven during the heat-treating process. In
subsequent tests, the bags were hﬂat-treatad in the baghouss chamber using flue gas

~ generated by firing natural gas, ’I‘]J.iﬂ‘fl'abrm type was retested at a later date (PTC-ILE-

428) using a new set of bags.

Because of the damage to the bage, no meaningful NQ, reduction data were

'3 polleetsd: - Results from the ammonie Slip measurements usi.ng wet chemistry tachniquas
T e ;; (350-880; ppm NH,) confirm the low NO, reﬂ;uﬂﬁon values observed.
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TABLE 36
Results of Coal and Coal Ash Ansilyses for Beverse-Gas System Teats®

Ilinois Nv. 6 Blackevile  Dlack Thundar Beuiah
Bliominous Bltuminous  Subbitaminous Lignite

TProximate Analysis, wite
Moigture 6.8% 140 24.50 8180
Volatile Mattar 34.50 3331 36.70 30.36
Fixad Carbon 48.42 56.92 33.82 29.84
Acgh 11.18 825 4 85 8.19
Ultimate Analyeis, wt%
Hydrogen 498 4,40 8.50 8.47
Carbon 54.84 74.76 52.23 43.61
Nitrogen 122 136 " 0BS5S 0.54
Sulfur 3.26 231 0.36 0.94
Oxygen 1449 831 36.37 20.23
11.18 B85 4.86 8.19
Heating Value, Btu/b 11,601 12,794 2340 7158
Percent as Oxides, wt%
5i0, 49.24 44,30 32.60 27.68
Al,O, 19.3% 20.87 ) 15.50 13.77
Fe 0, 18.73 20.48 5.49 756
TiO, 0.852 1.01 113 0.47
P.0, 0.20 0.38 117 0.83
Ca0 892 5.58 22.18 1l6.21
Mg0 121 1.i8 8.08 7.66
Nz, 0 0.79 0.61 110 6.31
KO 172 L1l 0.30 0.23
80, 3.69 469 12.48 15.02
Ash Fusion Temp,, °F
Initial 2096 2292 2196 2228
Softening 2170 2357 2234 2279
Hemigphere 2261 2390 2249 2289
Fiuid 2343 2425 2253 2308
Sieve Analysis o
Screen Mech Size wi% Retained
100 12.00 17.18 26.80 24.66
140 1277 c 1294 13.60 13.11
200 8,72 13.82 13.50 11.26
230 9.64 903 5.10 5.83
270 885 14.85 5.30 386
325 172 0.33 190 3.98
Pan 37.26 30.86 30.10 347
Total <% 99,07 98,01 296.80 97.41

" Uoal analyses are presaited on an "as-fired” DAsle.




3213 PIC-IL6415 and PTC-NG-421

The catalyat-coated fabric filters used for the 100-hr Run PTC-ILG-415 were the same
bags used for Run PTC-ILE-408, which were inadeguatsly heat-treated. The bags were
heat-ireated a second time hy exposing them to flue gas generated by firing natural gas.
The average bulk gas temperature was maintained at roughly 700°¥F for 4 hours,
rezulting in adegquate heat treatment of the fabrie.

Aibr-to-cloth ratios ranged from L3 to 8.6 f/min and the ammonia-to-NO, molar ratic
ranged from 0.7 to 1.2. A 2-day test (PTC-N(G-421) with the same set of bhags was run at a
Jater date to determine if decreasing NO, removal efficiency was due to pinholes or
decreasing catalyat reactivity. Airto-cloth ratios ranged from 1.5 to 4.1 ft/min, and
ammeonia-to-NO, molar ratios ranged from 0.78 to L12 during the 2-day test. A nominal
bully gas temperature of G60°F in the baghouss chamber was maintained during all test
periods.

NO, removal efficiency for PTC-ILE-415 ranged from 68% (airto-cloth ratio = 3.6,
ammonia-to-N0O, molar ratio = 0.92) to 90% (air-to-cloth ratio = 1.7, ammonis-to-NO,
molsr ratio = 1.18). NO, removal efficiencies and ammonia slip values wers similar
during PTC-NG-421. Figure 3-2 presents the NO, removal efficiency and the ammonia
slip (as a percent of the inlet NO, concentration) data as a function of ammania-te-INO,
malar ratio for tests PTC-IL6-415 and PTC-NC-421. The results show a definite effect due
to air-to-cloth ratio. Comparing NO, removal efficiency for average air-to-cloth ratios of
1.8 ft/min and 3.7 ft/min, the data indicate a decrease in NO, removal efficiency of 10% at
the higher air-to-cloth ratios. As 8 basis of comparisom with other fabrics tested, the NO,
removal efficiency at an air-to-eloth ratio of 2.0 ft/min and an smmonis-to-NO, molar ratic
of 0.80 was roughly 75%, and the ammenia slip was roughly 3% of the inlet NO,
concentration,

Ammonia slip ranged from <1% of the inlet NO, concentration at am air-toe-cloth
ratio of 2.0 ft‘/min to 40% of the inlet NO, at an air-to-cloth ratio of 4.1 ft/min {(average
inlet NO, during the different test periods ranged from 684 to 1021 ppm). Because of the
limited ammonia slip data available, it iz difficult to determine if the increased ammonia
slips at higher air-to-cloth ratios during natural gas firing were due to higher gas
velocities or the Lack of a dust cake on the filters and the potential for permanent pinhole
development. Pinhole development is belioved to be the most probable cause of higher
ammonia slip during gas-fired tests.

Used (exposed to flue gas) and nnused (not exposed to flue gas) samples of the
catalyst-coated fabrlc were submitted for analysis to determine the coneantration of —
vanadium on the fabric, Results ahowed a vanadium eoncentration of 7900 pg/g on the
unused sample and 7533 ug/g on the nsed sample. The vanadiom concentration of the
used fabric would be somewhat less due to the dilution efiect of iy ash particies trapped
in the weave of the fabric. Therefore, because of the ash dilution effect and the
variability of vanadium coneentration as a function of the coating process, the data do nat
indieate any loss of catalyst from the bags.
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Figure 3-2. NO, removal efficiency and ammenis slip versus ammonia-to-NQ, molar ratio
for Buns PTC-IL6-415 and PTC-NG-421: average inlet NO, = 818 ppm,
average baghouse temperature = 660°F.

3.2.14 PTCILG416

The catalyst-coated fabric filters used for Run PTC-ILS-418 wers made from a DE484
fabrie with seven coats of the vanadium-titanium catalyst applisd using an aqueous-based
coating process. It was anticipated that the aqueous-bazed catalyst coating process would
be more economical, more environmentally asceptable, and rmore easily managed from an
industrial healith and safety perspective than the organichased costing proceas. Bench-
scale experimental results, with the catalyst applied hy the agueous-based process, had
demonsmrated NO, reduction and ammonia ship values comparable to the ¢atalysts applied
by the organic-hused process.

The NO, reduction results from the 100-hr test were initially good, but degraded
with time. Figure 3-3 plots the NO, removal efficiancy as a function of time for the
100-hr test. Nitric oxide removal averaged 93% (air-to-cloth ratio = 1.7, ammonia-to-NO,
molar ratio = 1.02, ammonia elip = 11.4% of inlet NO, concentration) for the first 10
houre. At thig point, the bags were ¢leaned for the first time, and the NO, removal
efficiency dropped to less than 80% (maintaining the same operating econditions as prior to
cleaning). As the dusi cake developed on the bags, the NO, removal efficiency inereased
to approximately 90%. When the hags were cleaned a second time, the NO, removal
efficiency again dropped below 80%. The pattern of decreased NO, reduction after
cleaning followed by increasing NO, reduction with dust eake development is clearly

56




Minois &

NO, Removel Efficiancy, %

10 15 20 25 2 XN KN 4 B®p = & &5
Time, hr

e

Fipure 3.8. NO, removal efficiency as a function of time for Run PTC-IL8-416.

demonstrated in Figare 3-3. However, ag the test progressed, the lavels of NO, removal
efficiency before and after cleaning steadily decreased. The lowest NO, removal efficiency
was 36% (an airto-cloth ratio = 3.2 f/min, ammonia-to-NQ, molar ratio = 1.11), and the
corresponding maximum (before the eleaning cycle) was 46% NO, removal.

The ammania slip values alse indicate deteriorating NO, removal with tima, The
initial ammonia elip was 19 ppm, and the ammonia slip at the end of the test was
378 ppra at comparable air-to-¢loth raties.

Used and unused samples of the catalyst-coated fabric were submitted for analysis to
determine the concentration of vanadium on the fabric. Results showed a vanadium
concentration of 10,900 nxg/g on the unused sample and 6710-7320 gg/g on the used
sample. This differenca iz not consistent with the ash dilution affect anticipated and does
not zppear to fall within the variability of the coating process. Therefore, the results
indieate a loss of catalyst from the bags, explaining the decreage in catalyst reactivity
observed with time, Although the aqueous catalyst-coating process needs further
development in order to prodoce results comparable to the organic catalyst-coating
process, further consideration of the agueous process is warranted in order to improve
overall CFF economices.
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3.2.1.5 PTC.IL6-417 and PTC-NG-420

The fabric filterg used for the 100-hr Rur PRCILG-417 were woven from G-fibers
(% microns) having a 14-ozfyd® fabric weight and coated with seven coats of the
venadium—titaninm catalyet. The single-heam weave fabrie was designated Gi43.

This set of bags was used for a 100-hr coal-firad test (PTC-ILG-417) and a short test
(PTC-NG-420) where flue zas was generated by firing natural pas, The 2-day test (PTD-
NG-420) was run at a later date {0 determine if pdditional heat treatment would result in
improved NO, removal, Air-to-cloth ratios for the two tests ranged from 1.3-3.7 {ft/min
during the coal-fired test and 3.9 to 4.0 ft/min during the gasfired test. The ammonia-to-
NO, molar ratio ranged from 0.82 to 1.15 for all tests,

NO, removal efficieney for PTC-IL6-417 ranged firom 68% (air-to-cloth ratio = 3.5,
mnmonia-to-NQ, molar ratio = 0.98) to 87% (alr-to-tloth ratio = 1.3, ammonia-te-NO,
molar ratio = 1.03). NO, removal efficiencies during PTC-NG-420 were poor, ranging
from 54% (air-to-cloth ratie = 3.9, ammonia-1o-NO, molar ratic = 1.07} to 65% (air-to-cloth
ratio = 3.9, ammonia-to-NO, molar ratio = L.02). The results did not indicate any benefit
from additional heat treatment. Figure 3-L plots the NO, removal efficiency and the NH,
elip (as a percantage of the inlst NO, coneentration) as a function of ammonia-to-NO,
molar ratio for Runs PTC-116417 and PTC-NC-420. These results, ae did previous data
presented, showed a definita effect due to airdo-cloth ratio, resulting in decreasing NO,
reduetion and increaging ammonia glip with increasing adr-to-cloth ratio. Earlier resulis
with the DE484 fabric had shown NO, removal efficiency, at an air-to-cloth ratio of 2.0
ft/min and an ammonia-to-NO, molar ratio of 0.8, was roughly 75% and the amwonia slip
was roughly 3% of the.inlet NQ_concentration. The data from PTC-ILG-417 (76% NO,
reduction with 7.5% ammonia stip), extrapolated because of the lack of data at these
zpecific conditions, showed similar performance with respact to NO, reduction, but
ammonia slip levels for the G143 fabric were significantly higher then the values for the
DE484 fabric.

Ammonia slip for the G143 fabric ranged from 8% of the inlet N0, concentration
{air-to-cloth ratio = 3.4 fifmin, ammonia-to-NO, molar ratio = 0,82) during coal firing to
91% of the inlet NO, concentration (air-to-cloth ratio = 4.0 ft/min, ammonia-to-NO, molar
ratio = 1.45) during natural pas firing, (average inlet NO, concentration during the coal-
fired and natural gas-fired test periods were 710 ppm to 943 and 239 to 288 ppm,
respectively). From the data, it is difficult to determine if air<o-cloth ratio is the
dominating effect on ammonia slip, or if the difference when firing natural pas is due to
the lack of a dust cake on the filters and pinholing. Agsin, it is believed pinholing is
having the greatest offect.

Used and unused samplas of the catalysi-coated fabric were submitted to determine
the concentration of vanadium on the fabric. Regults showed a vanadium econcentration of
5300 pgfg on the unused sample and 5000 pg/g on the uzed sample. The vanadium
concentration of the used fabrie would be somewhat less owing to the dilution effect of fly
ash particles trapped in the weave of the fabric. Therefore, because of ash dilution and
the variability of the coating process, the data do not indicate any loss of catalyst from the
bags.
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Figure 3-4, NO, removal efiiciency and ammonis slip versus ammonia-to-NO, molar ratio
for Runs PTC-IL6-417 and PTC-NG-420; average inlet NO, = 825 ppm,
average baghouss temyperature = 657°F.

3.216 PTCILE-419

The catalyst-coated fabric filters used for the 100-hr Run PTC-IL6419 were
constructed from the 22-0z/yd? woven fabric (DE992). Three coats of an undercoat were
applied to Increase fabric surface area and poasibly improve fiber abrasion resistance
before seven coats of the venadium-titanium eatalyst were applied.

NO, removal efficiency for PTC-IL6-419 ranped from 2% (air-to-cloth ratio = 2.8,
ammonia-to-NQ, molar ratio = 0.89) i0 80% (air-to-cloth ratic = 1.8, ammonia-to-NO,
molar ratio = 1.00}. Figwe 3-5 plots the-NO, removal efficiency and the NH, slip (as a
percentage of the inlet NO, concentration) as a function of ammonia-te-NO, molar ratio.
The air-to-cloth ratio tests were performed in the following order: 2.0, 4.0, 1.5, and 3.0
ftymin (nominal aie-to-cloth ratios). In Figure 3-5 the NO, removal efficiency at 2 nominal
air-to-cloth ratio of 2.0 ft/min is higher than the NO, removal efficiency at a nominal aie-
to-cloth ratio of 1.5 fifmin. The same relationship is fxue for NO, removal efficienciez at
nominal air-to-cloth ratios of 3.0 and 4.0 ft/min. The results show a deflnite effect due to
air-to-cloth ratio, hut it also appears the reactivity of the catalyst degraded with time
during the 100-hr run. However, it iz not possible to separate the effects of air-to-cloth
ratio and decreasing catalyst activity. Figure 3.6 plots NO, removal efficiency az a

funetion of time. This figure shows more clearly the decresasing NO, removal efficiancy
with time.
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Figure 3-5. NO, removal efficiency and ammonia slip versus ammonia-to-INQ, molar ratio
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At an ammonia-to-NO, molar ratio of (.80 and an air<o-cloth ratio of 2.0 ft/min, the
NO, removal efficiency was roughly 80%, and the ammonia =lip was roughly 5% of the
inlet NO, coneaniration. The Initial results wars bettar than those observed with the
DE484 and G143 fabrie filters. This was probably due to the increased amount of catalyst
on the DES82 bags.

Ammonia slip ranged from <1% of the inlet NO_ at an airto-cioth ratio of 2.2 ffmin
early in the test to 51% of the inlet NO, at an air-to-cloth ratio of 2.7 fi/min near the end
of the tezt (average inlet NO,_ concentration during the different test periods ranged from
632 ppm to 936 ppm). The ammonia slip values also indicate a decrease in MO, removal
efficiency with time. The three highest slip measuremenis wera taken near the end of the
100-hr test at lower air-to-cloth ratios.

Used and unused samyleg of the eatalyst-coated fabric were submitted for analysis to
determine the coneantration of vanadium on the fabric. Repults showed a vanadium
concentration of 6200 pg/g on the unused sample and 5033 xg/g on the used sample. This
difference is not consistent with the ash dilution effect anticipated and does not appear to
fall within the variability of the coating process. Therefore, the results indicate a loss of
catalyst from the bags end an explenstion for the observed decrease in catalyst reactivity
with time. These data may indicate that the undercoat applied to the fabric prior to the
catalyat coating resulted in a weaker bond between the catalyst and undsreoat or the
undercoat and fabric than observed for the catalyst coatings applied to the DE484 and
G143 fabrics,

3.21.7 PTCIL6-423

The catalyst-coated fabrie filters used for Run PTC-TL6-428 were made from a2
22-oz/yd? double-beam weave fabric (DE992} coated with seven coats of the
vanadium~titenium catalyst. New bags were used for this 100-hr test, which was a
repeat: of a pravious test {PTC-1L6-414) in which the bags were damaged during heat
ireatment.

Results from this 100.hr test were very good when compared to previous tests. NQ,
removal efficiency ranged from 79% {air-to-cloth ratio = 3.0, ammonia-to-NQ, molar ratio
= (.68} to 96% (airto-loth ratio = 2.0, ammonia-to-NQ, molar ratio = 0.98). Figure 3.7
plots the NO, removal efficiency and the ammonia slip {as a percentage of the inlet NO,
concentration) as a function of ammonia-te-NO, molar ratio. At lower ammonia-to-NO,
molar ratios, NO, removal efficiency was greater than theoretically possible based on
Reastione 1, 2, and 3:

4NH, + 4NO + O, - 6H,0 + 4N, ‘m
4NH, + 2NO + 20, - 6H,0 » 3N, 2
NO+ NO, + 2NH, - 38H,0 + 2N, (8]

It was originally thought that some of the NO or NO; was heing reduced as a regult
of Reaction 4:
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4NH, + 6NQ = 6H,0 + 6N, )

However, it was possible the ammonia flowmetsr was delivering more ammonia than
indicated, leading to higher ammonia-to-}0, molar ratios than previously thought.
Ammonia-to-MNO; molar ratios were caleulasted based on the following equation, azsuming
the ammonia slip concentrations wers accurste and the difference between the inlet and
outlet NO, concentrstions was due solely to Reactions 1-3. In light of the ammonia
injection mroblems, the MO, removal efficiency and ammonia slip data were reevaluated

. using the following equatiomn:

(NEH, alip [ppm] + NO, removal [%] % Inlet NO, (ppm]}
Inlet NO_ {(ppm)}

I*iflil_,.‘ﬂ"!ll:!!rI molar ratlo =

Based on these values, the NO, removal efficiencies during this J0{-hr test were
very near theoretieal levelz, The NO, removal efficiencies and the amwmonia glip values
gave no indication of loas of eatalyst from the hags or deactivation of the eatalyst with
time. An extrapolated value {due to lack of data at this ammonia-te-NO, molar ratio) for
NOQ, removal efficiency at an ammonia-te-NOQ, molar ratio of 0.80 and an air-to-cloth ratio
of 2.0 ft/min way roughly 80%, and the ammeonia slip waz roughly 1% or leas of the inlet
NO, concentration. This result iz better than those observed with the DE484 and G143
fabries and similar te the initial results with the undercoated DES92 fabric.

Figure 3-8 plots the NO, removal effieleney as a function of time for the 1({:hr test.
Nesr the end of the 100-hr test, at 2 naminal airto-cloth ratio of 3.0 f'min, the NO,
removal afficiancy rizses and falls with the bagcleaning cycle. The data showad that the
NO, removal efficiency dropped from roughly 86% to B0%: each time the bags were
cleaned. It is not clear if this is due to the frequent cleaning cycles and general dust cake
characteristics or the formation of pinholes.

Ammonia glip reanged from 1.3% of the inlet NO, concentration at an air-to-cloth
ratio of 2.0 ft/min to 14% of the inlet NO, concentration at an air-to-cloth ratio of
4.0 ft/min (average inlet NQ, concentration during the different test periods ranged from
796 to 916 pprm).

Results from the five 100-hr fabric-screening tests established the 22-02/yd* (DE992)
catalyst-coatad fabric most reactive with respect to high NO, removal and low ammonia
slip. The DE484- and DESS2-undercoat fabrics showed similar performance at ammonia-
to-NO, molar rativs of 0.8 and air-to-cloth ratios of 2.0 fifmin, but the DE292 filter bags
showed no degradation with time and had consisiently higher NO, removal efficiencies
and lower ammonia slips. Based on these results, the DES92 catalyst-coated fabric was
selected for use in preparation of filter bags for the pulsesjet testis.

The difforence between the NO_ reduction and ammonia slip results from the tests
using the DE£84 catalyst-coated fabric and the DEBS2 catalyst-coated fabric may be due
to the amount of catalyst on the bags. Therefore, it is recommended that further
development work be completed to determing an optimum number of catalyst coats for
both the DE484 and DEDOZ fabrics.
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3232

Four 100-hr roverse-gas test periods were complated to evaluate the effects of coal
type on the ability of the catalyst-coated fabric to control particulate and NO, emissions.
Flue gas was genersted by firing a washed Illinois No. 6 bituminous coal (PTC-IL6-415), 2
Blacksville bituminous coal (PTC-BV-423), a Black Thunder subbitumingus ¢oal {PTC-BT-
424), and a North Dakota Beulah lignite (PTC-BU-425) in a pilot-scale pe-fired combustor.
The average ultimate, proximate, end sieve analyses for each coal used are prasented in
Table 3-6. The four fuely used during this series of experiments represent o broad range -
of fuel characteristics in terms of moisture contemt { <2% to $2%), ash content (6% to 11%)
and chemical characteristies (low and high alkali conisnt), sulfur content (0.8% to 3.3%),
and heating vatue (7000 to 13,000 Btulb). Each 100-hr test was to consist of 12
individual test periods in order to address the effacts of alr-to-cloth ratio (1.5, 2.0, 3.0, and
4.0 f#/min) and ammonia-t0-NQ, melar ratio (0.80, 0,26, and 1.00).

The catalyst-coated fabric filters used for these tests were made from the l4-ozfyd®
single-beam weave (DE484) fabric, coated with seven coats of the vanadium-titemium
catalyst. Heat treatment for all bags consisted of a 8.5-to §-hr period during which the
baghouse ternperature was raised from roughly 350° to 690°F, followed by & heat
treatment period of roughly 4 to 7 hours at 700°F and 2.0% to 4.5% oxygen. The flue gas
used for heat treatment was generated by firing the pilot-seale combustor on natural gas.

32321 PTCILE-415

Results from Bun PTC-IL6-415 demonstrated NO, removal efficiencies ranging from
68% (afrto-cioth ratio = 3.6, ammaonia-to-NO, molar ratio = 0.92) t0 90% {air-to-cloth ratio
= 1,7, ammonia-to-NO, molar rativ = 1.18). Figure 3.9 plots the NO, removal efficiency
and the ammonia slip (as a percent of inlet NO, concentration) as a funetion of ammonia-
to-NO, molar ratio. As a basis of comparison with other fuel tests, the NO, removal
efficiency at an air-to-cloth ratic of 2.0 fi/min and an ammonia-to-NO, molar ratio of .80
was roughly 75%, and the ammonia slip was roughly 3% of the inlet NO, concentration.
A complete discnssion of the results from this 10{:hr test Is provided in Section 3.2.1.3.

3.222 PTC.BV-423

The results from the J00-hr test PTC-BV423 showed that the NO, reduetion ranged
from 7T4% (air-to-cloth ratio = 3.1 fifmin, ammonia-to-NO, molar ratio = 0.83) to 89% (air-
to-cloth ratio = 2.0 ft/min, ammonia-to-NO, molar ratio = 1.00). Figure 3-10 piots the
NQO, removal efficiency and the ammonta slip (as a percantage of inlet NO, concentration)
as & funetion of ammonia-to-NO, molar ratio. The effect of afr-to-cloth ratio is evident in
the NO, removal data as well ap the ammonia elip data.

3223 PIC-BT424

The results from Run PTC-BT-424 were similar to the previous 100-hr test. The
NO, reduction ranged from 76% (air-to-cloth ratio = 4.2 f&'min, ammonia-to-NO, molar
ratio = 0.84) to 90% (air-to-cloth ratio = 2.0 ft/min, ammonia-to-NO, molar ratio = 1.05).
Figure 3-11 plots the NO, removal efficiency and the ammonia slip {(as a percentage of
inlet NQ, concentration) as & function of ammonia-to-NO, molar ratio. The effect of air-to-
cloth ratio on NO, removal sfficiency is not gs pronounced as with previous data, but the
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effect on ammonie slip is consistent as with previous data. A less pronounced air-to-cloth
ratio effect may be due to dust cake characteristics resulting from combustion of &
subbituminous coal as opposed to a bltuminous coal, Figure §-12 plots the NO, removal
efficiency as a function of time for the 100-hr test. Tt appears the NO, removal efficisncy
decreased from the first to the last test pariod (nominal air-to-cioth ratio of 2.0 ft'min), but
the ammonia-to-NMQ, molar rativ was 1.05 and 0.95 during the first and second test
periods and 0.84 during the last test period. There are no other indications of a decrease
in catalyst reactivity or loas of catalyst from the bags.

3224 PTC-BU-425

The resutts from Run PTC-BU-425 were similar to results from the previeous 100-hr
tests. The NO, reduction ranged from 71% (abr-to-cloth ratio = 3.0 ft/min, ammonia-to-
NO, molar ratio = 0.73) to 91% (air-to-cloth ratio = 2.0 fi‘min, ammeonia-to-NO, molar
ratio = (.99, Figure 3-13 plots the NO, removal efficiency and the ammoniza slip (as a
percentage of inlet NO, concentration) as a function of ammonia-to-NO, molar ratio.
Again, the effect of air-to-cloth ratio on NO, removal efficiency ig evident in the NO,
removal data as well ag in the ammonia slip data. Figure 3-14 plots the NO, removal
efficiancy as a funetion of time for the 100-hr test. It appears the NO, removal decreaged
from. the first to the lest test perivd (nominal alr-to-cloth ratio of 2,0 ft/min), but the
ammeonia-to-NO, molar ratio was 1.1 during the first test period and 0.90 during the last
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Figure 3-14. NO, removal efficiency sa a fanction of time for Run PTC-BU-425,

test period. Thera are no other indicatlons of a decrease in catalyst reactivity or loss of
catalyst from the bage.

Figure 3-15 plots the NO, removal efficiency and the ammonia clip {as a percentage
of inlet NO, concentration} as a function ¢f ammonia-t0-NOQ, melar ratio for the four 100
hr tests (PTC-ILG-415, PTC-BV-423, PTC-BT-424, and PTC-BU-425). This figure indicates
coal type had no discernable effect on NOQ, removal, which is consistant with earlier
bench-seale tests {12). The effact of air-to-cloth ratio was possibly dos to its effect on dust
cake development and residusl dust cake characteristics, Since the pilot-scale reverse-gas
baghouse was cleaned off-ling and operated over a relatively narrow range of air-to-cloth
ratiog, the effect of dust cake properties on NO, reduction and ammenia slip may be less
significant than the effects observed during operation of the pulss-jet baghouse with on-
line cleaning.

323 Flus

3231 PIC-IL6-426

During Run PTC-ILE-426, seven individual experimental periods were completed in
order to address the effects of bulk gas baghouse temperature (600°, 560°, 600°, 650°,
700°, and 750°F) on NO, removal efficiency using DE484 catalysi-coated fabric. For all
tests, airto-cloth ratio was held constant at 2 fi/min, and the ammonia-te-NO, molar ratio
was neminally 0.9, Flue gas was generated by firing a waghed Illinois No. € bituminous
coal in the piiot-scale pe-fired combustor.
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Figure 3-15. NO, removal sfficiency and ammonia slip versus ammonia-to-NO, molar
ratio for Runs PTC-ILG-415, PTC-BV-423, PTC-BT-424, and PTC-BU-425.

Figure 3-16 plots the NO, removal efficiency as a function of time for the 100-hr
test, The NO, reduction ghowed a strong dependence on temperature. Figure 3-17 plots
the NO, removal efficiencies for Run PTC-IL6-426 and additional test periods at the ends
of Runs PTC-ILG-428, PTC-BV-429, and PTC-BT-430 aw a fumetion of bulk gas baghouse
temperature.

During Run PTC-TL-428, at a nominal bulk gas baghouse temperature of 500°F,
the NO, removal efficiency averaged 16%, the calculated ammonia-to-NO, molar ratio was
0.73, and the corresponding ammonia slip was 458 ppm. The average NO, removai
efficiency inereased to 24% at 2 nominal bulk gas baghouse temperature of 550°F, the
ammonia-to-NO, molar ratio was (.89, and the corresponding ammonia slip was 556 ppm.
The NO, removal efficiency continued to increase with inereasing bulk gas baghouse
temperature until roughty 650°F. At the higher temperatures, NO, removal efficiency
leveled out and appeared to decrease slightly at 750°F. However, the observed decrease
wag consistent with decreages in catalyst reactivity observed during previous tests.
Therefore, it is not clear whether the decraase was due to temperature or simply a )
decrease in catalyst reactivity with time. The NO_ removal efficiencies at nominal bulk
zas baghouse temperatures of 850°-700°F range from 78% at 650°F to 87% at 700°F at
molar ratios of (.96 and 0.91, respectively,

In order to verify the results, additional data were generated by completing short

tast periods at the end of Runs PTC-IL6-428, PTC-BV-429, and PTC-BT-430 using DE92
catalyst-coated fabrie. During Run PTC-IL6-428 st an air£o-cloth ratio of 1.91 fi/min, an
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average baghouse bulk gas temperature of 548°F, and an ammonia-to-NO, molar ratio of”
(.81, NO, removal averaged 67%. During Run PTC-BV-429, at an air-to-cloth ratio of

2 ﬂ:.fmj::,an ammenia-to-NO, malar ratio of 0.87, and an average haghouse'hulk gas
temparature of 554°F, NO, remnval averaged 72%, and the ammonia slip was 13% of the
inlet NO, mncentraﬁon. Durmg Run PTC-BT-430, at an ammenia-to-NQ, molar ratio of
0.86 and an average haghouse bulk gas temperature of 553°F, NO, removal averaged
B0%, and the ammonia slip was 5.9% of the inlet NO, concentration.

The operating temperature affects the NO, removal efficiency, but the data indieate
the effect is not as severe with the DE992 fabric (Runs PTC-IL6-428, PFC-BV-429, and
PTC-BT-430). Thie may be due {0 the increased amount of catalyst available to promote
the reduction reaction on the DESS2 fabric. The DE992 fabric has over 33% more
vanadium catalyst than the DE484 fabric {0.465 g/fi® versus 0.348 g/vd®. Further bench-
geale tegting may be appropriate to better evaluate the effect of temperatnre on various
catalyet-coated fabric types.

3.2.8.2 PIC-ILE427

The bags used for Run PTC-IL6-427 were the same bags that were nsed for the
previous 100-hr teast (PTC-IL6-426). Two individusl experimental periods were completed
in order to address the effects of an upset condition on NO, removal effeiency. The bags
were exposed to temperatures below the acid (H,50,) dew point {approximately 150°F)
and the water dew point {approximately 140°F). Alr-to-cloth ratio was held constant at
2 ft/min, and the ammonia-to-NQ, molar ratio was nominally 0.9,

To expose the bags to én acid dew point, the bulk gas baghouse temperature was
lowerad to roughly 160°F for more than three hours. In addition, S0, was injected for
two hours to achieve a flue gus concentration of roughly 20 ppm. The NOQ, removal
efficiency was affected by the exposure of the catalyst-coated fabrie to an acid dew peoint.
After the first upaet condition, the average bulk gas baghonss temperature was raised to
roughly 655°F, and NO, reduction averaged 65%. In a previous test (PTC-ILG-426), at
similar operating conditions with the same sat of bags, NO, removal efficiency averaged
84%. This represents a 23% decrease in NO, removal efficiency.

After exposure to the water dew point for two hourg, NO, removal efficiency
averaged 66% at an average bulk gos haghouse temperature of 658°F. Exposure to the
watar dew point did not have an additional effect on NO, removal efficiency.

It can be concluded that exposure tothe acid dew point adversely affected the
catalyst-coated fabrie, but no conelugion esn he made with respect to these data
concerning the effect of the water dew point.

Uszed (afier Run PTC-ILG-427) and unused samples of the catalyst-coated fabric weore
submitted to determine the concentration of vanadium on the bags. Results showed a
vanadium concentration of 7900 ge/g on the wnused sample and 5300 pg/g on the used
sample. This difference does not appear to fall within the varishility of the coating
process or the dilution effect of ash on the bags and indicates logs of catalyset from the
bags. Another possibility is that the conderised acid alzo had a dilution effect on the
vanadinum measurements.
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Bonch-geale rasalts for clean fabric treated with sulfuric acid showed a complete loss
of catalyst reactivity for 0.1 M H,S0, and only 58.4% NO, reduction for falzic treated
with 0,001 M H,80,. Ammiaahpwﬂdnotbememe&mﬂmeprmofﬂgsﬂ..
Catalyst reactivity was completely recovered after washing the H,80,treated fabric with
distilied water, 70.4% NO, reduction versus T1.5% for clean fabric and 68% NO, reduction
forclamfabrictmatadwithtapwm.

Ash-coated fabrie samplea from PTC-BV-434 and the 1642- and 5136-hr steam plant
bags treated with 0.1 M H.SO, showed better NO, removal than the acid-ireated clean
fabric. However, N0, measurements were difficnlt to make hecause of acid residues
blocking the capillary tubes in the NO, analyzer. After thorough washing of these fabries
with distilled water, catalyst reactivity was not recovered, see Table 3-1.

Both ciean and ash-coated fabric amples traated with tap water showed s 2%-5%
derreaes in NO, reduction. Distillad water shewed a 1% deereass in NO, reduection. City
tap water contains 140-160 mg/L of caleium carbonates, bicarhonates, and sulfates. Thaszs
compounds were shown to cause catalyst deactivation ae reported in Section 3.1.2 on
catalyst reactivity.

When both the bench-seale and pilot-scale date ara congidered, moisture dew points
do not appear to have a detriments) effect on catalyst reactivity for either clean fabrie or
eatalyst.coated fabrie with a residaal dust layer, Actd dew pointa do have a negative
effect on catalyst reactivity, but reactivity ¢an be recoverad by thoroughly washing a
clean fabric surface, indicating that the condensed acid is physically inhibiting reactivity
and no permanent chemical attack is occurring. However, exposure of a catalyst-coated
fabrie, having a residual dust layer, to an acid dew point will result in permanent catalyst
damage, requiring the replacement of the catalyet-coated bags,

3.24 Fsbric Filter Performance

Conventional falric filter performance is usually determined by its particulate
collection efficiency and operating pressure drop. These performeance characteristics were
also measured to determine the overall performance of the catalyst-coated fabric filter.
Partienlate collection efficiency was calenlated from measured mase emisgions using a
modified EPA Method 5. In addition, an aerodynamic particle sizer (APS) was also used
intermittently. Multicyelones smd Counlter countsr were need to determine the particle-
size distribution. The reverse-gas baghouse was cleaned off-line using a get time period.
I the pressure drop began to rise uncontrollably, the time period was shortened. In
general, the time period was set at 1-2 howrs. Pressure drop across the baghouse was

monitored continuously wsing pressure transducers, wlth the data recorded on a strip
chart and data logger.

Several factors made the partitulate collection effictency and pressure drop data
difficult to interpret. The first is that the operating conditions, air-to-cloth ratio and
ammonia-to-NO, molar ratio, were being chenged during each run. Air-to-cloth ratio is
one of the primary variables determining the pressure drop across the fabric filter. In
general, it was varied from 1.5 to 4.0 fmin. Although the ammonis-to-INO, molar ratio
does not have much impact on the pregsure drop, it can skew EPA Mesthod 5 results. If
the ammonia-to-NO, molsr ratie is high or NO, removal ig so low that there ig a
substential amount of ammonia alip present in the flue gas, 80, will react with the
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ammonia at the cooler temperatures of the EPA Method 5 filters, resulting in higher.
than-expected measured dust loadings. At the outlet side, depending on the ammonia
glip, up to 25% of the total perticulate ean he ammoninm sulfate or bisulfate. In almost
all cages where the baghouse operating temperature was 650°F and the ammonia slip was
high (=100 ppm), the particulate collection efficiency was less than 98,8%. Although it
was difficult to totally quantify the pressure drop and particulate collection efficiency
within each test, the impart of fabric type, coal type, and temperature could he
determined qualitatively by comparing the results from various tests.

3.2.4.1 Fabrie Filter Performance for Catalyst-Coated Bag-Screening Tests

Three different fabrics were tested on the raversa.gas baghouse. The first fabric was
designated DE484. This fabric is woven from DE-fibers (6.5 xm) having a fabric weight of
14 oz/vd? in a single-heam weave. The second type of fabrie ((3143) was woven from G-
fibers (9.0 ym) having a 14-0zfyd® fabric weight and a single-beam weava. The third fabric
type (DESS2) was again woven from a DE-fiber; however, the fabric weight was 22 ozfyd®
and had a deuble-beam weave. Table 3-5 prasents the falric smd catalyst copting applied
to each of the different types of bags screened. The coal used for these screening tests was
a washed Illinois No. 6§ bituminous coal.

Although the airto-cloth ratio varied from 1.2 t0 4.0 ft/min dwing the fabrie-
gcreening tests, there did not appear to be much difference in particulats collection
efficiency between the three fabrics. For the DE484 fabric, the particulate collection
efficiency was in the range of 99.00%—-99.90%; for G143 fabric, the particulate collection
efficiency was in the range of 9%.13%-99.85%; and 99.15%~99.98% collection efficiency
was observed for the DESS2 fabric. Figure 3-18 shows a comparison of the average
particulate ecollection efficiency with ervor hars (hased on a 95% confidence interval) for
aach of the three fubric types tested. The data in the figure ilinstrate that thers is no
statistical difference in the average particulate collection efficiency for the three fabric

types.

In Figure 3-19, the APS data show that at a nominal air-to-cloth ratie of 3 ftYmin,
the 3143 and DE484 respirable mass emissions were very similar. For fabric DEQB2, the
regpirable mass emissions did appear to be somewhat lower. Several reasons may be
possible for this. First, sinee the DE992 fabrie iz heavier, it may have been more effective
at collecting fine particles than the lighter-weight fabriea aven thoupgh the overall
emissions were about the same, Seeond, the date for the DE992 fabric were collected
about 20 hours further into the run than those for the DE484 and G143, which may have
resulted in a better-developed dust cake.

Ag would be expected, sinee the coal was an Illinois No. 6 bituminous epal in all
cases, the Coulter counter data showed that the inlet particle-gize distetbution was
approximately the same for each of the tests, with an average volumetric mean diameter
of 21 pm. The multicyclone and Coulter counter data for each of the coal types used
during the project are presanted in Appendix C.

In addition to the particulate eollection effiriency, the operating pregzirre drop is an
important parameter determining overall fabrie filter performance. Although the varying
air-to-cloth ratio made data interpretation diffieult, there did not appear to be any
significant differences between the DEABL and G143 fabrics, which were the same weight
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end weave (14 oz'yd® with a single-heam weave). However, it does appear that for the
DE992 fabric, which was a 22.0z/yd® fabric with a double-beam weave, the prassure drop
was mors diffienlt to eontrol. This may be a result of the heaver fahric being morse
difficult to clean, since reverse-gas cleaning s a very gentle method, Even though the
pressure drop was more diffienlt to confrol for the DESY2 fabric than for the other types,
in general, the pressure drop was much more influenced by time and air-to-cloth ratio
than by fabrie type. In all casss, the pressure drop was increasing with time when the
air-to-cloth ratio wae greater than 3.6 fYmin, making it necesgary to increase cleaning
frequency. At lowar air-to.ctoth ratios, the pressure drop appeaved to stabilize within a
. faw hours., Figures 3-20 to 3-22 show the preasure drop data for the three differant
fabries.

3.242 Fuel Impacts on Fabric Filter Performeance

Figars 3-23 illustrates a statistical difference in the particulate collection efficiency
between the four coals tested wsing the DE484 falnic, The first two coale, the IHinois
No. 6 and the Blackeville, are both eastern bituminous coals. The Black Thunder is a
FPowder River Basin subbituminous coal, and the Beunlah is a North Dakota lignite. These
results were not surprising, since previous fabric filter tesis ot the EERC have shown that
ach chemistry does have a significant impact on fabric filter performance (27, 29). The
two western low-rank fuels appear to have 2 higher epllection efficiency than the two
eastern bituminous ¢oals. This may be because of the different ash chemisby. Low-rank
wastern fuels produce a much more alkaline ash than the higherrank castern coals. It is
possible that a higher alkali content may make the ash more cohesive, resulting in &
more stable dust cake. In addition, both the eastern fuels, as was shown in Table 3-8, had
higher sulfur econtentg than the western fuele. Lower suifur confent in the coal will
normally mean less 80, is generated. Also, the alkali in the western fuelz will react with
the 80, resulting in loss ammonia sulfate and hisulfate formation on the dust-loading
filter as a result of high ammonia glips. The range of partientata collection efficiencies for
each of the four coals is as follows

= Tllinois No. 6 - 99.08% 1o 99.98%

* Blacksville -~ 99.35% to 99.66%

* Black Thunder - $9.81% to 99.91%
+ Beulsh - 99.86% to 99.95%

APS data shown in Figure 3-24 indicate that the DE484 fabric coliected fine
particles mare effectively when the Black Thunder subbituminous coal was fired than
when the two eastern bituminous coals were fired (no data were available for the Beulah
lignite). This iz in agreement with the overall collection efficiencies determined nging the
maodified EPA Mesthod 5.

Although the subbituminous coal and lignite had higher collection efficiencies than
the two eastern bituminous coals, it appears from the data that confrolling pressure drop
was more difficalt. As fllustrated in Figures 3-25 to 3-28 at air-to-cloth rating greater
than 3.0 f¢Ymin, it was difficult to maintain a pressure drup under 4 in. W.C., even though
the cleaning cycle was reduced from I hr to 30 min. In the ¢ase of the Black Thunder,
whean the air-to-cloth ratio was 4.2 ft/min, the pressure drop was 10 in. W.C. with
continuous cleaning, In contrast, for the test fring Blacksville eoal, the pressure drop
was easily maintained at 4 in. W.C. with a 1-hr cleaning cycle, even at an air-to-cloth
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Figure 3.28. Presgure drop as a function of time arross the DE484 catalyst-coated fabrie
while a Beulah lignite was fired.

ratio of 4.} ft‘min. For the Iiinois No, 6 coat, the pressnre drop was maintained at 6 in.
W.C. at an air-to-cloth ratio of 3.5 fi/min and a 1-hr cleaning eyele.

The Coulter counter and mutticyelone data showed little difference in the volumetrie
mean diameter of the baghouse fly ash between the four coals. The range was a low of
17 um for the Blacksville to a high of 22 pm for the Beulah. This difference, however,
was within the data variability and is not statisticelly significant.

3.24.3 Flue Gas Temperature Effects on Fabric Filter Performance

There appears to be a temperature impact on particulate collection effieiency, as
shown in Figure 3-29. At low tempergtares (500° and S50°F), the particulate collection
efficiency was >99.9% (99.95% at 500°F and 99.94% at 550°F), compared to 99.29% to
99.75% for tests at temperatures >G00°F. The NO, removal efficiency was also low for
the low-temperature tests, 24% and 16% respectively, resulting in very high (> 400 ppm)
amrmonia siip. This would seem to be the opporite of what was expected. In most other
tests {at 620°F), when the ammonia slip was high, the particulate collection efficiency was
low. However, at the lower baghouse operating temperatares, two effects were probably
taking place. First, some fly ash ¢onditionmg effect was possibly being caused by
ammonia and 80, present in the filue gar (32). Second, the conversion of S0, to S0, is
directly related to the flue gas temperature, resulting in a lower S0, concentration in the
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Figure 3-29. Effect of tamperature on particulate collection efficiency for DE484 catalyst-
coated fabrie.

flue gas at the lower temperatures. With less S0, present, there would also be less
ammonium sulfate and bisutfate on the modified EPA Method 5 outlet filter,

The only APS data taken during these test periods were taken at the beginning and
end of the 100 hours (mominally 650°F. It does show that the fine-particle mass
emiszions had inereased from ahout 0.1 mg/m® to 0.6 mg/m® by the end of the test. There
was also a corregponding decrease in catalyst reactivity, resulting in higher ammonia
glips. This inerease in fine-particle mass ¢missions may have heen the result of
ammonium sulfate and bisulfate formation. Since APS measurements were taken over a
relatively short period of time, it is also nossible that the inerease may have been only a
transitary eondition.

As ghown in Figure 3-30, the pressure drop was reasonably controlled (< 4 in. W.C.)
during the entire 100 hours using a 2-hr cleaning cyele; however, there was a desreasge
from 4 in. to about 3 in. W.C. at sbout 70 hours. This would correspond with the tests at
the lower temperature, again indleating a conditioning effect, The preasure drop did not
increase again as the temperature was increased to 740° and then finally lowered to
G50°F. This could have been a result of the residual conditioning effect on the filter dust
cake,
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Figure 8.30. Pressure drop as a fonction of time for tests evaluating temperatire effests
on DE484 catalyst-coated fabrie parformancs,

8.3 Process TestingPulse-Jet System

Tests were completed to determine fuel effects on NO), removal and ammonia slip in
a pilot-scale pulse-jet baghouse. Two 500-hr tests were alao completed to address the
effert of ammoniato-NO, molar ratio at a constant amtu-doth ratio. Table 2-6 presents
the test conditions for Subtask 2.3.

80, measurements were made with the ammonia injection turned off during each
tast to avoid interference as a result of ammonia and 80, reactions. Concentrations
during the pulse-jot tests ranged from 0.2 to 19.6 ppm. The higher levels of 30, were a
result of firing the Blacksville hituminous coal and residual oil, hoth higher in sulfur than
the Black Thunder subbituminous coal. All but a few of the 80, concentrations were less
than 1% of the inlet 80, concentration and were well within expected lavels. From the
data (reverse-gas and pulse-jet), no oxidation of 80, to 80, was caused by the pressnce of
the vanadium catalyst on the surface of the S2-glass fabrie,

Analysis of ash samples eollected from the baghouse hopper showed ammonia
concentrations in the ash ranging from 26 to 92 ug/y, respectively, for NO, reduction
levels of 80% to 90%. Literature sources indicate that, based on European experience,
ammonia concentrations in the ash of <10 ng/g do not create ash handling, dispozgal, or
reuse problems (33). An earlier EPRI report stated that ammonia coneentrations of
<30 uglg were necessary to avoid potential problams (34). Based on these data, it appears
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that the use of the CFF ¢oncept to achieve 80% NO, reduction would not creats ash
handling, disposal, or reuse problems.

Baged on the revarse-gas fabric filter screening tests, the 32-oz/vd® double-beam
woven glass congisting of DE-fibers (6.5 mieron) was sslected for all pulsejet baghonse
tests. Saven coats of the vanadinm-titaniura catalyst were applied to the fabric. This is
the same type of fabric used during the 100-hr reverse-gas Run PTC-IL6-428. Heat
treatmant for all bags consisted of a 4-to0 4.5-hour heatup period followed by a heat
treatment period of roughly 4 to 5.5 hours at 710°F and 2.7% to 4£.5% oxypen. The flue
gag for the heat treatment was generated by firing natural gas in the pilot-seale test
combustor.

Thres I00-hr pulse-jat baghouse tests were completed to determine the affects of fuel
type on catalyst-coated fabric performance (PTC-BV-429, PTC-BT-430, and PTC-RO-{31).
The effects of air-to-cloth ratio (2, 8, 4, and 6§ f£/min) and ammonia-to-NO, molar yatio (.7,
0.8, and 0.9) were also determined. The nominsl baghouse temperature was held constant
at 650°F. Flue gas was generated by firing a pulverized Blacksville bituminous coal
(PTC-BV-429), a pulverized Black Thunder subbituminous coal (PTC-BT-48(), and a
residual oil (PTC-R0O-431} in the pilot-seale combustor. The average ultimate, proximaie,
and zieve analyses for each of the 100-hr test coale, a5 well as the nltimate and proximate
analysis for the residual oil, are pregented in Table 3-7. The data show that the three
fuels uzed during this series of tegte represent a broad range of fuel characteristics in
terms of moisture content { <2% to 24%), ash content ((.2% to 8.04%) and characteristics
(low and high aliali content), sulfur content (0.37% to 2.32%), and heating value (8941 to
18,066 Btw/lh). Ash analysis was not available for the oil-fired test (PTC-R0-481) becauss
of the dilution affect of dolomite used to precoat the catalyst-coated bags. The dolomite
eoating was appliad o provide an initial dust cake and to protect the bags from damage in
the evemt of spontanesus combustion of the carhom in the ash,

3.3.11 PTC-BV420

A pulverized Blacksville bituminous coal wag used to generaie fine gas for the
100-hr Run PTC-BV-429. Resulis from the test showed that the NO, removal efficiency
ranged from 88% (air-to-cloth ratio = 3 ft/min, eight bage on-line, ammonia-to-NO, molar
ratio = (L88) i¢ 92% (air-to-cloth ratic = 2 fiymin, twelve bags on-line, ammonia-to-NO,
molar ratie = 0.95). Figure 3-31 plots the NO, removal efficiency and the ammonia slip
{as a percentage of inlet NO, concentration) as a function of ammonia-to-NO, molar ratio.
Because of a calibration error associated with the ammonia flowmeter {resulting in
uncertain ammonia-t0-NO, molar ratios), only NO, removal data with corresponding
ammonia ship data are presented. All NO, removal is near stoichiometrie baged on a
ealeulated ammonia-to-NO, molar ratio, and the eorresponding ammonia sHp
eoncentrations are low (7% of the inlet NO, concentration).

It is difficult to deiermine from these data if NO, reduction and amwmeonia slip are
affected by air-to-cloth ratio. The highest ammonia stip ercurs at an airto-cloth ratio of
@ ft/min, but this also corresponds 0 the highest ammonia-te-NOQ, molar ratio. Therefore,
it is not possibla to separate the affect of air-to-cloth raiio and ammonia-to-NO, molar
ratio on NO, reduction and ammonia slip for this small data set. Based on the high NO,
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TABLE. 3-7
Results of Coal 2and Coal Azsh Anailysis for Pulse-Jet Syztem Tests®

Blacksville  Dlack Thunder Residual

Bituminous Subbitaminous 0il
Proximate Analysis, Wt
Muoisture 1.77 24,30 160
Volatile Matter 88.82 35.68 94.35
Fized Carbon bl1.36 35,01 3.83
Ash 8.04 5.00 0.20
Ultimate Analysis, wt%
Bydrogen 5.04 6.74 10.26
Carbon T4.76 52.18 88.85
Nitrogen 1.30 .70 .25
Sulfur 2.32 037 1.96
Ohoygen 8.50 35.01 -
Ash 3.04 5.00 0.20
Heating Value, Biw/lb 13,406 8041 18,068
Percent as Oxides, wi%
810, 42.04 35.65 NA
A0, 20.79 15.29 NA
Fe,0, 21.04 5.69 NA
TiO, 0.90 1.08 NA
PO, 0.49 119 NA
Cal 572 2115 Na
MgO 2.35 7.69 NA
Na,0 0.95 1.10 NA
K0 0.87 0.29 NA
80, 4.75 12.90 NA
Ash Fusion Temp., *F
Tnitial 2158 2183 NA
Softening 2285 2213 MNA
Hemisphere 2308 2228 NA
Fluid 2366 2244 NA
Sieve Analysis
Screen Mesh Size wt% Batained
100 3.09 25.31 NA
140 6.79 13.81 NA
200 11.92 13 87 NA
230 7.08 4199 NA
20 584 4.99 MNA
3885 2.33 1.21 NA
Pan 62.14 33.44 NA
Total % 09,15 07.80 NA

* Fuel analysis is presented on an "asfired” basis.

B4




reduction and relatively low ammeonia slip observed, nine of the bags used diring Bun
PTC-BV-429 were installed in the glipstream pulsejet baghouse at the UND steam plant.
Thess hags were evaluated for longer-term durability and performance as dizeuszed in
Saction 8.4 (Subiask 3.4-Fabric Durability Testing/Pulse-Jet; System).

3.31.2 PTC-BT-430

A pulverized Black Thunder subbituminous coal was fired in the pilot-scale pe-fired
test combustor ie generate flue gas for Bun PTC-BT-430. Resulis from this test
demonstrated NO, removal efficiency ranging from 86% (air-to-cloth ratio = £ ft/min, six
hagz on-line, ammonia-to-NO, molar ratio = 0.89) to 92% (air-to-cloth ratio = 2 fi/min,
twelve bags on-line, ammonia-to-NQ, molar ratio = 0.95).. Figure 3-32 plots the NOQ,
removal efficiency and the ammonia glip {as a percentage of inlet NO, concentration) as a
function of ammonie-to-NO, molar ratio. Becanse of a calibration error associated with
the ammaonia flowmeter (resulting in unceriain ammonia-to-NO, molar ratios), only NG,
removal data with corresponding ammonia slip data are presenied. All MO, removal is
near stoichiomeiric based on a ealeulated ammonia-to-NO, molar ratio, and the
sorresponding ammonia alip comeentrations are low (< 7% of the inlst NO, concentration).

As hefore, it is diffienit to determine if NO, reduction and ammonia slip are affacted
by air<o-cloth ratio. The highest ammonia slip again occurs at an air-to-cloth ratio of
6 ft/min. At air-to-cloth ratios of 2 and 3 f/min and highsr ammonia-to-NO, molar ratios,
the ammonia glip iz lower, but the differance iz not statistically significant. 'The NO,
removal efficiency at an air-to-cloth ratio of 6 fi/min i=s sleo lower than at air-to-cloth
ratios of 2 and 3 f/min st slightly higher aremonia-te-NO, melar ratios, but the difforenee
is not statistically significant owing to the small size of the data set. Based on the
reverse-gas data previppsly discussed, lower NQ, reduction and higher ammonia slip
would be expected at an air-to-cloth ratio of 6 ft/min.

Fabric samples from the bags used during RBon PTC-BT-430 were tested in the
bench-seale unit. Three samples, one sach from the top, middle, and bottom of 2 bag were
tested at ammonia-to-NO, molar ratios of (.86 and 0.80. The higher asnmonia-to-NOQ,
molar ratio {0.88) showed a NO, reduction of 83% with an ammonia slip of §% of the inlet
NO, concentration. The lower ammonia-to-NQ, molar ratio {0.50) showed a NO, reduction
of T3% with an ammonia slip of 3% of the inlet NO_ concentration. The pilot-geale dats at
a stoichiometrie ratio of 0.89 was 86% NO, reduction with an ammonia slip of 3.2% of the
inlet NO, concentration. Pilot-stale data extrapolated back to an ammonia-to-NO, molar
ratio of (.80 indicates comparable levels of NO, reduction amd ammonia slip. These
banch-scale results verify the corrected ammonia-to-NO, molar ratios calenlated for the
pilot-scale data from the measured N{), reduction and ammonia slip values, —

Used and wnused samples of the catalyst-coated fabric were analyzed to determine
the vanadihm concentration on the fabric. Results showed a vanadinm concentration of
6200 pg/g on the unuged sample and an average of 6245 pg/g on four used samples. The
data indicate no catalyst loss from the bags. Although the anticipated dilution effect of
residual ash is not apparent, the data are consistent within the variability of vanadium
concentrations obzerved for DEJI2 fabric.
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Figure 3-81. NO, removal efficiency and ammonia slip versus ammonia-to-N0, molar
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Figure 3-32. NO, removal efficiency and ammonia =lip versus ammonia-te-NO, meler
ratio for Bun PTC-BT-430; average inlet NO, = 759 ppm, average baghouse

temperature = 653°F.
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3.3.13 FPTC-RO43l

A regidual oil was used to generate flue gas for the 100-hr test PTC-RO-431. Results
from this test showed that the NO, removel efficiency ranged from 82% (air-to-cloth
ratio = 4 fi/min, gix bags on-line, ammonia-t0-NO, molar ratio = 0.88) to 25% (air-to-cloth
ratio = 3 fiymin; eight bags on-Ine, ammania-to-NO, molar ratio = 1.05). Figure 3-33
plots the MO, removal efflciency and the ammonia slip (as a parcentage of inlet NO,
concentration) ag a function of smmonia-to-NO, molar ratio. All NO, removal is near
stoichiometric, and the eorresponding ammonia glip eoncentrations range from 4% to 23%
. of the inlet NO, concentration. Again there appears to be little to no effect of air-to-cloth
ratio on the NO, reduction or ammonia slip. It is important to point out that the catalyst-
coated bags were precoatad with dolomite to develop a dust cake prior to oil firing. No
real change in baghouse differential pressure ocenrred during the 100-hr test because of
the low ash content of the fusel.

Bench-srale results from fabric samples cut from the bags weed during Run PTC-RO-
431 show 73% NO, reduction with an ammonia slip of 5.2% of the inlet NO, concentration
at an ammonia-to-NO, molar ratic of 0.80. No test periods were pexformed at an
ammonia-to-NO, molar ratio of 0.8 during Run PTC-RO-481. However, extrapolating back
to an ammonia-to-NQ, molar ratio of 0.80 sugpests the N, reduction would have been
approximately 75% and the corresponding ammonia slip would have been 5% of the
inlet NO, concentration. Thess results should be viewed as statistically similar in light of
the differences in the experimental gystems.

PTC-RO-43% {Fabric DESSZ)
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Figure 3-33. NO, removal efficiensy and ammuonia slip versus ammonia-to-MO, molar
ratio for Run PTC-RO-431: average inlet NO, = 278 ppm, average baghouse
temperature = 652°F.
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Used and unused sampleg of the catalyst-coated fabric were analyzed to determine
the concentration of vanadium on the fabrie, Results showed a vanadium concentration of
6200 pg/z on the unuszed sample and 6868 pp/p on the used sample. The data indicate neo
loss of catalyst from the bags es a result of the 10{-hr test period and the data are
consistent with data previously discussed for Run PTC-BT-480.

Figure 3-34 plots the NO, removal efficiency and the ammonia slip (as a percentage
of inlet NO, eoncentration) as a funetion of ammonia-to-NO, molar ratio for the three 100-
hr pulsedet tegts (PTC-BV-428, PTC-BT-430, and PTC-RO-431). The NO, removal
efficiencies for the oil-fired tastz are slightly lower than thoss obsarved for the coal-firad
tegts. The ammemia slip values were generally higher during the oil-fired tests, but there
is no statistical difference between the coal-fired {ests, The difference between the oil-
fired test and coal-fired tests may be duse to the residual dust eake characteristics andfor
the lack of a residual dusi cake on the bags during the oil-fired tests. The catalyst-coated
bags for the oll-fired test were precoated with dolomite, and firing the fuel oil generated
very little agh, If pinholes developed during the oil-fired test, they would not have been
bridged over as a result of dust cake development.

332

Two 500-hr pulsedjet tests were completed to address the effect of ammonia-to-NO,
molar ratio (0.6, 0.7, 0.8, and 0.9) at a constant air<o-cloth retie of 3.0-3.6 ft/min (eight
and seven bags on-line, rezpectively). Baghouss tamperature was nominally 650°F, and
flue gas was genersted by firing natural as or a2 Blackyville hituminous eosl in the pilet-
scale po-fired combustor. The average ultimate, proximate, and sieve analyses for the coal
are presented in Table 3.7, The DES92 fabric with seven coats of the vanadinm-titanium
catalyst were used for these tasts.

3.3.21 PTC-BV-432

Saventsen individual experimental periods were planned and completed during Run
PTC-BV-432 to address the effect of ammonia-to-NO, molar ratie (0.6, 0.7, 0.8, and 0.9) at
a constant air-to-cloth ratio of 3.5 ft/min (seven bags on-line). Baghouse temperature was
nominally 650°F, and flue gas was generated by firing natural gas or a Blacksville
bituminous coal in the EERC pilot-scale pedired combustor.

Approximately 114 hours into the run, baghouse differential pressure began to
increase uncontrollably; therefore, routine combusior maintenance was moved ahead one
day. Inspection of the baghouse revealed that one of the pulse-air nozzles was plugged
and others were partially plugged by what appeared to be corroston deposits. As a result,
the effective air-to-cloth ratio was increased from 3.5 to 4 fi/min, and the overall
performance of the ceaning system was reduced. The piping in the pulse-air system was
dismantied and thoroughly cleaned prior to resuming system operation. Although the
condition of the pulse nozzles was a reasonable explanation for the difficulty encountered
with respect to controlling baghouse differential pressure, it was speculated that the bags
may have becoms somewhat blinded. Based on the obssrvations made, it was decided to
replace this set of bags with seven bags used during the 100-hr oil-fired test (PTC-RO-431),
which had performed well in terms of MO, reduction and ammonia ¢lip and had been pre-
coated with dolomite. Since this set of bags already had experienced 100 hours of
operation, 500 hours of operation on one set of bags was achieved.
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Figure 3-34. NO, removal efficlency and ammonia slip versus ammonia-to-NC, molar
ratio for Runs PTC-BV-429, PTC-BT-430, and PTC-RO-431.

Figure 3-35 plots the NO, removal effidency and ammonia #lip (a5 a percentage of
inlet NO, concentration) as a function of ammonia-t0o-NO, molar ratio for the four gas-
fired test periods completed. During the first gasfired test period (cdlean fabric), the NO,
reduction ranged from 76% at an ammonia-to-NO, molar ratio of 0.83 t0 93% at an
ammonia-to-NO, molar ratio of 1.14. The average baghouse bulk gas temperature was
668°F, and the inlet NO, concentration averaped 139 ppm. Ammonia slip concentrations
for this test pericd alss indicated good bap performance, ranging from 6.8% to 20.8% (9.7
to 32.3 ppin) of the inlet N, concentration. The NO, removal efficiency during the final
three ges-fired test periods was lower than the initial gas-fired test period, ranging from
76% (ammonia-to-NO, molar ratio = 0.94) to 83% (ammonia-to-N'Q_ molar ratic = 1.45).
Ammonia slip concentrations also incressed from the initial gas-fired test period, ranging
from 16% to 55% (27.3 to 84.4 ppm) of themlet NO, concentration. Baghouse bulk gas
temperature averaged 654°F, and the averaps inlet NG, was 161 ppm.

Figure 3-36 plots the NOQ, removal efficiency and ammonia slip {s5 a percentage of
inlet NO, concentration) as a function of ammonia-to-NO, molar ratio for the coal-fired
test periods during Run PTC-BV-432 and additional tests from PTC-BV-433, The results
are consistent with data from the previous 100-hr pulse-jet tests. For the epal-fired test
periods during Bun PTC-BV-432, the NO, removal efficiencies ranged from 62%
{ammonia-to-NO_ molar ratio = 0.63) to $1% (ammonia-to-NQO, molar ratio = 1.09). The
ammonia slip conecentrations while firing coal ranped from <1.0% to0 17.7% (7.6 to
170.1 ppm;} of the inlet NO, concentration, with an average baghouse bulk gas
temperature of 660°F and an average inltet NO, concentration of 821 pom.
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Figure 3-36. NO, removal efficiency and ammonia slip versns ammonia-te-NO, molar

ratio for Runs PTC-BV-432 and PTC-BV.433, coal-fired tests: average iniet
NO, = 797 ppm, average baghouse temparature = 653°F.
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It was speculated that there may have been a leak across the tube sheet of the
baghouss that would resnlt in reduced NO, removal sfficienciee and the inareased
ammonia slips. Therefore, a new tube sheet was fabricated, and additional test periods
were completed: Run PTC-BV-433. Nine individual test periods were compieted: four
firing natural gas {ammonia-to-NO, molar ratios of 0.6, 0.7, 0.8, and 0.9) and five firing
Blackeville hituminons eoal (ammonia-to-NO, molar ratios of 0.6, (.7, 0.8 Rwice], and 0.9},

For the coal-fired test periods during Run PTC-BV-433, the NO, removal efficiencies
ranged from 61.7% (ammonia-to-NQO, molar ratio = 0.67) to 82.1% (ammonia-to-NO, molar
ratio = 1.04). The smmonia slip concentrations while firing cosd ranged from 5.1% to
22,1% (36.0 to 160.1 ppm) of the inlet NO, concentration, with an average baghouse bulic
gas temperature of 657°F and an average imlet NO, concentration of 744 ppm. The data
indicated a decrease In NO, removal efficiency and an increase in ammonia slip.
However, it is not clear if these changes were due to catalyst deactivation or loss of
catalyst from the bags as a result of the additional handling.

Bench-grale regults for samples cut from the bags used for Run PTC-BV-432 were 2%
lower NO, rednetion than tha pilot-seale data: 67% versus 69% NO, reduction,
respectively, with similar ammonia ulipg of roughly 3% of the inlet NO, concentration.
The bench-scale results from fabric samples of bags from Bun PTC-BEV-483 showed
ideniical NO, reduction with the pilot-scale data: 74% NO, reduction at an ammonia-to-
NO, melar ratio of 0.8. Ammonia slip values for both pilot and bench scalewere
appmxhnately 4% of the inlet NO, concentration.

3.32.2 PICBV-434

After the test results and the operational problems {pulss nozzle plugging and high
baghouse differential pressure} encountered during the first 500-hr pulse-jet (PTC-BV-432)
were reviewad, a geeond 500-hr pulze-jet test was completed rather than the 500-hr
reverse-gas test originally proposed in the scope of work.

Three coal-fired experimental petiods were planmed in order to address the effect of
ammonia-te-NO, molar ratio {0.8 [twice] and 0.9} at a constant air-to-cloth ratio of 8
ftymin. Baghouse temperatire was nominally 650°F, and Mue gas was generated by
firing a Blacksville bituminous coal in the pilot-seale pe-fired combustor, During a few
short test periods, the combustor was fired nuing natural gas,

Figure 3-37 plote the NO, removal efficiency and ammeonia slip {as a percentage of
inlet NO, concentration) as a function of ammonia-to-NO, molar ratio for the gas-fired test
periods. These tests were performed prior to initial coal firing and after weekly —
maintenance perieds prior to reinitiating coal firing. The first gas-fired test period was
performed with clean fabric (no residual dust cake). The NO, reduction ranged from 51%
at 2n ammonia-to-NO, molar ratio of 0.52 to 72% at an ammonia-to-NO, molar ratio of
0.79. The average baghouse bulk gas temperature was §52°F, and the inlet NO,
concentration averaged 174 ppm. Ammonia slip concentrations for these test periods
indicated good bag performance, ranging from 2.8% to 7.5% (4 to 19 ppm) of the inlet NO,
concentration.

The resatts from the final three gas-fired test periods were very consistent. These
tests were performed after 1, 2, and 3 weeks of coal firing with a dust cake on the hags,

a1




The NO, reduction ranged from 50% at an ammonia-to-NO, malar ratio of 0.55 to B5% at
an ammonis-to-NO, melar ratio of 1.02, The average baghouse bulk gas temperature was
666°F, and the inlet NO,_ concentration averaged 174 ppm during the firet two gas-firad
test perieds and 289 ppm during the last test period.

Ammonis slip was higher for the last three gasfired test periods than the first gas-
fired test period with clean fabrie. Ammonia slip ranged from 3.7% to 17.7% (7 to 49 ppm)
of inlet NO, econcentration. Thess ammonia elip values are consistent with the results
from the firet B00-hr vest (PTC-BV-482). Again, it is unclear whether the difference in
ammonia slip is due to a decrease in catalyst reactivity or an effect of the residusal dost
cake on the bags.

As shovm in Figure 3-37, the resuits indieated a slight deerease in WO, reduction and
an increase in ammonia slip when comparing the clean catalyst-coated fabric to the sgme
fabric with a dust cake on the surface. Two explanations are posgible for this difference.
The first is that the simple presence of a dust ¢ake limite the contact between the five gas
and catalyst or the possibility of pinhole effects. The second explanation may be that
there i= a decrease in catalyst reactivity aftar 1 week of operation. Despite the reason,
the result is an increass in the measured ammonia slip.

Figure 3-38 plots the NO, removal efficiency and ammonia slip (85 a percentage of
inlat NO, eoncentration) as a function of ammonia-to-NO, molar ratio for the coal-fired
tegt perigds. Dharing the first week, the ammonia-to-NQ, molar ratic averaged 0.85; daily
average NO, reduction ranged from 80.3% io 82.7%. The average baghonse bulk gas
temyperature was 655°F, and the inlet HO, concentration averaged 946 ppm. Ammonia
slip eoncentrations ranged from 0.9% 1o 7.3% (9 to 70 ppm) of inlet NO, concentration and
appeared to inerease on average over the week.

During the sscond week of ¢oal firing, the ammonia-to-NQ, molar ratic averaged
0.95, and average daily NO, reduction ranged from 81% to 87%. The first day of this test
prerigd, MO, reduction started at roughly 89% and dropped to roughly 83% by the end of
the day. This drop corresponds to a decrease in the ammonia-to-NO, molar ratio from
1.04 1o 0.24 during the first day. The next four days, the NO, reduction remained
relatively congtant at $1%, and the ammoniz-to-NO, molsr ratio was also relatively
constant at roughly 0.98. The average baghouse bulk gas temparature was 659°F, and
the inlet NO, eoncentration averaged 953 ppm. Amwmonia slip coneemtrations ranged from
9.0% to 17.0% (86 to 157 ppm) of the inlet NO, concentration.

For the first six hours of the third-week, the ammonia-to-NO, molar ratio was (.92
Again, NO,_ redunetion dropped from renghly 90% to 86% during the short test period. For
the remainder of the wesk, the ammaonia-to-NO, maolar ratio averaged 0.86, and the
average daily NO, reduction ranged from 77.6% to0 79.6%. The average baghouse bulk
gas temperature was 859°F, and the inlet NOQ, concentration averaged 241 ppm. The
ammeonie slip concentrations ranged from 5.42% to 8.6% (50 to 79 ppm)} of the inlet NO,
concentration.

Although the ammaonisa slip concentrations (9 to 157 ppm) measured during the 500-hr

test ranged from 0.9% to 17% of the inlet NO, concentration when firing coal, the results
show that 80% NO, reduction can bo achieved with an ammonia slip of 7.6% of the inlet
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Figure 3-37, NO, removal officiency and ammeonia slip versus smmonia-te-NQ, molar
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Figure 3-38. NO, removal efficlency and ammonia slip versus ammonia-to-NO, molar
ratio for Run PTC-BV-434, coal-fired tests: averape inlet NO, = 8940 ppm,
average baghouse temperature = §59°F.
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NO, concentration. Assuming an inlet NO, concentration of 300-400 ppm (0.5-0.7 Ib
of NOJ/MMEtu), which is greater than if not typical of pe-fired boilers with low NG,
burners, the resulting ammonia slip would be 2030 ppm.

An ammonia glip level of 20-30 ppm is significantly higher than the <10 ppm values
typically reported for eonventional SCR systems. A paper presented at a recent
conference on NOQ, control for utility hoilere concluded that the siringent ammonia
emamunlimitacunsnﬂymplacemmdth&Unit&ﬂSbatas{BtﬂBﬂppm]wem
gignificantly lower than the allowable occupational exposure levels (25 ppm for an 8-hr
continuous period) (36). Therefore, an ammonia concentration at the stack of <100 ppm
would not result in risk t¢ human health or <reate an odor problem at ground level.
However, In order to avoid plant impacis such as increased stack opacity and air beater
fouling, users of ammonia-based NO, control systams will effectively control ammonia skip
at levels far below concentrations that eould pose a haxard to humsan heaith. Therafore,
there is no risk-based need to siringently regulate ammonia emisgions. Howaver, it is
unlikely that ammonia emizsion limits exceeding thoge carrently im place will be
acceptable.

In general, the overali performance of the bags was gpood during the second 600-hr
test, However, the eatalyst reactivity decreased during the first week of operation. This
was evidenced by an increase in ammonia glip. Catalyst performance appeared stable
during the second and third weeke, Also, the average daily NO, reduction deecreanad from
282% the first weak to 78% the third weck at & nominal ammonia-to-N0O, molar ratio of
0,85, Figure 3-39 plots the NO, removal efficiency and ammenia slip {as a percentage of
inlet NO, concemtration) as a function of ammonis-to-NOQ, molar ratio for the gas-fired test
pariods during boath 500-hr test periods. Figure 3-40 plote the NO, removal efficiency and
ammonia slip {as a percentage of inlet NO,_ coneentration) as a funetion of ammonia-to-
NO, molar ratio for the eonl-fired tast periods during both 500-hr teats. Despite the
pressure drop eontrol problems during the first 5K-hr test, the results are very consistent
for the gas- and coalfired tests. There iz a definite difference between NO, reduction from
clean to dirty fabric while natural gas was fired, The scatter in the coal-fired data may be
due to differepces in ajr-to-cloth raiios or catalyst reactivity.

Clean (unused) DES92 fabric was tested n the bench-seale gystam and compared to
rezulte firomn tha pilot-seala systam while natuwral gas was fired with new bags. At an
ammonia-to-NO, molar ratio of 0.81, the bench-seals NO, reduction obsepved was 75%,
2% lower than the plot-scale results. Awumonia slip was 4% of the inlet NQ,
concentration for the bench-scale sysiem, as opposed to 7% of the inlst NO, concantration
for the pilot-scale system. The ammonia measurement on the hench-scale unit was made
using a calorimetrie method that samples a total of 50 or 100 cm? of gas in one minute,
whereas the pilot-scale gystem uses a titration method that samples a slipstream of the
flue gaz over a I- to 2-hr period.

The bench-scale data for Run PTC-BV-434 fabric samples again showed 2% less NO,
reduction than the pilot-stale data: 77% versus T9%. Ammonia slip values were 5.2%
versus 7.0% of the inlet N, concentration at an ammonia-to-INO, moiar ratio of 0.84 for
the bench- and pilot-scale dats, respectivaly.
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$.8.3 Fabric Filter Performanes

Tests were completed using catelyst-enated filter bage in a pulse-jet system with
three different fuels (Blackevilla bituminoas coal, Black Thunder snbbituminsue eoal, and
a regidual oil). In addition, two 500-hr tests were completed to better assess catalyst-
coated fabric performmance. The bage were cleaned on-line using a pulse of compresssd air
for which the pressure and duration of the pulse could be adjusted, depending on the
allowable pressure drop.

. Ar wps the ease with the reverse-gas fabrie filter taste, particulste emissions were
measired using a modified EPA Method 5 and the APS. Multicyclones and a Coulter
counter were used to measure particle-gize distribuiion,

3.3.31 Fuel Impacis on Fabric Filter Performance

Three different foels, Blacksville hituminous eoal, Black Thunder subbitiminous
coal, and a residual oil, were fired in the PTC while eatalyst-coated bage were being
tested in the pulsejet baghouse. The bags were cleaned on-line on & timed hasis with the
pressure drop maintained at less than 8 in. W.C.; however, in several tests at the higher
gir-to-cloth ratios, it was necessary to intermittently clean the bags off:line. Pressure drop
as a function of time is shown in Figures 8-41 and 342 for the two coals. The ammonia-
to-NO, molar ratic ranged from 0.8 to 1.1.

Figure 343 shows the average particulste ecollection sfficiency for the Blackeville
bituminous and the Black Thunder subbituminous coals, measurad both with the
ammenia injection off and with it on. Mo statistical difference was found betwesn the
coals with the ammonia injection off. However, there is a siatistical difference betweaen
the two coals when the measurements were made with the ammonis injection on, In this
case, as with the reverse-gaz baghouse tests, the particnlate collectiom efficiency was lower
for Blackzaville bituminous coal than for Black Thunder subbituminous coal. The average
eollection efficiency for the Blacksville coal dropped from 99.96% to 99.51% when the
ammonia injection was turned on. However, when the Black Thunder coal was fired, the
average particulate collection efficiency remained at 99.95% with and without ammonia
injection. This is directly attributable to the higher concentration of sulfir in the
Biacksville coal, resulting in a higher 80, coneentration in the flue gas to react with
ammonia and form fine particulate. Beeause of the alkaline nature of the subbituminons
coal ash, any 80, that is formed will react to form ealcivm or sodium sulfate hefore the
flue gas cools enough to allow it te react with excess ammonia.

As stated earlier, in addition to the two coals, the pulsejet catalyst-coated filter bags
were also evalnated while a residual oil was fired. Because residual oil can produce a
large number of submieron monosized particles, there was comeern that the bags ecould
become blinded with time. In addition, there was concern that soot particles might form
and burn on the catalyst-coated bags at the planned operating tomperature (660°F). To
help alleviate these concerns, the bags were precoated with pulverized dolomite.
Controlling pressure drop during this test was no problem, as it wag maintained at under
3 in. W.C.,, and the bags were not cleaned throughout the test hecause of the low inlet ash
loading. When the particulate collection efficiency of the residual oil is compared with
that of the two coals, as shown in Figure 3-44:(the ammeonis is turned off in all three
cases), the collection efficiency does appear to be lower. However, one diffienlty in
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Figure 3-43. The effect of coal type on the average particulate collection efficency for

Figure 3-44.
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determining the partienlate collection efiiciency for the residual oil was very low inist
particalate concentrations, about 2 orders of magnitude lower than for the fwo coals
(0,018 grfecf compared to 1.8 grisef), This resulted in more unecertainty in the overall
particulate collection efficiency, as shown by the relatively large error bar in Figure 3-44.
Although the overall collection efficiency was lower (an average of 98.77%), the actual
mass emissions (gr/ecf) were ahout the same for all three fuels. Also, the eollection
efficiency was sifectad by the dolomite, which was not part of the inlet dust loading,
hleeding through the bags and on to the outlet filters during sampling periods.

3.3.3.2 Fabric Filter Performanes During 500-kr Test Periods

Two 500:hr tests (PTC.BV-432 and PTC.BV-434) were completed vsing the pulsejet
baghouse t0 evaluats the performance of the catalysi-coated filter bags on a longer-term
basis. These two tests were run at air-to-cloth yativs of 3.6 and 3.0 fiYmin, respactively,
and a baghouse temperature of 850°F while fiving Blacksville bituminous coal. The
primary paramsater was the ammonia-to-NO, molar ratio, which varied from 0.6 to 1.1.
For both tests, the bags were cleaned based on the pressure drop, & maximuny of
5-6 n. W.C. and 8 minimum of 34 in. W.C.

During the first of the two 500-hr tasts (PFTC-BV-432), aftar approximatsly 114
hours, the pressure drop (shown in Figure 3-45) began to increage unconirollably even
afier pulse pressurs, pulse duration, and cleaning fraquency were increased. Inspection of
the baghouse revealed that one of the pulse nozzies had plugged and others were partisily
plugzed, thereby effectively changing the airto-cloth ratio from 8.5 to 4 fo'min and
reducing the performance of the cleaning system overall. It was specnlated at the time
that tha bagz may have baen blinded as a result of the poorly performing pulse system.
The initial set of catalyst-coated hags was then replaced with the bags that had been
pretreated with dolomiie and used successfully during the testing with residual oil. After
the catalyst-coated filter bags had heen changed, there was still some difficulty in
cleaning the bags. However, after about 350 hours, the pressure drop appeared to
stabilize. As shown in Figure 3-45, the bags were cleaned when the differential pressure
drop reached 5 in. W.C., and on-iine cleaning continued until a differential pressure drop
of ahout 3 in. W.C. was reached. At the very end of the test, the prezsure drop agsin
could not be adequately controlled, and the run was terminated. Following the test, it
was found that $wo of the pulse nozzles were completely plugged and four others were
partially plugged. The nozzles were heing plugged by corrosion deposits developing in the
carbon steel pulse lines hecause of five gas condensation, It was decided that for future
tests, a small amount of air (I scfht) would bs used to continuongly flush the pulse nozzles
to prevent flue gas condensation snd the corrogion and plugging problems.

During the 500-hr test (PTC-BV-432), four inlet and ten outlet modifed EPA Method
5 dust-loading measarements were made. For all of the measurements, the ammonia
injection was turned on. The outlet data are shown in Figure 3-46. Particulate collection
afficlency In several cases was very low and would not effectively control emissions to
meet the New Souree Performance Standard (NSFPS) of 0.03 IWMMBtu)., The particulate
collection efficiencies ranged from 97.69% to 99.88%. The very low collection efficiencies
(those resulting in emissions exceeding 0.08 IWMMBtu) were always associated with high
ammonia slip. Although there were no messurements taken with the ammonia injection
turned off, it was expectad that the particulate collection efficiency wonld be significanitly
batter, >>99.9%, based on the 100-hr test with Blacksville bituminous eoal.
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Figure 3-45. Preassure drop as a fumetion of time for the first 500-hr test, PTC-EV-452.

Figure 348,

Particulate Emisgions, Ib/MMBtu

0.20

.15+

410

0.05+

EEMEM{!DI

- o S EE e A )

0.0

PTC-BVA32,

Modified EPA Method 5 particuiate emissions for the first 500-hr test,

100




Using the APS, an integrated average (one gample over an entire cleeming cyele) of
respirable mass emisgions was taken each day. These data are plotted in Figure 8-47.
Besed on an inlet respirable mass of 300 mpg/m®, the respirable mass collection efficiency
ranged from 97% to 99.9%, which is in agreement with the modified EPA Method 5
rasuits.

Because of some of the operational problems that occwrred doring the first S00-hr
pulse-jet tesi (PFTC-BV-432), a second 500-hr test (PTC-BV-434) was completed. As in the
firat test, Blacksville bituminous coal was fired in the pumiverized coal-fired combustor amd
the air-to-cloth ratio and teruperature were constant at 3.0 ft‘min and 650°F. The only
variable tested was the ammonia-to-NQ, molar ratio, which was nominally 0.8 or 0.9,
with a few tests completed at ammonia-to-NO, molar ratios of 0.6 and 0.7,

Although the pressure drop problems associgted with plugping of the nozzies did not
cecur during the gecond 500-hr test, the pressure drop was very similar to that of the first
test. Figure 3-48 presents the pressure drop data as a fimetion of time for the second
500-hr test. The Initisl seiting was for the bags to clean when the pressure drop reached
b in, W.C, and to continue to clean on-line until 8 in. W.C. was reached. Figure 348
shows that there was a slow inerease in after-leaning pregsure drop with time. Initially,
the bags were easily cleaned to less than 8 in. W.C. with a single-pulse cycle. However,
after about 400 hours, the inerease in after-cleaning pressure drop reguired that the
pressure drop settings be changed to 2 maximum of 6 in. W.C. and ¢leanad down to
4 in. W.C. For the ramainder of the test, the pressure drop appaarad to be stable.
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Figure 3-47. Integrated average respirable mass emissions for the first 500-hr test,
PTC-BV-432. .

101




10 EERC DL TAda, C0R

AP Settngs
B4 Max. & in. W.C.
' AP Setiings Min. 4 In. W.C.

Pressure Dvop, in. W.C
— ,
§Z
g
:
g
:
g

0 100 200 300 400 500 600
Time, hr

Figure 3-48. Pressure drop as a function of time for the second 500-hr test, PTC-BV-434,

As in the firgt 500-hr test, four inlet and ten cuilet modified EPA Method 5 dust-
loading measuraments wers completed each waek, most with the ammonia injection on.
The outlet data are plotted in Figure 3-49. Comparing the particulate collection
efficiencies obtained during the firat 500-hr test to those obtained during the second 500-
hr test {Figure 3-46 compered to Figure 3-49) shows that some of the data are similar.
However, during the second 500-hr test, there were no data points above the NSPS for
partienlaie emisgions. This improvement in filter performance was the result of better
overal] system stahijlity with respect to filter cleaning, pressure drop, and air<to-cloth ratio
during the second 500-hr test. As ghovm in Figure 348, six outlet EPA Method 5 dust-
loading measurements ware made with the ammonia injection twened off. In each case,
the particnlate collection efficiencies were high, ranging from 09.84% to 22.90%, resulting
in low particulate emissions. Particulate emisgions approaching the (.03-1b/MMBta NSPS
limit were observed during test periods when ammonia skip was >>40 ppm.

The integrated respirable mass averages using the APS are plotted in Figura 3-50.
Again sssuming an inlet respirable masgs of 300 mgim?, the respirable mass eolloction
efficiency ranged from 99.83% to 99.98%. This is in good agreament with the modified
EPA Method § sampling data.

In general, the 500-hr pulse-et tests provided consistent data while natural gas and
coal were fired. At an ammonia-$o-NO, molsr ratio of 0.80, a NO, reduction of roughly
75% and an ammonia slip of 5% of the inlet NO, concentration can be expected. To
achieve 80% NO, reduction, an amwmonia-to-NO, molar ratio of 0.85 will be necessary, and
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the ammorie glip will be 7.5% of the inlet NO, concontration (23-ppm ammanis slip for s
300-ppm, 0.5 1b of NO/MMBtu inlet NO, concentration). Further development of the CFF
concept should fueus on improving catalyst reactivity in order to raduce ammonia slip and
allow operation at higher air-to-cloth ratios while achieving NO, reduction levels of 80%
or more.

34 Subtask 3.4 - Fabric Dursbility Testing/Pulse-Jet System

Subtask 3.4 activities were initiated in September 1991 in order to prepare the
baghouse slipstream system at the UND steam plant for opervation. Selection of a
catalyst-coated fabric for Subtask 8.4 was discussed during a project review meeting held
on Maxrch 3, 1982, Participants apreed that the 22-0z/vd? woven 52-glass fabric (DE992)
would be used for puise<jet applications.

Pulge-jet bags were installed in the slipstream beghouse at the UNID steam plant in
July 1992. EERC personnel installed nine hags. These bage represented nine of the
twelve bags used for the first 200-hr pulsejet test (PTC-BV-429) succesafully completed for
Subtask 3.3. Results from the 100-hr test (PTC-BV-429) showed NO, reduction ranging
from T3% to 92% for air-to-cloth ratios and amumonia-to-NQ, molar ratios of 2 to € fifmin
and (.7 to 0.96, respectively. Measured ammonia sitp was < 7.5% of the inlet NO,
conpeniration, which averaged 747 ppm. The average baghouse temperature was 655°F.

Completion of the 100-hr test and the resulting data established an exeellent
baseline from which to eveluate fabric performance and durability in the pulsedet
baghouse at the steam plant. Operation of the slipsiream baghouse was initiated on
July 16, 1392, and continued intermitiently through Decemnber 3, 1993, at which time
system opergiion was terminaied because of funding limitations.

Thiz section of the CFF final project report presents performanece and durability
resulis for the DESY2 woven 82-glass catalyst-coated fabric used in a pilot-eeale pulsejet
system. As of December 3, 1993, a total of 5136 hours of operating time had been
accumulated resulting in 13,820 cleaning cycles. Data presented include coal analysis
{Table 3-8), ash analysis (Table 8.8}, a review of system operating conditions, resulis from
particulate sampling, results from catalyst reactivity tests, and results from fabric
strength tests (MIT flex and Mullen burst).

34,1 Cogl Analysig

Colleciion of coal samples and coal-analysis were not specifically planned for
Subtask 3.4. Coal analyses routinely performed in support of UND steam plant
operations were obtained and are presented jn Table 3-8 for specific operating periods.
Table 3-8 presents average values and standard deviations for coal moisture, ash, aulfur
content, and higher heating value on an as-fired and moisture-free bagis. These data
represent 36 coal samples collected and analyzed from July 1992 through December 1993,

Data presented in Table 3-8 indicate that the coal moisture levels were high,
generally 25%, typical for subbituminous coal. Coal sulfur eontent was low, ranging from
0.4% to 1.3% and averaging 0.54% to 0.79% on an as-fired bagis. Ash content ranged from
5.6% to 11.3%, but was typically <10% on an se-fired basis. Higher heating values ware
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TABLE 3.8

Subtask 3.4 — Coal Analysis from UND Steam Plant"

AsFired Moisture-Free
Baghonge Operational  Moisture, Higher Heating Higher Reating
Ferlod wt% Ash, wt%  Sulfur, wt% Valus, Btuflb (kd/fcg) Agh, wt%  Sullur, wt% Valus, Btu/lb (kdkg)
July=Augnst 1992 247 + 14 82+ 16 0.04 + 011 8740 + 193 106 + 1.8 0.2 + 0.36 11,619 + 941
{20,350 + 448) (27,026 & 784)
October—-November 1952 251 4+ 056 82 +12 076 + 023 B7T4D + 168 109 4+ 16 100 + 0381 11,6561 4 16
(20,308 + 381) (27,100 + 4565)
Aprll-May 1993 241 +13 86217 0794 016 8503 + 303 111 £ 21 104 £ 020 11204 1 BG4
{19,779 + 704) (26061 + 1,311)
Juiy-Decamber 1993 240 412 T9+16 0613019 58823 + 217 108+ 19 081 +028 11,768 + 380 .
(20,5621 1 504)

(27,340 + ARK)

* Coal fired in the UND stoker-fired botler was a Montana subbituminous coal, The data represent 36 coal sample:.

TABLE 3.9

XBF and LOI Analysis Reaults for Slipatream Baghoupe Hoppar Aah®*

“Txide August 1992 November 1922 May 1900 August 1998 October 1993  Uctober 1993 November 1993
B, 730 3110 1870 39.46 4211 41.62 1687
ALO, L.74 12.00 20.89 20.86 23.11 18.87 21.57
Fe,0, 0.45 1.54 1274 2.20 1.82 946 16,82
TiC, 0.04 .81 1.25 1.12 1.21 0.88 0.91
P,0, 0.91 0.8t 0.89 0.56 0.37 0.56 036
Ca0 44.01 27.78 9.62 21.59 19.08 15,78 8.98
MgO 0.72 6.13 4.18 8.56 .97 4,10 2.09
Na,0 0,28 0.50 0.79 0.49 0.42 0,76 0.67
K0 0.20 0.20 0.34 0.34 0.23 1.18 : 1.19 -
50, 44.36 19.53 0.00 4,83 4.11 6.82 3.64
Lass on Ignition NA 4.64 .19 8.91 7.42 24.80 2.93

= Data are reported as Wity oxides on a normalized mase basis.
' Each deta set represents an individual baghouse hopper ash sample collected for the month identified. Two samples were collected in
October 1993: one the first week and onae the last week of the month.




typically 8500 to 8300 Btwib (18,770 to 20,470 kJ/kg) and renged from $100 to
9100 Btwlb (18,840 to 21,170 kJ/kg) on an asfired basis.

342 Ash Analveis

Agh samples were collected from the baghouse hopper during Subtask 3.4.
Sampling frequency was ¢ne sample per month of system operation. All baghounse hopper
ash samples were characterized for carbon and major elemental contant vsing LOI and
XRF analysis, respectively. Particle-size distribution was determined for a few samples
uging sieve, Coulter comnter, semd a light-seattaring particle-size anakysis techniqua. Ash
collected in the baghouse hopper represented ash entering the system from the stoleer-
fired hoiler and supplemental ash injected into the slipstreem baghous: syatem in order to
maintain an adequate ash loading (> 1.5 grigef or > 3.4 g'm® to the baghouse.

The smpplemental ash injected into the gysiem dominated the characteristios of the
ash antering the baghouse, Ash used for injection included ash from a pilot-seale pulse-jet
baghouse operating in support of a circulating flnid-bed combustor (CFBC), ash collected
in the pilot-scale reverse-gas and pulse-jet baghousses used during the 100- and 600-hour
tests using the pilot-scale pefired combustor, and ash collected from a pulse-jet baghouse
operating at the UND steam plant. The ash from the CFBC was collected during a series
of tests invelving the combustion of a patroleum eoke and snbbituminous cosl. Ash from
the pe-fired gsystem resulted from the combustion of bituminous and subbitumineus eoal.
Ash pollected at the UND sieam plant resulied from stoker-firing a subbituminous coal.

Table 3-9 summarizes the LOI and XRF analysis results. The carbon content of the
ash collecied in the glipsiream haghouse hopper was typically <10 wit%. The exception
was an ash sample collected in Gctober 1993 which had an LOI valne of 24.8 wt®. This
high LOI value was a result of extremaly poor combustion efficiency in the stoker-fired
beiler because of high air velocities through the grate, resulting in the entrainment of
unburned carbon particles in the flue gas. The carlon content of the supplemental agh
injected in the slipstream baghouse was <1 wi% for the CFBC ash and subbitfuminous
ash from pe-firing. Bituminous ash from pe-fiving had a carbon content that was typically
<5 wt%. Therefore, the carbon content of the ash collected in the slipsiream haghouse
hopper was primarily because of carbon carryover from the stoker fired boiler. XRF data
in Tahle 3- aummarize baghouse hopper ash ¢hemical characteristics reported as wi®
oxides on 3 normalized mags hasis. The data indicate that the catalyst-coated bags were
exposed to ash having a wide range of chemical characteristics. The ash sample collected
in August 1992 contained very high levels of caleimin and subfur hecause of the high
concentration of calcium sulfate present. This analysis is consistent with the injection of
CFEC ash resulting from the combustion of petroleum coke using s limestone hed for
sulfur control. The ash sample collected In November 1992 is representative of the ash
from the stoker-fired boiler, but CFBC ash wag also used on a limited basis, increaging
the caleium sulfate conceniration. Ash samples cellected in May and November 1993
confained lower levels of alkali (Ca, Mg, and Na) and higher levels of silica, alumina, and
iron, consistent with the mixing of bituminovs ash from the piiot-scale pe-fired system and
the subbituminaus ash from the sioker-fired boiler. In August and October 1993, the XRF
anglysis results were typical of a subbituminous ash.

Bieve analysis was completed on two of the baghouse hopper ash samples. The data
summarized in Table 3-10 represent two very different ash samples with respact to
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TABLE 3.10

Sieve Analysis of Slipstream Baghouse Hopper Ash
Screen November 1992, Hay 1993,

Mesh Size wit% Retained  wi% Retained
B0 035 -
60 578 -
80 5.63 -

100 8.51 4,96
140 - 8.12
200 50.22 3.02
290 - 213
270 - 1.04
325 14.35 018
Pan 17.01 8493

particle-gize distribution. The first sample, eollectad in Novembar 1992, was nearly 82%

< 100 mesh (< 147 microns) on & mags hasis. Az previously stated, this sample represents
ash primarily gencrated in the stoker-fired boller, although some supplemental ash from
tha baghouse of a pilat-scale CFBC was used. Figure 3-51 presents additional particle-size
distribution data for the —325-mesh (—~48-miecron) material collected in the pan of the
sieve analysis assembly. Amalysis of that fraction, using & Malvern instrument employing
a light-scatiering technique, showed that 90 wit% of the —325-mesh (—43-micron) material
had a volumetric particle size of < 30 microne. Therefore, roughly 15 wt% of the bulk ash
gample had a volumetric particle size of < 30 microns.

The May 1993 ash sample had o significantly smaller particle size, nearly 85%
< 326 mesh (<43 microns) on a mass basis. As previously stated, this sample represented
ash from a pe-fired pilot-scale system as well as ash from the stoker-fired boiler. In this
ease, the particle-size distribution of the baghouse hopper ash sample iz more typical of an
ash sampie from a pe-fired system. Figure 3-51 pregents additional particlegize
distribution data for the —326-mesh (—43.mieron) material collacted in the pan of the
sieve analysis assembly. Analysis of that fraction, using the Coulter counter technique,
showed that roughly 90 wt% of the —3256-mesh {—43-micron) material had a volumetrie
particle size of <40 microns. Therefore, roughly 76 wi% of the bulk ash sample had a
volumetric particle size of <40 microns.

In general, the cataiyst-coated hage were expesed to agh containing high —
eoncantrations of alkali (Ca, Mg, and Na) species, > 20 wt%. The ash collected in the
baghouse hopper typically took on the character of the supplemental ash injected
upstream of the baghouse, with respect to chemical characteristics and particle-size
distribution. Carbon content in the ash samples was primarily the result of carbon
carryover in the ash from the stoker-fired boiler.

The baghouse slipstream system operated gquite well during the Subtask 3.4
evaluation of the catalyst-coated filter bags. All system shutdowns exceeding a few hours
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Figure $-51. Particle-size distribution for two slipstream baghonse ash samples.

were & result of operational problems with the stoker-fired boiler or & planned holier
shutdown. Temporary shutdowns (2—4 hrs) were required periodically (once every € to

8 weeks) to clean ash deposits from the boilar fiue gas extraction probe in order to
maintain control over flue gas flow rates. Periodic veplacement and maintenance of
system instrumentation were giso required. Typical replacement items included
thermo¢ouples and data logger components. Routine ealibration of static and differential
prassure transmitters was aleo required to agsure dats aecuracy. Shipstream system
Piping was dismentled and thoroaghly cleaned during extended system shutdowns.
System instrumentation was covered with plastic to keeap it clean and protected during
periods of nonuse. Four electric resistance heaters were used to maintain the baghouse at
temperatures > 150°F during nonoperational periods to aveid moisture condensation on
the catalyst-coated filter bags,

Subtask 3.4, Fabric Durability Testing/Pulse-Jet System, began in September 1991
in order to prepare the baghouse slipstream system at the UND steam plant for operation.
During the week of July 6-10, 1992, nine catalyst-coated filter bags were installed in the
siipsireamn baghouse. An initial dust cake was developed on the filter bags using
dolomita. The purpose for developing the initial dnst cale was to provide some moderate
protection for the filtar bags in the event unburned carbon particies from the stoker-fired
boiler pazsed through the particle knockout device and enterad the baghouse during the
initial stert-up phage. Carbon particle burnout on the surface of the catalyst-coated bags
would have resulted in damage to the catalyst and 52-glass fibers and was actively
avoided.

108




Tabla 3-11 snmmarizes baghouse aperating conditions. Acctmulated operating
hours and cleaning cyeles for Subtask 3.4 fotaled 5136 and 13,820, respectively.
Baghouse air-to-cloth ratio averaged 4 ft/min {12 m/min) with excursions as high as
5.3 ft/min (1.8 m/min) and as low as 2.8 fi/min {0.8 m/min). Baghouse mean temperature
was typically 526°F (274°C) but ranged up to 700°F (371°C) and down to 350°F (177°C)
as a regult of boiler Joad settinge. Average baghouse difierential pressure was typieslly
3.5 in, W.C. (0,9 kPa) and ranpad from: 1 to 8 in. W.C. (0.2 io 2.0 kPa). Supplemental gsh
injection was used extensively during Subtask 3.4, and inlet particulate mass loading
ranged from 1.5 to 17.7 grfscf (8.4 to 40.5 g'm®).

Om July 16, 1992, aperation of the baghouse slipstream sygtem wae inttiated
Operation of the baghouse elipstream gystem was continuous for the last two weaks of
July 1902 except for a 24 hr period on July 21 when the bailer was shut down for
scheduled electricel maintenance. Operation of the baghouse continued through
August 21, 1992, at which time baghouse operation was discontinued to permit inspection
of the haghouse. Supplemental ash injection (CFBC ash) was used continuously during
the July and August 1992 operating period.

TABLE 3-11
Summary of Subtask 3.4 Slipstream Baghouse Operating Data
Bag Matarial Catalyst-coated woven fabric DES92,
22 op/yd®, S2-glass
Filter Temperature 536° + d4°F (350°=700°F)
Filter Face Velocity 4.0 # 0.5 f/min (2.8-5.3 ft/min)
Qperating AP 3.5 in. W.C. (1-8 in, W.C.)
Operating Howre Completed 5136
Filter Cleaning Cycles 13,820
Pulse-Air Reservoir Prassure 43 peig
Pulse Duration 0.10 zac
Puize Volume 0.3 fi'/bag
Inlat Dust Loading 4.2 grisef {1.5-17.7 gr/sct)
Filter Performance —
Outlst Dust Loading 0.0004 griuef (0.0002-0.0011 griech)
Collection Efficiency 99.98% (99.96%—99.99%)
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Inspection of the baghouse was necessary to determine the cause for a high level of
particulate emissions measured at the outiet of the haghouse on August 20, 1992,
Inspaction of the baghouse revealsd that one of the bage had failed and a second bag
showed significent wear, The failure of one bag and the eignificant wear ohserved on a
second bag were caused by the failure of a blank flange gasket in the top of the baghouse.
‘This gasket was intended to seal off the top inlet to the baghouse. Failure of the blank
flange gasket resulted in direct impzetion of fly ash on the surface of one bag at high flue
gas velocities, resulting in a 2- to 3.in.-diametar (5.0- to 7.6-cm) hole in both sides of the
first bag snd signifieent wear on the surface of the second bag.

The haghouse was ¢leaned up, and the damaged bags were replaced with spare hags
in September 1992. The two catalyst-coated bags removed from the baghouse represented
840 hours of haghouse operation and were subsequently used to evaluate fabric strengith
and catalyst reactivity. Operation of the slipstream haghouse did not resume until
October 1992 because of scheduled boiler maintenance which began August 25, 1082, and
eontinued throngh mid-October. Bapghouse operation resumed on October 20, 1992, and
continued through November 22, 1992, Supplemental ash injection (cireulating fluidized.
bed combustion [CFBC] ash) was continuoeus in QOctober but not in November 1992 becanse
of limited ash availability.

Baghouse operation was discontinued on November 22, 1992, as a result of a boiler
shutdown to permit the installation of & new flne gas duet on the steam plant boiler.
Unfortunataly, installation of the new flue gag duct required the relocation of the
slipstream baghouse. It was only neceasary to move the baghouse a few feet, but
modifications to the inlet and ountlet piping were required. In addition to the piping
modifications, additional support stee] and catwalks were required to provide for safe
acress to the top of the baghouse, Other activitiss ineluded ingtallation of new
thermocouple leads and eonduit, reinstalling powar to the ID fan and panel board,
verifying the data sequigition system, and precoating the bags with ash prior to initiating
flue gas flow from the stokor-fired hoiler. Excopt for 4 short period of time when the
haghouse wag actually being moved, the baghouse heaters were kept on to prevent
moisture condensation in the baghouse.

Although the modifications to the slipsiream baghouse systemn were completed by
EERC personneal in a G-week time frame, operation of the slipstream baghouse did not
resume until April 1993. The holdup was beeauss of contractor seheduoling delays
assoeistad with installation of the rew flue gas duct on the boiler, an unplanned steam
line move, and the planned tie-in of a4 new stack.

Prior to system operation being resumed, the bags were removed, cleaned, inspected,
reinstatled, and precoated with a lignite fiy ash resulting from one of the 100-hr reverse-
gas pilot-seale tests completed in 1992, Ome bag wes removed and replaced with a spare
hag to allow for determination of fabric strength and catalyst reactivity. The bag
removed from the baghouse represented 1642 hours of baghouse operntion. Operation of
the baghouse slipstream system at the TUND steam plant resumed on April 15, 1993,
Operation of the baghouse was continuous throngh May 18, 1993, At that time, baghouse
operation was discontinued as a result of scheduled boiler maintenance. Supplemental
ash injection was continugus during this operating period. The ash uged resulted from the
combustion of lignite, subbituminens ecoal, and bituminous ¢oal during pilot-scale 100- and
500-hr pe-fired tegts completed in 1992,
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It was anticipated that boiler operation would resums in late June 1993. However,
a routine hoiler inspection identified some unexpected grate damage thet extended the
boiler maintenanees outage through late July 1988. Operation of the baghouse slipstream
syatemn regumed on July 29, 1923, and continued through October 13, 1993. The
clipstream baghouse did not operate October 14-31, 1993, at the request of UND steam
plant peraonnel due to boiler emissions testing at the steam plant. Operation of the
baghouse slipstream system resumed again on November 1, 1993, and was ultimately
terminated em December 8, 1993, because of project funding limitations. ‘The baghouse
also did not operate from November 26 through November 27, 1999, because of a forced
shutdown &z a ragult of a power faflure at the UND steam plant. Supplemental ash
injected into the system during the July through December 1993 time frame was a
subbituminous ash eollected from a conventionsl pules-jet baghouse operating on one of
the stoker-fived bollers for particulats emissions control.

One catalyst-coated bag was removed from the baghouse in December 1998,
representing 5136 hoors of baghousge operation. This bag was used to determine fahric
strength and catalyst reactivity. Hemoval of the remaining bags was delayed until
January 1994 in the hope that additional funding might become available to econtinue
system operation. Tltimately, the remaining bags were removed from the baghouse in
January 1994 and shipped to OCF for final storage and/or disposal. The slipstream
baghouse system was cleaned and partielly dismantled in January 1994 in preparation for
long-term inactivity.

The accumulation of 5186 oparating hours oceurred as a result of four distinet
operating periods from July 1892 throupgh Dacomber 1993, Az many as 2000 additional
hours of operation mey have been accumulated if relocation of the baghouse had not beer
required, had fawer start-ups and shutdowns been experienced, and if total system
gperation had been accomplished in a shorter time frame. Ultimately, project funding
limitations determined the point at which system operation was terminated, mevanting
the accumulation of 12,000 hours of slipstream baghouse operation as planned in the
original seope of work. Funding limitations otcurred s a result of the antire $944,759 in
planned commercial cost-share funding not being secured. A total of $219.702 of the
planned commercial cost-share funding wag not secured. This amount represented nearly
all of the proposed funding for Subtask 3.4.

Figures 3-52, 3-53, and 3-54 present baghouse temperature, differential pressure,
and filter face velocity, respectively, as a funetion of run time for the 5136 howrs of
aperation completed. Baghouse temperature is reported as 2 mean baghouse temperature.
Thig value was determined by averaging the values of four thermocouples located in the
baghause. During Subtask 3.4, baghouse temperature varied by as much as 20°F (11°0)
from top to botiom. Fluctuations in baghouse temperature during Subtask 3.4 were
primarily because of boiler load swings. More dramstic changes in haghouse temperature
were the result of adjustments to fiue gas flow rate and temporary systern shutdowns for
probe cleaning or insbrument repairg. Data presented in Fipure 3-52 show that baphouse
mean temperature ranged from 350°F (177°C) to T0D°F (371°() and averaged 526°F
(274°C),

Baghouse differential pressure data are presented as a function of run time in

Figure 3-53. The figure indicates very clearly the time periods during which the cleaning
eyele trigger point was set at 4 or 6 in, W.C. (1 or 1.5 k¥P3a). Differential pressure spikes
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were a result of either substantially raduced five gas flow rates, temporary system
shutdownes, or excursione because of an improperly get eleaning cycle trigger mechanism.
The catalyst-coated filtar bage experienced a total of 13,820 cieaning eyeles during the
5136 hours of operating time, resulting in an average of one clesning ¢yele every 22
minutes.

Figure 3.54 presents face veloeity as a funetion of run time. Spikes toward lower
face velocities resulted from temporary system shutdowms. Spikes toward higher face
velocities were a result of overcorrection hy the flow control valve, For the most part, flue
gas flow rates through the gystem were stable, resulting in filter face velocities averaging
4 fymin (1.2 m/min).

Flue gas analysis during the Subtask 3.4 filter bag durability test was limited —
Data for oxygen and carbon monexide content were collected periodically from steam
plant instrumentation. 80, values were astimated based on the fuel sulfur content, and
wet sulfur trioxide concentrations were measured using a selective condensation
technigue. Flue gas moisture content was determined ag a funetion of partieniate
sampling activities. Table 3-12 summarizes data for fluc gas smalysts. Oxzygen levels
ware §%-13%. Carbon monoxide was not detected in the flue gas due to the high excess
air levels, Sulfur dioxide values ranged from 130 to 780 ppm. Measured S0,
concenirations were alwaye <1 ppm becguse of the low fuel sulfir content and high alkall
eoncentration in the fily ash. Flue gas moisture content was typically 4%-8%, relatively
low for a subbituminous coal due to the hipgh exeess air levels.
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_ TABLE 3-12
Fiue Gas Analysis from Slipstream Baghouse System “»#

Q, 8%-13%
co . HNot detectable
80, 130-780 ppm

S0 <1

H,0 ik

= All values are reported on a volume %, molsture-free basis.

®* Values for O, were obtained from steam plant instrumentation.

* Values for 80, ware estimated based on fuel sulfur content, and 80,
values were meagured using a soleetive condensation technique.

344

Baghouse partizulate collection efficiency during Subtask 3.4 was determined using
a modified EPA Method § and multicyclone sampling. Resulis of the modified EPA
Meathod 5 and multiecyelone zampling are presented in Tahlez 3-13 and 3-14. Emissions
from the baghouse were slzo measured in “real time" using an extractive aerodynamic
particle sizer (TSI APS-38). The purpose of sampling at the baghouse outlet with the TSI
APS5-38 system was to supplement the modified EPA Method 5 results, generate emissions
data before, during, and immediately after 2 cleaning cycle, and measure respirable mass
ernissions.

Particulate mass loading at the baghouse inlet because of boiler fly ash was
generally <1 griscf (<23 g'm®), Therefore, with measured mass loadings typically
ranging from 1.5 to 17.7 grisef (3.4 to 40.5 g/m®), the bulk of the particulate entering the
baghmise was a result of suppiemental ash injection. Variability observed for mass
loading at the baghounse inlet wag hacanse of variahility in the supplementsl ash injection
feed rate and swings in boiler load. Values for oversll particulats collection eficiency
rangad from 98.96% to 90.90% with an averags value of 90.98%. The one valus that was
< 99,9% corresponded o a sampling period during which fly ash emissions were very high
because of & failed bag,

Particle-size distribution at the baghouse inlet was determined uging a five-stage
multicyclone sample train. Tabla 3-14 and Figure 3-55 summerize the multieyelone data
for eleven sampling periods. The data show that during speeific sampling periods,
T4%-97% of the fly ash entering the slipstream baghouse had an aerodynamic diameter of
> 10 microns. Particulate mass having an aerodynamic diametar of <5 microns ranged
from 1%-12%.

Seven sampling periods were completed with the TSI APS 233 sampling system.
Figure 3-06 presents rezpirable mase emissions and baghouse pressura drop as a function
of sampling time for a data set from October 30, 1992. The data st shows that respirahle
mass emissions were low, <0.002 gr/gef (<0.06 mg'm™, except during cleaning cycles.
?migiﬂar}t spilees during cleaning cycles ranged from 0.0013 to 0.0131 grfsef (0.3 to

mg/m},
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TABLE 3-13
Slipstream Baghouse Particulate Sampling Data®™®

Iniet, Outlet,

Tast Date gr/eef __gofeef % H,0 % Efficiency
071602 15642 - 8.1 -
07-16.92 - 0.0001 6.4 40,852
07-16.92 2.5481° - 7.1 -
08-20-92 17417 - 8.3 -
08-20-82 17.6766 - 7.8 -
08-20-82 - 2.5643 66 86.496*
08-20-02 14.0548" - 6.1 -
102092 40363 - 46 -
102092 - 0.0008 52 99,986
10-29.92 - 0.0010 42 99.974
10-29-92 5.7311° - 2.7 -
11-19-82 3.1900 - 6.7 -
11-19-92 - 0.0007 6.0 29,978
111992 - - 0.0011 5.5 99,965
111992 2.6910° - 48 -
04-27-93 16708 - E.0 -
04-27-88 - 0.0001 6.4 99,994
04-27-08 - 0.0002 5.8 #9088
05-14-68 2.2604" - 6.2 -
05-14-58 - 0.0008 5.1 29,957
05-14-03 - 0.0003 E.1 80,987
08.04-93 2.2521" - 5.4 -
08-04-03 - 0.0008 45 99,987
08-04.93 - 00004 42 99.988"
09-10.08 1.7974° - 34 -
09-10-88 1.9520 - 3.9 -
091093 - 0.0002 5.2 99988
0%-10-93 - .0002 45 99,938
09-29-93 2.2451° - 4,5 -
09-29-93 2.2124 - 7.4 -
09.20.93 - 0.0004 5.8 99.981
09.29.93 - 0.0005 6.5 99,979
102893 25289° - 3.4 -
10:28-83 26878 - 3.1 -
102893 - 0.0003 4.5 99.989

10.28.93 - 0.0003 43 990951
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TABLE 3-13 (conrtinued)

Inlet, " Cutlet,
Test Date griscf grisef % H.0 % Efficiency
11-23.93 4 0308° - 4.6 -
112393 5.7246 - 58 -
11.23.98 - 0.0003 5.0 £0.995
12-2383 - 0.0007 5.2 90,983

* hhtf?&ﬁsmlhgpﬁuﬂnwmﬂﬂ-ﬁﬂnﬁnuﬁshhnﬁh,mﬂmﬂ&tmﬁngpﬂioﬂsmaz
houts in length. Multicyclone sampling periods at the baghouss inlet were typically 60 minutes,

* A selective condensation technigue was used to determine flue gas 50, concentrations,

*  Mukicyclone sampling was used to determina the inlst mass loadings and particls-size
dietribution.

4 The low particulate ¢ollection efficiency was due to the failore of a single hag.

" Overall effictoncies for partivalate sampling on 4-27-93, 5-14-83, 5-4-93 wers determined using
the inlat loading value datermined from multisyclone sampling.

Figure 3-57 presents mass emissions and haghouse pressure drop as a function of
sampling time for a data set from November 23, 1983, The data saf shows that total and
respirable mass emissions were low, <0.0001 gr/sef ( <0.03 mg/m®), except during cleaning
eyeles. Emission spikes during eleaning eyeles ranged from 0.0044 to 0.0131 grizef (1 to
3 mg/m°), Emisgions baged on integrated averages ranged from 0.0003 to 0.0008 grisef
{0.06 to 0.2 mg/m®) for respirable mass and total mass emissions, respectively. In general,
the APS data show that emission spikes due to cleaning cycles contribute significantly to
the total mass emission rate. Alzo, the APS data support the modifiad EPA Meathod 5
data in comeluding that the catalystcoated DES92 fabric successfinlly contrelled
particulate emissions during the 5136 hours of haghousze operation. APS data not
presented in thiz discuesion are includsd in Appendix C.

345 Condition of Catatyst:Conted DEII2 Filter Bags

Thiring the Subtask 3.4 effort, four catalyst-coated DE9S2 bags were removed from
the slipstream baghouss to determine fabric strength and catalyst resetivity as a funetion
of flue gas exposure. Two bags were removed after 840 hours of exposure, one after 1642
hours, and another after 5136 hours, Figure 3-58 indicates the locations in the baghouss
from which each of the four bags wers removed. The first two filter bags were removed
from Positions D and E as a result of the bag failure previously discussed. The third filter
bag was removed from Position A prior to resuming baghouse operation in April 1993. A
fourth bag was removed from Position I in December 1993. Selection of Positions A and I
for removal of the third and fourth filter bags weas a random selection.

Each time a filter bag was removed and at the conclusion of each eperating period,
the remaining catalyst-coated bags were visnally inspected. With the exception of the one
failed bag previcusly discussed, the tube sheet was found to be clean and the bags in good
eondition with no vnusual dust cake formation or ash deposits. Upen removal from the
haghouse, each bag was gently hrushed/vacuumed dlean. Ae a result, EERC personnel
observed two distinet layers of ash on the surface of each of the nine bags installed at the
beginning of the Subtask 3.4 operating period. The outer layer was gray in color and
thicker than the inner layer. The nearly white inner laver was a thin, residual layer of
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) TABLE 3-14
Slipstream Baghouse Multicyclone Data*

Bacltup
07-16-92 CcY1l CcY?2 CY3 CY4 CcYs - Filter
Dy, pm 09.24 6.07 3.27 223 0.03 -
Mass
Collected, g 3.4958 0.3263 0.2812 0.1847 0.1327 0.0394
% Total Mass T8.21 7.80 6.29 4.85 2.97 0.88
Mass Lags
Than Dy, ;
eumulative % 21.79 1449 820 3.86 0.88 -
Total Mass Coliected = 44700 g, Dust Loading = 2,5491 gr/scf, % Isokinetic = 99,0
Backup
08-20-92 CYl Y2 Y3 C¥4d CY5 Filter
D,,, gm B.67 §.49 293 2.01 0.54 -
Mass
Collected, g 27.9474 0.4742 0.1699 0.0940 0.0730 0.0261
% Total Mass S7.09 1.66 0.59 .53 0.25 .09
Maes Lezs
Than Dy,
cumulative % 2,01 1326 0.67 0,84 0.09 -
Total Mass Collected = 28.7845 g, Dust Loading = 14,0548 grisef, % Isokinetic = 100.9
Backup
10-29-92 CY1l Y2 CYs CY4 CYh Filter
Dy, pm 10.27 7.09 3.88 261 108 -
Mass
Collected, g 8.6404 0.081%9 0.0397 0.0250 0.0278 0.0175
% Total Mass B37.72 1.04 - (.45 0.28 0.31 0.20
Mass Less
Than Dy,
cumulative % 2,28 124 0.80 .51 0.20 -

Total Mass Collected = 8.8424 g Dust Loading = 5.7311 gwscf, % Isckinetic = 90.6
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TABLE 3-14 (continued)

Backup
11-19.92 CY1l Y2 CY3 CYE Filter
Dy, pm 8.36 5.14 292 079 -
Mass
Collected, g 5.2620 0.1398 0.0464 0.0071 0.0156
% Total Mass 095.86 2.55 (.86 0.13 0.28
Mass Lass
Than Dy,
cumnulative % 4,14 1.59 0.7b 0.28 -
Total dMass Collected = 5.4801 g, Dust Loading = 2.691 griscf, % Isokinetic = 100.0
Eackup
04-27.93 CYl CY2 CY3 CYS Filter
Dy, pm 8.50 B.17 293 0.80 -
Mass
Collected, g 2.5041 0.2837 0.2870 0.0817 0.0262
% Total Mass 76.60 8.38 T.88 241 0.77
Masz Less
Than Dy,
cumulative % 23.40 15.03 T7.14 0.77 -
Total Mass Collected =« 3.3867 g, Dust Loading = 1.6709 grizef, % Isokinetic = 102.9
Backup
05-14-93 CY1 CY2 CY3 CY5 Filter
D,,, um 7.88 421 2,20 0.64 -
Mass
Collected, g 4 4662 0.7465 0.1675 0.0238 0.0225
% Tata]l Mass B1.67 13.65 8.06 0.43 0.41
Mess Less
Than [k,
cuomulative % 18.33 4.68 162 0.41 -

Total Mass Collected = 5.4685 g, Dust Loading = 2.260 griscf, % Isokinetic = 103.3
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TABLE 3-14 {eontinued)

Eackup
08-04-93 CY1 CcY2 cYs CY4 CY5 Filter
Dy pm 6.77 8.85 2.00 - 140 0.56 -
Mass .
Colleated, g 4.0157 1.7768 0.2531 0.1626 0.0536 0.0131
% "Total Mass 64.00 28.31 4.03 2.59 0.86 0.21
Mansr Less
Thean Dy,
eumnlative % 36.00 T7.89 3.65 1.06 0.21 -
Total Mass Collected = 6.2744 g, Dust Loading = 2.2821 griscf, % Isokinetic = 108.2
Backup
09-10-93 CY1 CY2 cY3 Y4 CYG Filter
Dy, pm g.51 6.32 3.42 232 0.96 -
Mass
Collected, g 2.6665 0.1977 0,0847 {.0426 0.0508 0.0182
% Total Mass 87.14 6.46 277 139 164 0.60
Mass Lesa
Than Dy,
cumwlative % 12.86 6.40 3.63 2.24 0.60 -
Total Mass Collected = 3.0600 g, Dust Loading = 1.7974 gr/sef, % Isokinetic = 100.6
Backup
09.29-93 CY1 CY2 CYa CY4 CY5H Filter
Dyy, £ 9.22 6.05 3.26 292 0.92 -
Mass
Collecied, g 3.5055 0.2666 01211 0.575 0.0533 0.0222
% Total Mass B7.18 6.38 3.0 143 145 .55
Mass Less =
Than Dy, -
cumulative % 12,82 6.44 3.43 2.00 0.55 -

Total Mass Collected = 4.0212 g, Dust Loading = 2.2461 gr/scf, % Isokinetic = 104.4
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TABLE 3-14 (continued)

Backuap
10-28-83 Yl CY2 CY3 0Y4 CYb Filter
Dy, pm _ 10.90 7.87 4.38 290 1.1% -
Mags '
Collected, g 26305 0.4687 0.22562 0.0716 0.0683 0.0331
% Total Masgs 7521 13 40 644 2.05 1.95 0.95
Mass Less
Than D,
cumulative 2479 11.39 4.95 2480 0.95 -
Total Mass Collectad = 3.49‘?4_5, Dust Loadmg = 2 5283 Erfmf, 2 Isokinetic = 99.90
Backup
11-23-93 CY1 0Y2 CYa CY4 CYE Filter
Dgp, pm 140.09 6.97 4.81 2.56 1.08 -
Mass
Collected, g 4., 7901 1.9204 0.3587 0. 14594 0.1668 0.0305
% Total Mass 75.50 1451 5.57 2.385 1.5% 048
Mass Leas
Than D,
cumulative % 24 .50 10.00 442 207 0.458 -

Total Mass Collected = 6.3447 g, Dugt Loading = 4.0308 gr/sef, % Isokinetic = 97.5

* CY1 through CYS refers to the first through the fifth cyclone stages in the
multicyclone sampling system.
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Figure 3-55. A summary of multicyclone data for ash collected in the
slipstream baghouse,
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Figure 3-58: Perspective of individual bag location for the Subtask 3.4 durability test.

ash resuliing from the bags being precoated with a pulverized dolomite material at the
heginning of Subtask 3.4, Thess cbservations were mads sach time the haghouse was
inspected and at the conclusion of the performance test.

Physical characterization of three bags removed from the baghouse at various times
was compieted by OCF personnel and focused on fabrie strength and endurance. Fabric
strangth was measured using the Mullen burst test and data wers compared for fabric
samples from the three bags removed from the slipstream baghouse after 840, 1642, and
5136 hours of operation. Five sampies of each bag were cut to size, 4 in. x 4 in. (102 mm
x 102 mm), for testing. Figure 3-59 presents data for the Mulien burst test in a bar graph
format. Each bar represents an average value (with standard devigtion) for five fahric
samples tested. The data actually indicate that fabric strength, a8 determined by the
Mullen burst data, increased with exposure to flue gas. Awverage burst pressures for the
fabric exposed to flue gas for 840, 1642, and 5126 hours were 618, 660, and 733 paig,
respectively. Standard deviations ranged from 35 to 90 psig or £ 5.6% to 1 13.6% of the
average values measured. Mo explanation has been found to explain the apparent
inerease in fabriec strength as a function of flue gas exposure.

Fabric endurance was determined nging the MAT Flex or folding endurance test,
Five samples of each bag were tested, and the results are presented in Figure 3-68ima
bar gpraph format. Individual fabric samples were cut to size, 0.5 in. x 6 In. (13 mm x
152 mm), for testing. The sample folding rate was 175 + 25 cycles per minute, Each bar
represents an average vadue for five samples and indicates a standard deviation. The

123




B0 EERL CRY IO I00.CiW
[N MIT Flex, Cycles to Failure -
Mullen Burst, psig L
700 - L.
£00 - s . L
h*l“'fw% g
500 o A
Firmd. e
iyl L —
EET g w wh, b
e o e
drme” 2] % 'T%’" gk
B i Faffheriy Egi
apo I\ AN AN

40 1842 hr 5136 hr

Figure 3-59. Mullen buret and MIT Flex test data for three catalyst-coated bags varsus
flue gas exposure timea of 840, 1642, and 5136 hours.

data demonstraie that no change in fabric strength, as determined by the MIT Flex test,
ocewrred with flue gas exposure. Average eycles to fallure ranged from 488 to 505 with
standard deviations of 55 to 100 eveles to faillure or + 10.9% to 4+ 20.5% of the average

values moasured.

The variability of the MIT Flex test data was greater than that of the Mullen hurst
data. Possible explanations for this difference may be the effect of air humidity and fabric
cleanliness on the MIT Flex test results. Humidity can affect the resulis of a MIT Flex
test on fabric samples. Under dry conditions (low absolute humidity), the number of
cyeles to failure will decrease. However, humidity was controlled during MIT Flex tests
perfermed by OCF.' Therefore, EERC personnel do not believe humidity contributed to
the daia varisbility.

The cleanliiness of the individual {abrie samples may have contributed to data
variability. Although the surfaece of each bag was gently drushed/vacuumed clean before
fabric samples were eat for testing, some fly ash was trapped in the fabrie weave and not
uniformly removed. Depending on the characteristics of the fly agh, its presence could
have increased or decreased the number of cycles to failure observed during a MIT Flex
test. If the fly agh particles were g hard, coarse material composed of alumina and silica,
they could have acted as an sbrasive, efiectively reducing the number of cycles to failure.
On the other hand, soft, powdery fly agh particles eomposed of alkali could have acted ag a
lubricant between the fabric fibers and increased the number of cyeles to failure.
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Catelyst-coated fabric samples (2-in. or 5-cm diameder) for bench-scale catalyst
reactivity tests ware cut from the bags removed from the slipstream baghouse
repregenting 840, 1642, and £136 hours of fiug gas exposure. These teste were performed
in the bench-scale system used for the eatalyst deactivation tesis previously discussed.
The data from these tests are presented in Figure 3-80. Reactor tomperaturs was 650°F,
the filter face velocity was 4 fi/min, and the inlet NQ, concentration was 725 ppm. Each
get; of data points (NO), reduction and ammonia slip) represents an arithmetic average of
three individusl experiments, one experiment for each of three fabric sampies (iop,
middle, and bhottom) removed from each bag tegted. The results are presented in this
manner because variability in the data for a single bag was typically less than 2% NO,
reduction and closure on the ammmonia was typically 87%—103%.

Three oheervations can he made with respect to these bench-scale data. First, the
fabric samples tested from the three bags removed from the slipstream baghouse at the
UND ateam plant demonstrated NO, reduction and ammonia glip levelg similar to those

observed during the 500-hr test. These data imply that no decrease in catalyst reactivity
was evident as & function of flue gas exposure for up to 5136 hours,

Secand, all of the fahrie samples that had been exposed to a flue gas stream in the
pilot-seale pulseet baghouse during the 100- and 500-hr paramstric tests ghowed
eguivalent performanee in the bench-scale system. Therefore, all of the catalyst-contad
bags used during the pilot-scale pulse-jef tests eompletad appear to have comparable
catalyst reactivity after 100 hours of flue gas exposure.
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Figure 3-60. NO, removal and ammonia slip versus ammmia-te-NO, molar ratio for
bench-scale fabric-screening ‘tests.
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Finally, the hench-gzale ammeonig slip levels ohserved are similar to those observed
in the data set from the 100- and 500-hr pliot-seele experimental periods. The exesption is
one hanch-seale basaline data eet represented by a new heat-treated fabric sample. In this
case, the ammonis slip was significantly lower in the bench-scale test, 2% versus T% of
the inlet NO, concentration for the pilot-scale tasts, One posaible explanation for the
difference is that the ammonia closare wag only 91% for this particular baseline bench-
seale test, indicating that the actua! ammonia elip value was probably higher than the
value measnred.

. The results of the fabris strength measurements performed indicate that the DE9S2
82-glass woven fabric retained its strepgth for the 5136 howrs of Alue gas exposure to
which the fabric was subjected. In addition, the bench-scale tests completed with fabric
samples cut from the bags removed from the slipstream baghouse indicated that catalyst
reactivity was not reduced with respect to NO, reduction and ammonia slip. Therefore,
the exposure of the DEDS2 catalysi-coated bags to filue gas in the slipstream baghouse at
the UND gteam plant had no detrimental effects on fabric strength or eatalyst reactivity.
Prior to commerecialization, it will be necessary to demenstrate similar resnits for a
minimum of 16,060 hours of flue gus exposure, repgresenting over 30% avallability for
2 vears,

35 7Task 4 - Concepinal Design and Economic Evaluation

Although the initial forns of a process development e¢ffort ig to evaluate technical
performanee, mecopsfol technology commereinlization i ultimately dependent on
achieving technical performemce goals at an economic advantage over competing
technologies. One objective of the DOE/FETC Advanced NO, Centrol program was to
demonstrate that concspiz selecied for evaluation have application to both new and
retrofit coal-fired systems and show the potential for a 50% cogt savings when compared to
a commercial SCR process capable of meeting the program ohjective of a 60-ppm (0.1 1b of
NO,/MMBtu) NO, emission limit. A preliminary, unpublished evaluation of the CFF
eoncept, based on baneh-scale data, had indicated thot the potential existed for the CFF
coneept to be 40% to 50% cheaper than a combination of conventional hot-side SCR and
cold-side fabric filtration. However, the evaluation performed by RE&C for this nroject
showed that the CFF concept only had a small economic advantape when compared to the
SCR/PJFF alternative.

To determine the commercialization potential of the CFF conetept, RE&C was asked
to develop a eoneaptual desigm and prepare an economie evaluation of the CFF process to
estimate capital, operating, maintenance, and levelized costs for two commercial pe-fired
boiler applications: a new §HM-MW plant and an older 260-MW plant. In both cases, the
CEF concept was compared to conventional hot-side SCR for NO, control and cold-side
pulsejet fabric filtration (PJFF) for particulate econtrol. The economic amalysia was
prepared based on the EPRI TAG (30). Results from the Tusk 3 experimental activities
were used ag a basis for systom desipn with respest to procese conditions, such as CEFF
face velocity. In both cases, the evaluation assumed that NO, concentrations exiting the
boilers had been minimized as a result of low-NO, burners or other combustion controls.
The Task 4 effort was completed by RE&C under suheontract to the EERC. A report
summarizing the Task 4 effort and results was prepared by RE&C and is presented in
Appendix D,




351 Now 500MW Plant

Results of the evaluation for the new 500-MW plant case showed that the total,
installed, plant investment for the C¥F concept was §% higher than that for the
SCE/PJFF combination: $145/kW versus $L138EW. On a 30-year levelized cost basis,
there was a 7.1% difference batween the CFF and the SCR/PJFF conceptss 5.91 versus
£33 miliskWh, respectively.

The capital eost differential can he attributed to several factors. The sinple most
pignificant factor was the ductworic requirements associated with installation of a hot-side
baghouse, Thess raquirements were extensive and more costly than first anticipatad,
representing 20% of the total, installed, equipment cost and nearly 64% more costly for
the CFF than the SCR/PJFF.

Othar elements eontributing to the differential in total, installed, eguipment cogts
included the baghouse, the air heater upgrade, the ammonia injection system, and the bag
eages. The difference in baghouse and bag cage capital costs was due to the larger
baghouse and number of bag cages required for the CFF hot-side baghouse to handle the
larger flue gas volume. In addition, operation of the CFF at a gross lter fsce velocity of
3.44 versus 8.7 fi/min for the PJFF increased the CFF baghouse size samd the number of
bag cages required. :

The cost of the individual eatalyst-coated bags (DE992, 22 oz/yd? woven 52-glass,
6 in. in diameter x 20 £ in length) was estimated by QCF at $26(/bag. This estimate
includes the cost for OCF to reprocess used cataivst-voated bags. However, it is uncertain
whether the $300/4t* SCR ecatalyst cost included a reprocessing component. When
multiplied by the 25,000 bags required for CFF operation at a gross filter face velocity of
3.44 ft'min, the catalyst-coated hag cost repregented 29% ($42.0/%W) of the total installed
CFF equipment ¢ost. Equivalent costs for the SCR/PJFF include a combination of the
SCR catalyst ($300/ft") and the bags ($85/bag) for the PJFF, representing 39% ($53.8/kW)
of the total, installed SCR/PJFF equipment cost.

Eliminating process and project contingencies reduces the total instatted plaut
investment estimates for the CFF and SCR/PJFF concepis to $113/LW and $118EW,
respectively, which results in a 4.4% capital cost advantage for the CFF. The completad
evaluation included the application of project and process contingencies for both the CFF
and SCR/PJFF eoncepts as recommended by the EPRI TAG. Sinee the CFF concept has
not been developed to the sama extent as the SCR and PIFF concepts, the process
contingency applied to the CFF was 17% versus 12% for the SCR/PJFF combination.

As previously stated, the 3(-year levelized costs for the CFF and SCR/PJFF weare
5.91 and 6.33 mille’kWh, respeciively. The difference represents an annusl gavings of
$1,400,000 in capital, operating, and maintenanes cogts for the CFF compared to the
SCR/PJFF. Levelized couts for the CFF are driven by catalyst-coated bag replacement
costs, In this evaluation, the life of the catalyst<coated bags was assumed to be 2 years.
Elements driving levelized costs for the SCR/RJFF included SCR catalyst replacement
costs and the coxts for additionsl ID fan pywer requirements to offset the combined
pressure Josses aeross the SCR reactors snd the PJFE.
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Cost sensitivity analysis for the CFF showed that the cost of the catalyst-coated bags
hasthes&ungeatefﬁentonavem]lewnomins,capital and levelized costs. Based on the
used in the new plant evaluation, the individual hag cost would have to be
refuced from $250 to $212bag to achieve a capital cost break-even point fir the CFF and
SCR/PJFT,

3.5.2 Retrofit 250 MW Plant

Rasulis of the evaluation for the 250-MW refrofit plant case showed that the total,
installed, plant investment for the CFT concept was 3.8% less than that for the SCR/PJFF
combination, $213/%W versus $221kW. On a 15vear levelized cost basis, there was a
smaller difference hatween the CFF and the SCR/PJFF concepts, 9.15 versus
10.07 mills'k'Wh, regpectively.

Az in the now plant ease, the eapital cogt differantial in the retrofit case was due to
several factors. In this cage, no aingle factor contribmted significantly to the total,
installed piant invesiment differential. Msjor factors contributing to the CFF total
installed, plant investment cost included the baghouse, duciwork, and catalyst-coated
bags. In the retrofit case, hecanse of the equipment layout, the ductwork for the CFF was
9% less costly tham that of the SCR/PJFF.

The difference in baghouse smd bag cage capital costs were again due to the larger
baghouse and rumber of bag cages required for the CFF hot-side baghouse necessary to
handle the larger flue gas volume as well as the lower gross filter face velocity for the
CFF, 3.44 versus 8.7 fi/min for the PJFF, Baghouse and bag cape capital costs for the
CF¥F were more costly by 51% and 46%, respectively, than capital cosis estimated for the
SCR/PJFF.

As previously stated, the estimated cost of the individual catalyst-coated bags was
$250/bag. When multiplied by the 12 600 bags required for CFF operation at a gross
filter face velocily of 3.44 fi/min, the catalvst-coated bag cost represented 20% of the total
installed CFF equipment cost for the 2560-MW retrofit. Equivalent costs for the SCR/PJFF
include a combination of the SCR eatalyst and the bags for the PJFF. The SCR catalyst
and PJFF bags represent 22% of the SCR/PJFF total installed eguipment eost. Therafore
the setual capiial cost differential was roughly 14%, $42.6/kW versus 548.6/kW
respectively, for these elements of the CFF and SCR/PJFF systeme.

Eliminating process and project eontimgencies reduces the total, instailed, plant
investrment estimates for the CFF and SCR/PJEF concepts to $168/kW and $187/kW,
respectively, and increases the CFF cost advantage from to 3.8% to 11.3%. In the retrofit
cage, process contingencies for the CFF, SCR, and PJFF were 15%, 12%, and 9%,
respectively, based on the EPRI TAG. As in the new plant case, further technical
development of the CFF to a level comparable to the SCR/PJFF will reduce the total plant
investment cost for the CFF concept.

The 15-year iavelized costz for the CFF and SCR/PJFF were 9.15 and
10.07 millykWh, yespestively, The difference represents an additional $1,300,000 that
would be required on an annual basis to fully cover the capital, operating, and
maintenance costs for the SCR/PJFF. Levelized costs for the CFF are driven by catalyst-
coated bag replacement costs and an arsumed catalyst-coated bag life of 2 years.
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Elements driving levelized costs for the SCR/PIFF included SOR catalyst replacement
eosts and the additional ID fan power requirements to offeet the combined pressure logses
aeroes the SCR reactors and the PJFF.

Cost sensitivity analysis for the CFF showed that the cost of the catalyst-coated bags
has the strongest effect on overall economics, capital and levelized costs. However, it is
unlikely that tha cost of catalyst-coated bage ean he significantly reduced. Therefore, cost
reductions must be achieved ag a result of increasad catalyst reactivity and bag and
catalyst life.

3.0.8

Further development of the CFF concept offars a number of options for redueing
eapital and levelized costs. First, if the current level of technical development of the CFF
were comparable to that of the SCR/PJFF, there would be a reduction in the CFF eapitat
and levelized costs estimated in this evaluation o5 a resalt of applying equivalent process
contingencies, The effect on the new 500-MW plant case would be a decrease in the total,
installed, equipment cost for the CFF, eliminating the advantage for the SCR/PJFF
estimafed in this evaluation and creating a 4% advantage for the CFF concept. An
effactive reduction in levelized costs would result in a larger economic advantage for the
CFP concept. For the 250-MW retrofit case, the effect would result in a greater capital
and levelized cost advantage for the CFF than that estimated in this evaluation.

The most direct approach to reducing the eost of the CFF would be to reduce the cost
of the catalyst:coated baps, Based on ewrrent information, significant reductions in bag
eost are unlikely. A decrease in OFF levelized costs could be realized if technies] data
supported an effective CFF bag life of 4 years rather than the 2 yeors assumed in thie
gvaluation. For the new 500-MW plant, levelized costs would desrense from 5.91 {0
5.22 mills’kWh for a 4-year bag I1#e. The effect on the 260-MW reirofit plant would be a
decrease from 2.15 to 8.5 millakWh, Another approach to reducing CFF costs would be to
reduce the number of catalyst-coated bags required for a given application by improving
the reactivity of the catalyst-roated hags, effectively permitting an inerease in the gross
air-to-cloth ratio,

Bench-geale catalysi-coated fabric-screening tests completed near the end of this
project demonsirated the potential for higher levels of NO, reduction and lower ammenia
slip with a catalyst-coated fabric, jrepared by OCF, using ten coats of catalyst rather than
the seven coats used to prepare bags for the pilot-scale experimental work. Specific
results for these hench-geale tests were reperted in Section 3.1 of this report. Assuming
these results are proven in future bench- and pilot-seale tests, the reduetion in CFF costs
could be significant.

Estimates by OCF indicate that the cost of the catalyst-coated bag may increase by
§i% as a result of the three additional coating sieps and increased catalyst usage.
Agsuming the reactivity of the catalyst-coated fabric parmitted the operation of the CFF
at a gross air-to-cloth ratio of 3.7 rather than 3.44, and the ammonia feed and slip values
were identical to the SCR systemn, a signifieant reduction in CFF comparative costs wonid
occur. The amall increase in the catalyst-coated bag cost would be more than offset by
increaging the gross air-to-cloth ratio from 3.44 t0 3.7. Increasing the air-to-cloth ratio
would reduce the size of the baghouse and number of catalyst-coated bags and bag cages
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by nearly 8%. In additien, the sconomie penalties incurred by the CFF for higher levels
of ammonia slip would be eliminated. These adjustments wonld reduce the CEFF total
installed egquipment sost for the new 500-MW plant from $145/kW to $132kW, 4.5% lesas
than the $138kW estimate for the SCR/PIFF gystem. The effect on CFF lovelized costs
would be a reduction of > 8%, resulting in an overall economis advantape of >16% for the
CFF for the new 500-MW plant.

Similar CFF cost reduetions would be observed for the 250-MW retrofit piant. The
CFF total, installed, equipment cost wonld decrease from $213E'W to $191/KW, resulting
in a 15.7% cost advantage for the CFF compared to the $221/kW valuae estimated for the
SCR/PJFF. The effect on levelizad costs wounld be to further inerease the economic
advantage estimated in this evaluation for the CFF for the 250-MW retrofit plant.

The conceptual design and economic evaluation compieted by RE&C indicates that
the CFF can be economically coanpatitive with the SCR/PJFF. Hewever, this objective can
onty be achieved if the CFF can be opereted at air-to-cloth ratios equivalent to those used
for cold-side PJFF and if the CFF ¢an reduce NO, emisgions and control ammonia alip to
levels consistent with conventional SCR performancs, Key factors influencing CFF
economics include bag eost, bag life, and air-to-cloth ratio. Therefore, future development
efforts must foces on reducing the cost of catalyst-coated bags, by demonstrating a
catalyst-coated hag life of greater than 2 years, and improving performance with respect
to NO, reduction and smmonia elip at air-to-cleth ratiog squivalent te or kigher than
those used in this evaluation.

4.0 CONCLUSIONS AND RECOMMENDATIONS

Conclusions drawn from the CFF experimental activities and the economie
evaluation and resnliing recomnmendations are summarized below.

41 Hest Treatment

* Catalyst-coated fabric must be heat-ireated to remove a fugitive lubricant used in
the bag-manufacturing process and complete cataiyst curing. Bench-scale testing
with three fabric types determined thaf 4 hours of exposure to a clean flue gas
stream containing 24 vol% O, at 700°-725°F wae adequate. This approach was
effectively uszed to heat-trest catalyst-coated bags prior to pilot-seale tests.

¢ Heat treatment at flue gas temperatures exceeding T80°F resulied m a
permanent loss of catalyst reactivity, and flue gaz temperatares below 650°F
were penerally inadequate.

* Whather the catalyst-coated fabrie could be effectively heat-treated with a dirty
flue gas {80, and fly esh) is unknown. Develepment of a heat treatment
procedure for commercial wse I8 necessary.

4.2 Catslyst Deactivation

* Strong acids (0.1 M HC] and H,80,) and a strong base (0.1 M NaOH) were found
to destroy catalyst reactivity on clean fabric samples. However, in the case of the
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arid-coated fabric, thoronghly washing the samples with water resulted in a
complete recovery of catalyst reactivity. These results imply that the sirong base
chemically destroys catalyst reactivity, while the acid merely interferas with the
catalyst site.

¢ Strong acide and a strong base were found to destroy catalyst reactivity on used
fabrie samples having a light residual ash layer. Although the dagree of catalyst
reactivity loss was greater for residual ashes containing greater concentrations of
alkali, the end rasult in all cases was a significant decrease in catalyst reactivity,
whieh would require catalyst-coated bag replacement.

* Exposure of cleem catalyst-coated fabrie to a severe moisture dew point showed
lttle or no effect on catalyst reactivity, However, for used fabric sampies having
a light residual ash layer, catalyst reactivity was permanently reduced to a level
requiring replacement of the catalyst-coated bags.

» Catalyst-eoated fabrie samples coated with any one of several chemical forms of
alicali (Na, Ca, and K) and then exposed to a severe moisture dew point
demonstrated & significant loss of catalyst reactivity, Independent of chemical
form, sxlium had a greater effect than calcium, and caleium a greater effect than
potassium, consistent with the increasing Brensted acidity of the ions.

4.3 Bench-Scale Screening Tests

+ Bench-scale catalyst-coated fabric-ssreening tests with newly developsd woven
fabric samples prepered by OCF have shown the potential for improved catalyst
reactivity when compared te catalyst-coated woven fabric used during the pilot-
scale tests. Im one case, a fabric sample prepared using ten costs of catalyst
rather than seven increassd NO, reduction and reduced ammeonia slip by over
60%. Assvming future bench- and pilot-zcale teste substantiate the improved
performance of the new catalyst-coated fabric, 80% NOQ, reduction. conld be
achieved with an sonmaonia slip of <10 ppm or 35% NO, reduction could be
achieved with an ammonia slip of <20 ppm.

44 Piloi-Scale Parametric Tests

¢ Pilot-seale 100-hr fabric-sereening tests demonstrated that the 22-0zfyd® woven
S2-plase fabric, prepared using saven coats of a vanadium—titaniom catalyst and
applied using an organic-based coating process, resulted in higher NO, reduction
and lower ammonia slip than the other four catalyst-costed fabric types tested,
However, differences observed between the 14- and 22-0z/vd® fabric prepared using
the same catalyst and organic-based coating process may be simply due to the
greater catalyst ecncentration on the 22.0z/vd® fabrie. Therefore, further
development or festing of the catalyst-coating process would be appropriate to
maximize the quantity of the catalyst that ean e effectively appiied to an 52-
glass fabric.

+ Although the aquecus-based catalyst-coating process did not perform nearly as

well as the organic-based catalyst-coating process, the poteniial advantages of the
agqueous-based process with respeet fo reduced costs and aveiding the handling
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and emisgions igsues inherent In the use of organie snlvents warrant further
developmental consideration.

Druring 100-hr test periods using both the pulee-jet and reverse-gas baghouses,
90% NO, reduction and <25%ppm ammonia stip were demonstrated. Airto-cloth
ratio had a significant effeet on catalyst-coated fabric performance. An air-to-
cloth rakio of <4 ft‘fmin and a fiue gas temperature of 660°=T00°F ware
necagsary to achieve 80% NO, reduction and econtrol ammonia slip adequately.

Flue gas temperature also had an effect on catalyst-coated fabric performance. As
flue gas temperatures were decreased from 850°F, ammonia slip increased and
NO, reduction decreased, while temperatures of > 750°F are known to
permanently deactivate the catalyst.

The pilot-seale data from the 100-hr teat periods indicate that fuel type {ofl and
coal} may have aome effect on NO, reduction and ammoniz slip. However, the
ghort duraiion of these tesis and rangs of operating parameters experionced
prevent. the formulation of specific conclugions,

In order to minimize the effect of fly ash characteristics on CFF performance,
future development activities should evaluate a catalyet-conted S52-glasy felt, The
mtmmamdfeltmﬂdmtheaﬁacmdbypmhdmgm&edew f woven
fahric is affected. Therefore, dust calte characteristies, such as pinholes, would
have leas effect on NO, reduction and ammonia stip.

Resgults from the 100-hr oil-fired test were similar to the 100-hr coal-fired tests.
However, NO, reduction was glightly lower and ammonia slip, as a pereentage of
inlet NO, concentration, was slightly higher. Lower NO, reduction and higher
ammonia stip probably resulted from a very low fly ash loading eniering the
baghouse, resulting in very little dust cake development and a low operating
differential pressure {<8 in. W.C.).

Particulate eollection efficiency was >99.5% for both the 14- and 23-02/yd* woven
52-glass fabrice for all 100-hr coal-fired test periods when the ammonia was
turned off. Howaver, with the ammonia on, the calenlated particulate eollaction
effictency for tests with high ammonia slip (> 40) ppm} was lower because of
ammonium sulfate ¢r bisulfate formation on the particulate sampling filters
artificially increasing measurad outlet mass leadings.

Baghousa differential pressure was controlled at reasonable levels, 4-8 in. W.C.,
during the 100-hr coal-fired test periods af all air-to-cloth ratios tested. Baghouse
differential pressure was controlled using off-line cleaning during reverse-gas
tests and on-line cleaning during pulasejet tesis. Pulse-cleaning freguency ranged
from 10 to 60 minutes, depending on specific operatimg conditions.

N,O concentrations in the flue gas were messured at both the inlet and outlet of
the CFF baghouse during several test periods to verify that nitric oxide and
nitrogen dioxide were not being converted to N,O. Far all coals tested, N0
congentrations were <10 ppm ai the CFF baghouse inlet and outlet,
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demonstrating that N,0 was not being formmed as a result of flue gas exposure to
the catalyst-coated bage.

s Based on the catalyst-coated folric and baghonse hopper ash samples analyzed,
no significant catatyst loss or eresion occwrred that would affect performance with
raspect to NO, reduction or ammonia slip or create coneern with respect to fly ash
diapossl. This observation was made during the 20{~ and 500-hr pilot-scale
perametric tests as well as the fabric durability test where catalyst-coated fabrie
was exposed to flue gas in 8 pilot-scale baghouse for 51368 hours. Therefore, the
CFF concept meats the DOE-PETC Advanced NO, Control objective concerning
the production of a nonhazardous waste woduct. However, vendors of both the
C¥FF concapt and conventional SCR systems will need to address the recycle
and/or dispossl of spent catalyst in tommercial applications.

+ Moapurements were mads to determine 30, concentrations downstream of the
CFF baghouse with the ammonia injection system turned off to avoid
interfarence. Results from the 100- and 500-hr tesis while varicus fuels were
fired {oil, bituminous coal, subbituminous coal, and lignite) demonstrated that the
CFF was not ozidizing 80, to 80,.

* The §0)-hr bituminous coal-fived tests demonsbrated that the reaetivity of the
catalyst-coated fabric decreased alightly during the first 100 hours of operation.
Aftar 100 hours, performance was stable, demonstrating 80% N0, reduction, with
an ammonia slip of 7.5% of the inlet NQ, concentration at an airto-cloth ratio of
3.3.5 f'min. Assuming an inlst NO, eoneentration of 300—0 ppm (0.5 to 0.7 1b
of NO/MMBtu), which is greater than if not typieal of pe-fired boilers with low
NOQ, burnars, the resulting ammonis glip would he 20-30 ppm., These resulte
demonstrate that the CFF can meet the DOE/PETC Advanced NOQ, Control
Program ohjective of reducing NO, emissions to 60 ppm (0.1 b of NO/MMBiu) or
less and mest ammonia emission limits (9 to 30 ppm) currently enforced in some
areas of the United States.

* Analysie of baghouse hopper ash colleeted during the 500-hr test showed that
ammonia concentrations in the ash were <30 pgfg when attempting to achieve
80% NO, reduction. At this level, <380 xg/g, ammeonia concentrations in the ash
arse not expacted to interfere with ash disposal or utilization options.

» Particulate epllection efficiency was typically >99.9% during the 500-tr tests,
easily meeting the current New Source Performance Standard of 0.03 Ib/MMEtu.
Exceptions ware ohserved when ammonia slip exceeded 40 ppm, resulting in the-
formation of sulfates or bisulfates. Baghouss differential pressure was eazily
controlled between 4 and & in. W.C. using on-line pulse cleaning.

45 Pilot-Scale Fabric Durability Test

s A gingle set of nine eatalyst-coated DESS2 bags was evaluated in a slipstream
baghouse for 5136 hours, resnlting in 13,820 cleaning eycles, whils
subbituminous coal was fired in o gtoker-fired boiler ut the TIND steam plant.
Supplerental ash injection was used to augment fly ash from the stoker-fired
boiler. Baghouse operating conditions included flue gas temperatures of
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500°-TA0°F, filter faca velocities of 3=5 fymin, and ﬂiﬂ'erenhal pressures of

2-6 in. W.C. No catalyst-coated fabric failures orcurped as a result of the

5136 hours of normal haghouse operation. Because of project funding limitations
and steam plant downtime, the project objective of demonstrating a bag/eatalyst
life of > 1 year was not achieved However, there were no date collected or
obeervations made that would indicate a bagfeatalyst life of <1 year,

+ Particulate collection efficiency for the slipsiream baghonuse, as determined by a
modified EPA Method 5, ranged from 99.96% to > 99.99% for inlet mase loadings
ranging from 1.5-5.7 grfsef, An inlet mass loading of 3 griecf resulted in ¢leaning
eycle frequencies of 20-30 minutes,

+ Differential pressure across the slipstream baghouse was effectively controlled
using on-line cleaning, a reservoir pulse prassure of 43 peig, and a pulss dueration
of 0.1 seconds. Thege pulse system conditions resutted in a pulse air volume of
roughly 0.3 f* per bap.

*+ BSampling at the cutlet of the slipstream: baghouse demonstrated that the catalysi-
coated bags did not oxidize SO, to 80,. Measured S0, concentrations were
<1 ppm. These data are consistent with the resnlts ohserved dor the 100- end
500-hr pilot-scale parameatric tests.

+ Data from MIT Flex, Mullen burst, and bench-seale reactivity tests demonstrated
that catalyst-coated fabric sbrength and reactivity did not degrade with time,
Fabric samples tasted represented 540, 1642, and 5136 hours of flue gas exposure.

4.6 Economic Evaluation

» The ecomomic evaluation for the S00-MW new plant ease shorwed that the total
installed plant investment for the CFF coneept wag 5% higher than the total
installed plant investment for the SCR/PJFF combination: $145/k'W versus
$133/kW. The capital cost differential was due to several factors, with the single
most significant factor being the ductwork requirements associated with the
installation of & hot-side baghouse. Other elements contributing to the
differer:tial in total instzlied equipment costs included the flange-to-flange
baghouss and the catalyst-coated bags.

» On a 30-year levelized cost hasis, there was n 7.1% difference between the CFF
and the SCR/PJFF concepts, 591 versus .33 millskWh, respectively, for the new
500-MW plant. This represenis an annunal savings of $1,400,000 for the CFF. ™
Levelized costs for the CFF are driven by catalyst-costed hag replacemant costs.
Elements driving levelized costs for the SCR/PJFF included SCR catalyst
replacement costs and the additional ID fan power requirements to offset the
combined pressure losses across the SCR reactors and the PJFF,

+ Cost sensitivity analysis for the CFF showed that the cost of the eatalyst-coatad
haps has the strongest effect on overall economies, eanital and levelized eosts, for
the new 500-MW plant. Based on the assumptions used in the evaluation, the
individual bag cost wonld have to be reducad from $250 to $212/bag in order to
achieve a capital cogi break-even point for the CFF versus the SCR/PJFF.
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Howewer, it is unlikely that the cost of catalyst-coated bags ¢zm be sipnificantly '
reduced. Therafore, cost reductions st be gehisved as a result of increasad
catalyst reactivity and bag and catalyst life.

¢ The economic evaluation for the 250-MW retrofit plant eass showed that the total
insgtalled plant imvestment for the CFF concept was 3.8% less than the total
installsd plant invesiment for the SCR/PJFF eombination: $213kW versus
$221/W. In this case, no single factor contributed significantly to the
differential. Mglor factors contributing to the CFF total installed plant
investment cost mcluded the baghouse, ductwork, and catalyst-coated bags.

* On a 15-year lavelized cost basis, there was a 10% difference between the CFF
gand the SCR/PJFF concepts, 3.15 versus 10,07 mills/lkWh, respectively, for the
260-MW retrofit. This represents an apnual cost advantage of $1,300,000 for the
OFF, Levelizad costs for the CFF are dviven by catalyst-coated bag replacement
costs. Elements driving levelized cosis for the SCR/PJFF included SCR catalyst
replacement costs and the additional 1D fan power requirements to offsat the
combined pressure losses across the SCR reactors and the PIFF.

+ (ost sensitivity analysis for the CFF showed that the cogt of the catalyst-coated
bags has the strongest effect on overall economics, capital and levelized costs, for
the 250.MW reirofit. However, it is unlikely that the cost of catalyst-coated bags
can be sipnificantly reduced. Therefore, cost reductions must be achieved as a
resuit of inereased catalyst reactivity and bag and catalyst iife.

s Based on the economic evaluation, the CFF concept does not meet the Advanced
NO, Control Program ohjective of a 50% cost savings when compared to a
commercial SCR process capable of meeting the 60-ppm (0.1 Ib of NO,/MMBiu}
NO, emission limit. However, this objective was daveloped in 1989, and
estimatad SCR costs have decreased significently sinece then. In fact, shortly
before the CFF economic evaluation was eompleted, the estimated eost of SCR
catalyst decreased from $400/R° to $300/8>. Therefore, the potential to develop a
new, highly efficient NO, control process that is 0% less cogtly than 2
conventional SCR system iz diminishing as SCE costs become more competitive,

* The conceptuat design and ecomomic evaluation completed by RE&C indicates
that the CFF can he econgmically competitive with the SCR/PJIFFE, bt CFE costs
must he reduced in order to compete commercially with the better developed
technologies. Therefore, future CFF devalopment efforts must focus on reducing
the cost of catalyst-coated bags, demonsirating a bag and catalyst life of greater
than 2 years, and improving performance with respect to NO, reduction and
ammonia slip at air-to-cloth ratios equivalent to or higher than those used in this
evaluation.
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CATALYTIC FABRIC FILTER TEST UMIT DESIGN

1.0  INTRODUCTION

The University of Horth Dakota Energy and Environmental Research Center
(EERC), Owens-Corning Fiberylas Inc. {OCF), and Stearns-Roger, a division of
United Engineers & Constructors (UEAC), have initiated a research project
almed at the development of 4 catalytic fabric filter for simultaneous WO, and
particulate control. The objective of the project is to reduce H), emissions
by >90% (to achieve an N0, emission of 60 ppm), reduce particulate emissions
by >99.5%, and demonstvate a catalyst/bag 1ife of greater than one year at a
50% cost savings when compared to a commercial selective catalytic reduction
(SCR) process and conventional baghouse. The project is divided into five
tasks as Tisted below:

Task 1 = Program Definition

Task 2 - Design and Construct Test Unit

Task 3 - Experimental Program and Data Reduction
Task 4 - Conceptual Design and Economic Evaluation
Task 5 - Test Unit Removal

Task 1, Program Definition, involved preparation of a Management Flan
for the project. The Management Pian 1ncluded a projeci work plan, schedule,
budget, identification of key project personnel and their {ime commitiments,
and preparation of a Quality AssurancefQuality Control plan for the project.
The Management Plan was submitied for approval in November 1990, Preliminary
approval was obtained in December 1990, and final approval was received in
Janttary 1991,

Task 2, Design and Construct Test Unit, was initiated in January 1991.
This task is divided into three subtasks. Subtasks 2.1 and 2.2 involved the
detailed design of the test facility on which the experimenta) prooram will be
performed, the construction of the test facility, and an operational shakedown
of the system prior to initiating the experimental effort. Subtask 2.3
involves the preparation of the catalyst-coated fabric filters, by OCF, that
will be evaluated in the experimental effort,

A1 experimental activities associated with the project will he .
performed using existing EERC or other University of Horth Dakota facilities.
Therefore, i1 was not necessary to identify a host site or obtain a signed
agreement for use of a site. Most of the equipment/facilities required to
successTully complete the planned effort wera already avajlable at EERC.
Specific Task 2 activities jnciuded upgrading existing equipment (flue gas
instrumentation, the data acquisition system, and a reverse-gas baghouse) and
constructing a mew reverse-gas baghouse and a new pulse-jet baghouse.

This document presents the final "z2s-built” test unit design. An
overall system fiow diagram is presented aiong with detailed design
information for the reverse-gas (Subtask 2.1) and pulse-jet baghouses (Subtask
2.2).
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2.0 PARTICULATE TEST COMBUSTOR AND SUPPORT EQULPMENT

The flue gas stream that will be used to evaluaie the performance of the
catalyst-cozted fabric filters during the 100- and 500-hour test periods will
be generated by firing pulverized coal in the EERC particulate fest combuster
{PTIC). The PTC is a verticalily oriented, pulverized coal=fired (pc-fired)
copbustor with a thermal firing rate of 550,000 Btufhour. This corresponds to
a coal feed rate of roughly 45 to 75 pounds/hour depending on the heating
value of the coal. Figure 1 presents a simplified system flow diagram.

The combustor 1s orienied vertically to minimize wall deposits and was
designed specifically to generate fly ash representative of that produced in a
full-scale utility boiler. A refractory liner helps to ensure adequats flame
tem?erature for complete combustion and prevents rapid quenching of the
cozlescing or condensing fly ash. The mean residence time of a particle in
the combustor is approximately three seconds, based on the superficial gas
velocity. Combustion efficiencies of +99%, based on loss on ignition of the
fly zsh and the C0 concentration of the flue gas, are evidence that incomplete
combustion is not a problem with this combustor. Figure 2 15 a conceptual
illustration of the PTL.

The coal nezzle of the PTC Tires axially upward from the bottom of the
cogbustor, znd secondary air 1s introduced concentric to the primary afr with
turbulent mixing. 1In addition, tertiary air is suppiied above the burner cone
near the bottom of the combustor. Coal is introduced fo the primary air
stream viz a screw feeder and ejector. An electric air preheater is used for
precise control of the combustion air temperature. Combustion air temperature
is selected and set based on the moisture content and swelling characteristics
of the ceal fired. A combination of water-jacketed heat exchangers,
e€lectrical resistance heat tape, and insulation provide Tlue gas temperature
control at the inlet of either baghouse. -

HD Famy
I u Extt Gyclone .
o | |
= M) = f %
E. |7
i | ] .
/- oo
Combuster % Ravarag—Alr
FD Fan ;é; Baghouse
%Hﬁmm A 74 “
Cod|  |Sec. Alr
Z . P Ar /Yy e
Figure 1. Simplified system flow diagram.
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Instrumentation on the PTC permits system temperatures, pressvres, flue
gas flow rates and constituent concentrations, and baghouse-operating data to
be monitored continuousiy and vecorded on a Kaye data Jogger. The instrumen-
tation includes two Becknman model 755 0, analyzers, two Thermo-Electron model
10 #0, apalyzers, two DuPoni model 400 S0, analyzers, a Beckman model 865 (0,
analyzer, and a Beckman model 880 CO analyzer. Fiue gas sampling is routinely
performed at three locations in the system: 1) the combustor exit, 2) the
bagheuse inlet, and 3) the baghouse outlet. Thermocouples are located at
numerous points in the flue gas system to monitor key operating temperatures.
System differential and static pressures are monitored with a combination of
manometers, gauges, and pressure transducers.

Table 1 presents Kaye data 1ogger numbers, the data source {thermo-
couple, prassure transducer, or flue gas ana1yzer&, and a description of the
Tocation and operational limits established for the datz source. Data points
not recorded on the data Togger are recorded continuously on circular chart
recorders or manually on data sheets by operations personnel at specific time
intervals. Data sheets completed by operations personnel are also used as
backup to the circular chart recorders and data Togger.

A1l of the data points from the data logger will be directly downioaded
to an IBN compatibie personal computer in order to crezte & complete
spreadsheet and simplify data reduction. Although all of the data points will
be continuously Tooged on the computer, oniy selected point: will be critical
to data reduction activittes. These will include, but not be limited to,
baghouse inlet and outlet temperature, MO, concentration, 0, concentration, WRH,
concentration, and baghouse differential pressure.

Flue gas flow raies will range from 110 to 150 scfm. This range of filue
gas Fflow rates will be necessary in order to achieve the range of air-to-cloth
ratios required for the reverse-gas {1.5, 2, 3, and 4 ft/win) and pulse-jet
{2, 3, 4, and 6 Ft/min) fabric filters. Recent modifications to the PIC
Eermit continuous opevation of the combustor for extended periods {up to 500

oursy. Typical operating conditions for the PTC are Tisted in Table 2.

) Modifications to-the pllot-scale po-fired combustor will not be reguired
to complete the pc-fired experimental activities, but will be necessary to
complete the oil1-Fired 100-hour test period. The modifications for the oil-
fired test will include installation of z combustor bottom amd nozzlefburner
assembly used.previously to fire coal-water slurries and possibly installation
of a steam jacket on the fuel tank to ensure proper fluid flow. The coal-
fuater slurry burner assembly has adjustable secondary ajiy swirl vanes,

Figure 3 shows a cutaway of the combustion chamber and indicates the relative
tocations of primary, secondary, and tertiary air. The slurry is pomped from
a coniinuously stirred storage tank through the burner gun to the atomizing
nozzie, shom in Figure 4, where it mixes with atomizing air prior to entering
the burner throat.

Heated primary air carries the atomized slurry out of the burner gun,
while heated secondary air is introduced in an annular section surrounding the
burner gun. Heated tertiary afr is added through tangential ports located in
the furnace wall about one foot above the burner come. The percentages of the
total air used as primary, secondary, and tertiary air ave usualily 10, 65, and
25%, respectively.
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TABLE 1

Kaye Data Logger Data Channels

Typical

Kaye Datz

Logaer No. Pata Source Source Location Range
101 TC Combustor Qutlet 1800 +50°F
102 TC 1st Transition Outlet 1575 125°F
103 TC 2nd Transition Outlet 1375 +25°F
104 TC HX #1 Flue Gas Outiet 1350 +25°F
105 , 1C HX #2 Flue Gas Outlet 1300 125°F
106 -l TC HX #3 Flue Gas Qutiet 1200 £25°F
107 TC HX #4 Flue Gas Outlet 925 10°F
108 TC HX #5 Flue Gas Outlet 900 £10°F
109 TC HX #6 Flue Gas Outlet 830 2+10°F
110 TC HX #7 Flue Gas Dutlet 800 X10°F
111 TC Post Cyclone Flue Bas 225 *10°F
112 TC ID Fan Inlet 190 £]O°F
113 TC ID Fan Outlet 210 £)0°F
114 TC Air Preheater Temp. 200-800°F
115 TC Combustion Air Temp. 300 =25°F
116 TC Particulate Sampling Elbow 700 +10°F
201 TC Annubar 2nd Level 350 +£10°F
202 TC Cooling Water Injet B0-60°F
203 TC Combustor Cooling Water Cut 150 -190°F
204 TC HX #1 Cooling Water Out 150 -190°F
205 TC HX #5 Cooling Water Qut 150 -190°F
208 TC ESP Flue Gas Inlet 250 -375°F
207 TC ESP Chamber Temp. 250 -375°F
208 TC ESP Flue Gas Outlet 250 -375°F
209 TC Reverse-Gas Inlet 250 -750°F
210 TC Reverse-Gas Outlet A 250 -750°F
211 1C Reverse-Gas Qutlet B 250 -750°F
212 TC Pulse~-Jdet Inlet 250 -750°F
213 TC Pulse-Jet Chamber 250 -750°F
214 TC Pulse~Jet Outlet 250 -750°F
215 Pressure Transducer | R-G Differential Pressure A 0-10" H.C.
2156 Pressure Transducer | R-G Diffarential Pressure B o-10" W.C.
301 Pressure Transducer | R-G Static Pressure 0-20" W.C.
302 Pressure Transducer | P-J Differential Pressure @-10" W.C.
303 Pressure Transducer | P-J Static Pressure 0-20" W.C.
304 Pressure Transducer | Orifice Bifferential Pressure | 0-10" W.C.
305 Pressure Transducer | Annubar Differential Pressure | 0-5" W.C.
308 Load Cell Reverse-Gas Bag A 0-250 1bs
307 Lead Cell Reverse-Gas Bag B 0-250 1bs
308 NH, Analyzer R G/P-d Inlet or Dutlet 0-1000 ppm
309 S0,-A Analyzer Combustor Outlet/BH Iniet 0-5000 ppm
310 50,-8 Analyzer BH Iniet/BH Outlat 03000 ppm
311 0,~A Anzlyzer Combustor Outlet/BH Inlet 0-21 vol%
312 0,-B Analyzer BH Injet/BH Qutlet 0-21 vol%
313 CO, Analyzer Cowbustor Outlet/BH Inlet 0-20 vol¥%
314 0 Anatyzer Combustor Cutlet/BH Inlet 0-1 vol%
315 MO -A Analyzer Combustor Outlet/BH Inlet 0-1000 ppm
316 NO -B Analyzer 0-1000 ppm

BH Iniet/BH Outlet




TABLE 2
Standard PTC Operating Conditions

FTlue Gas Flow Rate 130 £20 scfm

Coal Feed Rate 45 to 80 1bs/hour
Combustion Air Preheat 200 to B50°F
Combustor Exit Temparature 1750 to 1850°F
Flue Gas 0 3 to B vol%

Flue Gas S50, 300 to 3500 ppa
Fiue Gas HO, 400 to 800 ppm
Flue Gas C 15 & 5 vol%

Flue Gas H 12 + § voi%

Figure 5 illustrates the coal-water slurry faed system that will be used
to fire fuel oil. The skid-nounted feed system includes a Moyno progressive
cavity pump that is gravity fed from a tank or drum. The variable speed drive
controls the slurry feed vate, Fuel flow rafe is measured by a Micro-motion
Flowmater with a digita) indicator.  An preumatic operated mixer is available
to continuously mix slurry fuels during a combustion test. Pressure gauges
with diaphragms measure pump discharge and the fuel nozzle supply pressures.

EERC and Consolidated Edison personnel will discuss operational issues
specific to the g¢il-fired test, Information concerning the heating value of
the fuel ofl, typica)l combustion air preheat temperature for oil firing, and
requirements for preheating fuel oil to aveid storage and pumping prablems
will be addressed. Equipment funds in the amount of %2000 were originally
specified and will be reserved for modification or acquisition needs.

3.0 SUBTASK 2.1, REVERSE-GAS SYSTEM

Subtask 2.1 invelved the design and comstruction of a reverse-gas fabric
filter device very similar to a device already in use at EERC. The existing
reverse-gas chamber was specifically designed and constructed so that it can
be operated in a manner that ¢lesely simulates bag behavior in full-scale
baghouses. 1In ordar to achieve this gnal, it was necessary to use a full-
scale bag, tension the bag properly, and employ reverse-gas ¢leaning at a flow
rate typical of full-scale speration.

The purpose for duplicating the existing device was to permit operation
over the desired range of air-to-cloth ratios (1.5, 2, 3, and 4 ft/min}
without having to slipstream a significant portion of the flue gas. This
approach will minimize tenperature and flue gas flow conirol problems.

The new and existing reverse-gas fabric Filter chambers are illustrated
in Figure &, Each chamber is 27 feet tall, excluding the ash hopper, and will
house a 12-inch-diameter bag roughly 26 feet long {25 Tinear feet of filtra-
tion area), providing 78.5 square feei of filtration area. When operated in
parallel, the twe chambers will provide a total reverse-gas fittration arsa of
157 squave feet.
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A single filter bag will be used to achieve air-to-cloth ratios of 3 and
4 ft/min at flve gas flow rates of 236 acfm (111 scfm) and 314 acfm (147
scfm), respectively. Air-to-cloth vatios of 1.5 and 2 ft/min will reguire the
use of twe filter bags and total flue gas flow rates of 236 and 314 acfm (111
and 147 scfw), respectively. A knife-gate valve was instaz]led at the putiet
of the new reverse-gas chamber so that fiue gas flow can be divertad through
one or both chambers to control air-to-¢loth ratio on-line. Flue gas pip1gg
was also vaived so that both reverse-gas chaubers can be completely bypassed.

The new reverse-gas chamber was constructed using nominal 20-inch, 304L
schedule 5 stainless steel pipe (3/16-inch wall), the same material used to
construct the first reverse-gas chamber. To simpiify construction and
assembly, the g7-foot chamber consists of three flanged/bolted sections, two
10 foot and one 7 Fool. Each seciion was wrapped with low-watt density heat
tape and insulated {3 inches} to provide the desired temperature control over
the range of S00° o 750°F. Individual lengths of heat tape were wired in
paraliel so that the loss of one heat tzpe would not affect the operation of
the remaining elements. HMultiple controllers were used to assure adequate
temperature contre] over the length of the reverse-gas chambers.

Access to each chamber i3 ?ussib1e through the top as well as an access
door near the bettom., This will be sufficient for filter bag insta)lation and
inspecticn before and after each 100- and 500-hour test period., Sight poris
were installed in the chamber wall to Efrmit visual determination of proper
bag collapse during cleaning and dust bleed through to the outside {clean
side) of the fabric during normal operztion. A sight port was also located in
:ﬂe gg?gberbtﬂp and bag cap to permit inspection of the inside {dirty side) of
e er bag.

A common ash hopper was constructed for the two chambers to simplify ash
handling, provide a common flue gas inlet, and minimize space reguirements.
The zsh hopper was constructed using 14-gauge siainless steel, wrapped with
heat tape, and insulated to prevent moisture condensation and fo control
baghouse temperature. The flue gas inlet was Tocated near the top of the
hoppar and centered between the two chamber iniets.

Clamps will be used to attach the reverse-gas Filier bags to the
thimbles at the botiom and caps at the top of each chamber. Each filter bag
will be suspended using & tension spring and load cell so that bag tension can
be set and bag weight can be continually wonitored as a function of time and
cleaning cycle. A load cell and tension spring were locaied above the top of
each chamber with a suspension rod passing through a seal on top of each
chamber. The rods are connecied to the bag caps which support the top of each
bag. This will allow the filter bags to be fensioned on-l1ine and presents a
less harsh envircnment for the Toad cell, facilitating more accurate
determination of individual bag weight.

Thermocouples were installed at the inlet, ouilet, and several locations
along the length of each chamber, Differential pressure across each chamber
and static pressure at the outiet of the iwo chambers will be menjtored
continuously with pressure transducers. Gauges will be used to visually
monitor baghouse differential and static pressure at the main combustor
control panel. Baghouse thermocouple and pressure transducer data will be
automatically logged on the data logger. As a backup, al) baghouse data will
be recorded manually on data sheets.

10
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Table 3 presents specifications and the cost of material and components
that were purchased in order to consiruct the new reverse-gas chamber and
modijfy the existing chamber. The total cost of these items was roughly
$22,935, compared to the original proposal estimate of $40,000. Although
payment for some minor equipment acquisitions is sti)] anticipated, Table 3
summarizes all equipment items orderedfpurchased as of September 30, 1991,
ﬂﬂpendix A contains final construction drawings for the various components of
the new reverse-gas chamber.

4.0 SUBTASK 2.2, PULSE-JET SYSTEN

Subtask 2.2 involved the design and construction of a pilot-scale pulse-
jet fabric filter system for use in the experimental phase of Subtask 3.3, as
well as for Tiltering the flue gas during off-line cleaning of the reverse-gas
system. Construction of a new pulse-jet fabric filter system was necessary to
achieve adequate temperature control over the range of interest (500° to
750°F) and to operatie at the appropriate ramge of air-to-cloth ratios {2, 3,
4, and 6 ft/min), with minimal flue gas flow rate adjusiments and slip-
streaming., Due to the planned operating conditions, materials of construction
are primerily stainless steel (l4-gauge sheet metal and 2 x 2-, 3 X 3-, and
4 x 4-1nch angle iron). Figure 7 itlustrates the pilot-scale pulse-jet
baghouse that was constructed.

The pulse-jet fabric filter houses twelve bags {arranged in a 4 x 3
array) 6 inches in diameter by ruu?h1y 8.25 feet long (8 Tinear feet of
filtration area), providing a totz] {11tration area of 151 square feet. Each
filier bag i5 secured to the tube sheet using a snap band sewn into the top
cuff. Stainless steel wire cages with 20 vertical wires and 6inch ring
spacing previde bag support. The pulse-jet system will be a single
compartment capable of either on-"or off-tine cleaning. Flue gas enters the
baghouse in an arez just betow the bottom of the cage-supported bags and above
- the ash hopper. )

Access to the filter bags and stainiess steel wire cages is gained by
removing the clean air plenum at the tep of the baghouse., A catwalk was built
between the first deck of the PTC tower area and the pulse-jet baghouse at
about the l4-foot level. A second catwalk extends around the perimeter of the
baghouse to permit relatively easy access io the top of the pulse-jet baghouse
for inspection, maintenance, and instaliation and removal of filter bags and
cages.

Low-watt density heat {ape made for conductive surfaces was used to
preheat the baghouse to prevent moisture condensztion during stari-up and teo
control baghouse temperature over the range of interest {500° to 750°F). One-
inch heat tzpe was run vertically on each of the four baghouse walis spaced on
roughly 6-inch centers. The individual elements were wived in paratlel to
minimize the impact of single efement failures. The baghouse ash hopper is
heated 1n a similar manner. Five temperature controllers are used to
adequately control electrical resistance heating on the pulse-jet baghouse.




TABLE 3
List of Equjpmmﬂt and Materials PrncurﬂdfFahricated
or the Reverse-Gas Baghpuse

pDescription

Yendor

© Estimated
Cost

Baghouse Shell:

24 feet of 20-inch 304L SS pipe,
20,25" 0D with a 3/16-inch wall,
Cit to lengths of &, 7, 10, 0.5,
ang 0.5 feet

2 carbon steel flanges,

¢ inches by 5/8 inches,

16-5/8" oversized bolt holes,
welded to sections of 20-inch pipe

I 304 S5 plate cap, 3/16" material,
16-5/8" oversized bolt holes

Bolts/nuts/washers Tor assembly

Electrical Heaters {(Conductive surface '

heat fapes):

30-1" x 120" (208 ¥V, 240 wattsfin )

40-1* x 216" (208 ¥, 2 watts/in®)

15-1/2* x 18’ (208 ? 271 watt)
{intei/outiet pip&}

32-1" Hopper Heating Tapes

Temperature Controllers:

9 temperature controllers, 208 volts,
9 thermocouple converter boards,

9 45-ampere contactors

Insulatfon:
Fiberglas tnsulation, 350 THZ,
(2" thick, 850°F max.)
52 Tinear feet for steam pipa reroute

140 )inear feet for inlet/outlet pipe
w/elbows
56 linear feet for 22-inch pipe

K-Hool high-temperature insulation,
10 roils of 1% thick insutation,
24" wide by 25 feet Jong

Sight Ports:
Sight glass, 2-10" dia. by 1/4",
Sight glass, 4-3.5" diz. by /4"

3tainless steel fittings, 4-inch,
4 each, fittings/ferrulesfclanps/
caps/faaskets,

Crookston Welding

The Conrad Co.

Border States

Scott Equipment

Applied Tharmal
Systems

Smith Sharpe

Sci. Glass Engr.

Linceln Supplies

$ 3,050

$ 3,365

$ 2,400

$ 2,080

$ 875

$ 175

$ 880

12
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TABLE 3 (Continued)

Estimated
Description Yendor Cost
Electrical Commectors/Misc. Border States -$ 213
Quest $ 100
Radie Shack $ 2%
Hopper Matevials:
4 by 5-foot 146A 304 55 Grand Forks Welding $ 140
24 1/4" x 51 1/2" 3716 304 S5 Industrial Stainless $ 4585
48% x 96" 14GA 304 55
Load Cell System:
1 200-1b load cell, Omega $ 775
2 rod end,
1 power supply, 24 voli DC
1 power supply, 10 volt
1 250=-1b dynamometer McMaster Carr $ 450
Pressure transducers: Simone 31,730
2 differential pressure transducers,
2 0-10" W.C. and 1 O-5" U.C.
Thermocouples and Wire: Simone $ 600
12-8" Type K thermocouples,
6-4" Type K thermocoupies,
1000 feet of Type K Wire
DeZurik Valves: Plant Equipment $ 765
1 pneumatic-actuated knife-gate,
3.5-1nch pipe, 304 S5 body and gate,
Maximum temperature 1000°F
Replacement packing
Expansion Joints: Hyspan Prec. Prod. § 1.360
3-304 55 construction,
. 3.5-inch pipe with flow Tiner
Miscellaneous Items:
$S Fittings and Tubing, 1/4°, Quest Engr. $ 170
1/4% Tygon tubing, 600 feet & ferrules HMH Yalve & Fitting $ 120
174" 304 SS tubing Industrial Staipless $ 77
3.5" 304 S5 pipe, 60 fest Advanced Fluids $ 1,360
5 3.5" Tong radius 304 55 elbows
1 3.5" 304 55 tee
8 3.5" 304 55, 150# flanges
Structural Steel: Grand Forks Welding $ 695
Carbon steel safety plate, Horthern Plumbing $ 70
¢hannel iron, angle iron, floor plate, Linfoot $ 115
ate.
Miscellaneous Items:
Contingency: $17.065
TOTAL $40,000
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_Pulse-jet cleaning can be triggered as a function of baghouse differen-
tial pressurz or as a function of time, The baghouse pulse-jet cleaning
systen is operated by a coniroller that permits adjustment of cleaning
frequency and pulse duration. Timers are used to set pulse duration and off-
time, while counters total baghouse operating time and test time in hours and
total and test cleaning cycles. Filter bag cleaning occurs when the
contiroller opens the solenoid-operated valves betwesn the pulse-air reserveir
and the four pulse-air wanifold 1ines. Each manifold Tine provides pulse ajr
to three filter bags. Three filter bags are ¢leaned simultaneously, with a
short delay between each set of three filter bags to allow air pressuve to
recaver in the pulse-air reservoir,

in response to a question raised by the commercial sponsors, the LERC
Project Manager contacted Bob Carr of Electric Power Technologies, Inc. to
abtain information on the pulse-air pressure and volume requirements for a
Tow-pressure/high-volume system, Bob stated that during a recent pilot-scale
test of low-pressure/high-volume cleaning ai the Mariin Drake station of
Colorade Springs Department of Public Utilities, a puise pressure of 12 psig
was successfully used. Pulse volume was 2 ft* per pulse for 3 bags each
having 25 ft® of filtering surface. This is roughly 0.67 ft’ Eer bag or 0.03
ft2/ft* of fabric surface. Based on the information provided by Bob Carr, the
EERC has included high-pressure/Tow-volume and low-pressure/high-volume
Elagning options in the Tinal design of the pulse-air system for the pulse-jet

ghouse.

In order to operate at a Tow-presstre/high-volume condition in the new
pulse-jet baghouse, a pulse volume of 1.1 ft* wonld be required for each set
of three bags. Figure 8 presents data from shakedown tests showing the
relationship bhetween pulse volume and pulse duration for a reservoir pressure
of 12 psig. This data indicates that a pulse duration of roughly 0.33 seconds
will be necessary to generate a pulse volume of 1.1 ft’. Figures 9, 10, and
11 present similar data for reserveir pressures of 40, 50, and 60 psig,
respectively. For ihe high-pressure/Tow-volume case, D.01 to 0.02 Ft'/ft* of
fabric surface is common. Therefore, a maximum pulse volume of 0.75 #t* will
be required to clean one set of three bags. For a pulse pressure of 40 psiyg,
a pulse duration of roughly 0.03 will be reguired. For reservoir pressures of
50 and 60 psig, the minfmum pulse volusme appears to be zbout 1 ft for each
set of three bags.

In order tc control and cperate the pulse-jet baghouse at air-to-cloth
ratios of 2, 3, 4, and 6 ft/min, it will be necessary to stop gas flow through
selected filter bags on-1ine. Table 4 1ists the number of on-Tine fiiter bags
that wil) be required in order to operaie at the desired air-to~cloth ratios.
A flue gas flow rate of 141 scfm (302 acfm) was chosen based on the typical -
operation of the pc-fired pilot-scale combustor. Figure 1Z presents a more
detailed illustration of the ¢lean air plenum showing the intended approach to
sealing off jndividual filter bags. Although a plug threaded into a pipe
coupling may not be a perfect seal, it should be adeguate to effect the flue
gaz flow control desired. When individual filter bags are sealed, at least
one filter bag in each rew of three will remain on-Tine to permit the cleaning
mechanism to function properly. The geometric arrangement of the on=-Tine
filter bags will be selected to assure adeguate flue gas distributicn in the
baghouse amnd avoid temperature gradients.
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Figure 8. Pulse volume versus pulse duration at 12 psig.
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TABLE 4

The Wumber of Filter Bags Required to Achieve the Range of
Air-to-Cloth Ratios Desired in the Pulse-Jet Baghouse*

Fabric Surface Area, Air-to-Cloth Ratio,
Number of Bzas ft? ft/min
) 50.3 5]
& 75.4 q
8 100.6 3
12 150 .8 2

* The flue gas Tlow rate for the pulse-jet baghouse tests will be 141 scfm
(302 acfm).

Thermocoupies ware installed at the inlet and outlet, as well as at
several locations along the length of the chamber. Differential pressure
across the chamber and static pressure at the outlet of the chamber are
wohitored continuously with pressure transducers, Eauges are used to visually
monitor baghouse differential and static pressure at the main combustor
control panel. Baghouse thermocouple and pressure transducer data is
automatically logged on the data Togger. As a backup, baghouse data is
recorded manualily on data sheets.

Baghouse ash removal is accowplished by opening a &inch knife vaive at
the bottom of the hopper, allowing ash waterial to drain into a 5 to 10-
gallon ash container. An ash container of this gsize fag¢ilitates easge in
handling and 1s adequate for ash accumulation during relatively short test
pariods {up to 8 hours). Longer test pericds will requive a Targer ash
container or wore frequent handling. This determination will be made as a
_ rasult of comptefing several longer test periods and soliciting input from
operations personnel.

Table & presents specifications and the cost of material and components
that were purchased in order to construct the new pulse-jet baghouse. The
total cost of these items was $25,672, compared to the original proposal
estimata of $35,000. Although payment for some minor equipment acquisitions
is sti11 anticipated, Table 5 summarizes all equipment items ordered or
purchased as of September 30, 1991. Appendix B contains final construction
drawings for the various components of the new pulse-jet baghouse.

5.0 AMMONIA ANALYZER

A bid request for an on-line ammoria analyzer was prepared and mailed to
prospective suppliers in January. Only two manufacturer: responded to the bid
request, ADA Technologies Inc. and Siemens Energy & Automatfon, Inc. After
reviewing the specifications for an on-line ammonia analyzer submitted by the
respective companies, EERC personnal falt that the analyzer proposed by
Siemens Enargy & Automation, Inc. was the best choice. This selection was
based on cost and the fact that the Siemens imstrument is currently being used
commercially in Europa.
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figure 12. Pulse-jet clean air plenum.
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TABLE 5

List of Equipment and Maierials Procured/Fabricated
for the Pulse-Jdet Baghouse

Estimated
Description Vendor Cost
Baghouse Shell: Industyial 53
2 sheets 14-gauge 304 S$, § by 10 fi $ 360
3 3-ft by 10-ft sheei, 14GA 304 SS, £ 410
2" x 2" x 174" S5 angle, 100 feet 5 290
3% x 3" x 174" SS angle, 40 feet 5 445
4* x 4" x 1/4" S5 angle, 20 fest $ 320
50.75" x 40.75" (3/16™ 304 $5) plate $ 200
46" x 36" (3f16" 304 55) plate $ 165
2 48" x 120" (14GA 304 55) plaie $ 360
3 38" x 120" ([146A 304 55) plate $ AlD
Electrical Heaters (conductive surface The Conrad Co. $ 1,59
heat tapes):
30 l-inch by 10-foot 208 wvolt, 2 watts/in®
28 1" tapes for hopper
Temperature Conirollers: Border States $ 1,330
5 temperature controllers, 208 volts
5 thermocouple converter boards
5 heat sink _
2 45-ampere contactors
5 sofid-state relays
Insuiation:
Fiberglas insulatien, 350 THZ (B50°F max.) Scott Equipment § 3,050
10 pieces, 36" x 72" x 2"
g pieces 4' x 8' x 2" Applied Thermal § 1,010
Systems
K-Won1 high-temperature insulation, Smith Sharpe $ 615
7 rolls ef 1" thick imsulation,
24" wide by 25 feet Tong
Sight Ports:
Sight glass, 6=3.5" dia. by 1/4" S5c1. Glass Engr. $ a0
5tainless steel fittings, 4-inch, Lincoln Supplies § 1,280
6 each, Tittings/farruies/clamps/
caps/gaskets
Pressure Transducers:
1 Differential Prassure Transducers, Simone $ 865
D-lﬂ“ “-c 1)
1 5tatic Pressure Transducer, Siuwone § 750
D-25" ¥.C.
2 Power Suppiies, 10 volt Newark 3 127
20 continued . . .
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TABLE 5 {Continued)

Estimated

Description Yendor Lost
Thermocouples and Wire: Omega $ 480
10-12" Type K thermocouples,
2-4" Type K thermocouples,
500 feet of Type K Wire
14-6" thermocouple Type K Simone $ 155
Miscellaneous Elactrical Supplies Border States 3 180

' . Wasco 3 83

2 Expansion Joints Hyspan $ 910
Pulse System:
8" x 8" pipe nipples Vincent Meials £ 55O
43" Schb 12" (304 S5) Pipe Industyrial SS % 1,035
2-12" Pipecaps {302 55)
1" Full pipe couplings {30% 55)
1 1/2" female pipe couplings
1 1/2" male pipe couplings X 3" Jong (304 S5)
1" 5¢hdQ pipe (304 S5
1% female pipe ¢aps (304 5%5)
4-1* wale threaded pipe couplings Quest $ 76
1-1/2" male threaded pipe couplings
b Selenoid valves ' Goyen Valve 3§ 200
12-12* averall length flexible hose {304 $S) Ritchie Engr. $ 475
Baghouse Controller:
1 Dwyer 3010 photohelic, (uest $ 185
1 Redington counter (keved)} P32-1025-115AC, Newark $ 390
1 Redington counter (reset} P2-1006-115AC,
1 Cramer nonreset clock 10053,
1 Cramer resattable clock 10079,
3 Crydon 115 volt solid-staie relays,
3 Assorted selector and start/stop switches, Trask $ b5ad
Hagnehelic 0-10" WC, cabling Quesi $ 415
Inlet/Outlet Piping:
3 1/2* 304 S5 pipe, 40 feet Advanced Fluids § 1,100
9-3 172" long radius albows
4-3 172" 304 53, 150# plate flanges
8 3 172" 304 55, 150# plate filanges Indusirial S§§ $ 535
4-4* 304 55, 1504 plate flanges $ 210
1" x 1/8" 304 Angle {304 SS) Grand Forks $ 48
3* x &' 3/16" 304 S5 plate Welding $ 227
1* Sch40 304 SS pipe $ 110
/16" x 1" 304 55 strip $ 75
Structural Steel: Northern Plains § 2,328

Carbon steel safety plate,

6™ channel,

4™ x 4" square tubing,

3" x 3" amgle

Miscellaneous Construction Materials

Steel &
Grand Forks
Welding

continued . . .




TABLE 5 (Continued)

Estimated

Description Yendor Cost
1 Dezurik Valve Dezurik Valve $ 6715
Filter Bag Cages: Royal Wire $ 1,080
13 pieces, 304 55 wire cage,
BT by 96", 20 vertical wires,
C-channel top, welded bottom
Miscellapeous Items:
Fuel 0i1 Firing 3 2,000
Contingency: 3 9.3728
TOTAL $£37,000

The package proposed by Siemens included a sampling probe, an ammonia
converter, and the UTtramat 5 nondispersive infrared analyzer. The purpose of
the sampling probe is to remove dust and 50, from the sample gas stream. Dust
removal is accomplished using a standard filter element. Sulfur dioxide is
removed using a module containing a proprietary sorbent material. The
sampling probe elements ave all heated to 660°F {350°C} using electric furnace
elements. This is necessary in order to avoid asmmonium sulfate or bisulfate
formation. Since the sam?1ing probe propesed by Siemens is designed for use
in a full-scale commercial application, it wili not be appropriate for the
3.5-inch flue gas duct size on the PTC System. Therefore, EERC intends to
build a heated sample prabe mare appropriate for this pilot-scale application.
The sampie probe wiil make use of a standard dust-leading filter to remove
particulate from the gas stream and the Siemens proprietary commercial sorbent

for 50, removal.

An apmonia converter will be required in order to gensrate an asmonja-
free flue gas sample stream for the flow through the reference cell. To
zccomplish this, the flue gas sample stream is split, with half the flue gas
sample stream entering a titanium dioxide ammonia converter and the second
half entering the sample cell. The ammonia converter has an operating life of
approximateiy 3 yeavs and then can be regenerated in the field. The price
quoted by Siemens for the ammonia converter was $5,778.

The Ultramat 5 is a nondispersive infrared -analyzer. This is the same
type of analyzer that EERC is currently using for measurement of nitrous oxide
{N.0), with the exception of the reference cell. The ammonia measurement
technique in this case is sensitive to CQ,, 50,, and .water vapor. This
sensitivity is mitigated by using the floew through reference ceil and the 30,
sorbent moduie. Ammondia measurement sensitivity to CO, and water vapor is
eliminated as a result of both the reference and sample gas stream containing
the same comcentration of €O, and water vapor. Concerns with respect {o
ammonia/sulfur by-products are addressed, as previously stated, by removing
the 50, from the sample gas stream prior to the analyzer. Table € presents
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additional specifications for the Ultramat 5 analyzer. The price quoted for
the Siemens Ultramat 5 analyzer was $10,915.

At this time, EERC personnel estimate that the total cost for the on-
1ine ammonia amalysis system will be less than $30,000, well within the
$50,000 originally included in the project budget. This cost includes the
sample probe (to be designed and constructed by EERC), ammonia converter, and
the Ultramat 5 analyzer. This is substantially cheaper than the roughly
$60,000 guoted by ADA Technologies Inc., which also reguired design and
construction of & samplie probe to remove particulate and limit 30,
concentration in the flue gas sample stream. In addition to cost, the fact
that the Siemens instrument 45 currently being used commercially adds a degree
of confidence to its potential performance in this pilot-scale application.

TABLE & | %

Specifications for Siemens Ultramat 5
Nondispersive Infrared Analyzer

Output Signal: Anzlog 0-20 mA, Digital RS 232C
Ammonia Measurement Ranges: 0-50 and 0~1000 ppm
Sample Cell Heated To: 75°C
Sample Gas Flow Rate: 2 Tliter/min
Resolution: 1.0% of full scale
Dimensicns: 43.8 x 17.7 % 27 cm
Puﬁer Requivrement: 110 volts AC
Materials of Construction
for Sawple Carrying Parts: Statnless Steel
23
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APPENDIX A
REVERSE-GAS AMD PULSE-JET BAGHDUSE DRAWINGS
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DESCRIPTION OF BAGHOUBE SLIPSTREAM SYSTEM AND PROCEDURES

The baghouse slipsiream system consists of the following eight msjor components:
1) UND steam plant Boiler No. 7, 2) a particle knockout devics, 3) a pneumatic ash
injection system, 4) a baghonse, 5) catalyst-coated filier bags, €) four water-cooled heat
exchangers, 7) en induced-draft (ID) fan, and 8) system instrumentation. Individual
component design and operating characteristics are described in the following paragraphs,
as well as particulate sampling and anatytical procedures used during the bag durability
test. Figure B-1 is a conceptual illustration of the baghouse dlipstream systam.

UND STEAM PLANT BOILER

The UND staam plant boiler {Boiler No. 7) is a spreader-stoker boiler designed to
produce 72,750 Ivhr (39,000 kg/hr) of steam at 355°F (180°C) and 140 psipg (896 kPa),
Thiz boiler was degigned and built by Zurn Indusiries, Ine., in 1978, Typical operation of
this boiler results in Joad swings from 20,000 to 100,000 W/hr (2080 to 45,400 kg/hr) of
steam to support the University's heating and cooling systems. This boller typically
operates from October 1 to May 15 of earh year.

A wastern subbituminous coal was fired in the TUNT} steam plant boilers. Fly ash
produced in the boiler is mechanically collected at the 1D fan inlet by a multicyclone. Fly
ash from 20% of the flus gas iz alzo eollected in a conventional pulssjet fabric filtar. The
minimel instrumentation on the botler consists of devices to measure system static and
differential pressures, flue gas temperatures at various locations, and steam-side
temperatures, pressures, and flow rates.

PARTICLE ENOCEOUT DEVICE

A particle knockout device was installed upstream of the slipstream putse-jet
baghouse to remove +100-mesh {(+147-pum) ash and uncormbusted carbon particles from the
flue gas atrearmn. Previous particulate sampling at the location in Boeller No. 7 from which
the fiue gag shipstream was to he removed indieatad that 40-45 wi% of the +100-mesh
{%147-pan) particles was earbon. Removal of these particles upstream of the baghouse was
deamed necessary to minimize the potential for carbon burnout in the hot-side baghousa.
Installation of the particle knockout device reduced the carbon content of the fly ash
entering the baghouse from about 25%-30% to <15% by weight. The particle Imuﬂkuut
device 15 illustrated in Figure B-2,

The design is relatively simple and minimizes additional system pressure drop. Flus
gas velocity is decreased by increasing the eross-sectional area of the flow path from 0.10
to 0.38 £t* (0.009 to 0.035 m®). This Increase in flow path area results in # decrense in flue
gas velocity from roughly 75 to 20 ft/sec (23 10 8 m/sec). Reducing the flue gas velocity
allows the +100-mesh (+147-um) particles to settle out of the flow path, impact the
downstream wall, and settle into the hopper. As a contingency, an adjustable deflecior
plate was installed in the particle knockout deviee to divert the flue gas flow path,
inereacing particulate impaction on the walls of the device and resulting in inereased
particulate fallont. Opposing sight ports were inztalled near the outlet of the particle
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Imockont device so that burning particnlate entrained in the flne gag leaving the device
could ba visually monitored. The ash hopper of the particle knockout devics was piped
into the bofler's pneumatic ash-handling system, minimizing oparator time required for
ash dumping and eliminating direct ash handling. The operating temperature of the
particle knockout device i3 about I3G0°F {~T7056°C), requiring stainless steel construction
and insulation of all exposed surfaces with the exreption of flanges.

PNEUMATIC ASH INJECTION SYSTEM

The pneumatic ash injection system used to introduce snpplemental ash into the flue
gas slipstream consisted of two primary components: the volumetrie faader and the air.
operated vacunm pump, Figure B-3 illusirates the bagic system components. Ash was
injected into the flue gas slipstream immediataly downstream of the particulate knockout
device, An Acrigon Ine, Model 105 volumetric fesder was used, The feeder was
electrically driven wsing a 50:1 gear ratio and a (.73-in. (18.5-cm) solid-core screw. Based
on an ash density of 100 1b/t* (1603 kg/m?), feed rate capacity ranged from 1.6 to
81.0 ivhr (0.7 to 36.8 kg/hr). The volumetric fseder hopper was modified to increass its
capacity from 1.8 to 5.7 ft* (0.05 to 0.16 m*) to minimize refilling reguiremants,

An air-operated vacuum pump, Model TDHER 8B0M manufactured by AIR-VAC Ine,,
was used to disperse fly ash particles into the flue gas slipstream. The alr-operated
vacuum pump employed compressed abr entering through em anmdar orifice, which
rasulted in a straighi-through vacuem paseage and permitted solids to pass directly
through the pump with no directionat change or reduction of vacuum flow. Figure B-3
llustrates this speeifie vacnum pumyp dasign.

Solids ware discharged from the vacunm pump into a 0.5-in. (1.3-cm) stainless tube
through which the solids were injected concwrrently into the flue gas slipstream. Total
exhaust air from the vacuum pump amountied to about § sefm (0.2 m*min}.

BAGHOUSE

The baghouse for the slipsiream was designed and built by Donaldson Company,
Inc., and is illustrated in Figure B-4. Materials of construction are primarily stainless
steel because of baghouse operating conditions. Baghouse design permits operation at
temperatures of up to 1000°F (538°C) and flue gas flow rates of 680 acfm (19.2 m*/min).
The haghouse is a single compartment housing nine bags, each 0.5 ft (0,15 m} in diameter
by 8 i (2.4 m) long. Total hag filtration area iz 113 £2(10.5 m?.

The bags and stainless stes] cages are accessed through a 2.3- x 8.7-& (0.70- x
2.65-m) door in cne wall or by removing the clean air plenum at the top of the baghouse.
Electric heaters are located just above the baghouse ash hopper to prevent moisture
condensation during start-up and nonoperational pericds.

Pulzejet cleaning ean be triggered as a fimetion of baghouse differential pressure
(AP) or time. Puring Subtask 3.4, filter bag cleaning was performed as a function of
baghouse 4P. The baghouse pulsejet cleaning system is operated by a programmable
controller that controls cleaning frequency and pulze duration, Clocks snd counters in the
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controlter display total system operating time and test time in hours, total cleaning
eyeles, and test cleaning eycles. Filter bag cleaning occurs when the programmable
controller opens solenocid-operated walves hetwaen the puiss-air manifold and the three
filter bag blowpipes. Each blowpipe containg three pulse-air orifices, one located over
each individual bag, Figure B-5 illustrates the pulsejet component configuration for the
haghouse. Three filter bags are deaned simultaneously with a short delay between each
get of three filter bags to allow sir pressure to recover in the pulse-air maniiold. Air
pressure in the meanifold was nominally 43 psig (297 kPa). Manifold pressures of 85 much
as 100 psig (690 kPa} are possible. At a nominsl pulse-air manifold pressure of 43 psig
(297 kPa), a pulse-air volume of approximately 0.91 scf (0.03 m* is discharged to each set
of thres baps doring a clesning eycle. Actual pulse pressures are guite low, —~ 3 psig

{21 1Pa}, becanse of a large pressure loss across the solenoid-operated valves. Pulge
yressure and volums at each pulse-air corifica appear to be uniform.

Baghouse ash removal is accomplished by opening a 0.5-ft (0.15-m) knife valve at the
bottom of the hopper to allow pneumatic transfer via Boiler Mo, 7's ash-handling system.
Access to the pneumatic transfer line below the baghouse ash hopper is possible,
facilitating collection of ash samples.
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Figure B-5. Baghouse pulsesget component configuration.
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CATALYST-COATED FILTER BAGS

The catalyst-coated bags installed in the slipstream haghouse had been previously
uzed during & 100-hr pilot-scale pulseset test (PTC-BV-£29) in support of Subtask 3.5.
Nine of the twelve bags used during the 100-hr test were installed in the slipgtream
baghouse, with the remaining three bags aveilable as spares for periodic bag replacernent.
The bags installed were 0.6 ft (0.16 m) in diameter and roughly 8.25-ft (2.51-m) jong.
These filter bags were prepared using a high-temperature woven glass (52-glass) compesed
of DE-fibers (6.5 micron) having a fabric weight of 22 oz/yd® (748 g/m® (DESS2 fabric),

.. Beven coats of a vanadium-titaninm cetalyst were applied to the fabric using an organie-
based process, corresponding to Fahrics 17 and 1068 in previvus bench-scale tests, Each
bag was constructed using a gewn vertical seam and sewn cuffs on the top and hottom.
The rolled, top cuff was 2.5 in. (6.35 ¢m) wide and contained s snap-band for securing the
bag to the tube shest. The bottom ¢uff waz also 2.5 in. (6,35 em) wide and provided a dise
elosure on the battom of the bag and & cage wear sixip,

Filter bag installation was accomplished using a standard snap-hand closure that
secured each bag to the tube sheet. The bags were supporied by stainless stesl wire
cages. Bach cape was eonsiructed using 20 vertical wirea and a ring spacing of ronghly
6 in. (15.24 em). The top collar was = rolled channel which protected the top of the bag
enff and supported the cags on the tube sheat. A solid eap sacured the hottom of each
cage, and all cage components wers welded.

WATER-COOLED HEAT EXCHANGERS

Flue gas eooling prior to the ID fan was nacessary to maintzin eontrol of overall
system fiue gas flow rates and to prevent overheating of the ID fan, Meximum operating
temperature for the ID fan is 600°F (316°C), as specified by the manufacturer. Therefore,
flue gas temperaiure is reduced 150°—400°F {8§3°-222°C), depending on flue gas fiow
rates and baghouse temperature, prior to entering the ID fan. Four water-cooled annular
heat exchangers are situated upstream of the ID fan at the followmng loeations: 1) the
particle knockout devica exit, 2) the baghouse injat, 3) the baghouse exit, and 4) the ID
fan inlet.

Ar a result of this arrangement, flue gas must pags through two heat exchangers
prior to ity entering the haghouse and two additionel heat exchangers prior to entering
the TD fan whether the baghouse is on-line or has been bypassed. The water flow rate
through each heat exchanger is typically < 1.0 gpm (< 3.8 L/min), Heat-exchanger surface
areg totals 32,9 £ (3.0 m®). Of the total heat-exchanger area, 6.7 f£2 (0.7 m?) was added
upsmream of the baghouse to provide more flie gas cooling prior to initiating Subtask 3.4,

INDUCED-DRAFT FAN

The ID fan on the baghouse slipsiream gystem is a Chicage Blower centrifugal fam.
Fan capacity is 560 ft*/min at 600°F and 48.5-in. W.C. (16.8 m*min at 316°C and
12.2 kPa). The fan is powered by a direct-drive 7.5-hp (5.6-kKW) motor operating ai
3600 rpm. Flue gas flow rate through the fan is controlled by a 4-in. (10,2-cm) buiterfly
valve located dovmstream of the fan. Flueé gus from the baghouse slipstream system is
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then duomped back into the Boiler No. 7 flue gas ducts upsiream of the Boiler.No. 7
multicyclone and ID fan. '

INETRUMENTATION

Instrumentation on the baghouse slipstream system is limited to that necessary to
menitor and record tamperatures, statie and diffierential presswres, cooling water flow
rates, ID fan vibration, and ID fan amperage. Thermocouples (TCs) are located at sistesn
paints in the baghouse alipstream system. Eleven T(s monitor flue gas temperature and
five monitor water temperature in the cooling system. Of the eleven flue gas TCs, four
are located upstream of the baghouse, four are located in the baghouse, and three are
located downstream of the baghouse. The baghouse TCs penetirate the walls of the
baghouse smd are placed vertically and horizontally in such a way as to produce a
baghouse temperature profile on the dirty-gas gide. All TC values are antomatically
logged on an incremental time hasis. Table B-1 presents Kaya data logger numbers for
each TC, a description of TC locations, and operatiomal limits established for each.

Three static and two differential pressures are meagured continously on the
baghouse slipsiream system. Static pressures are measured at ths inlet to the baghouse
glipstream gystem, at the clean.gas side of the baghouss, and at the loecation where the
annubar differential pressure is measured. Differential yressure is measured at the
baghouse and downstream of the baghouse with an annubar. The annubar differential
and static pressures and the flue gas temperature downstream of the baghouse are used to
ealeutate flue gas flow rates. Fiue gas flow rate is controlled by maintaining a constant
annubar differential pregsure wsing & motorized butterily valve located downstream of the
ID fan. Manual adjustments are made to the controller set point only when significant
changes in boiler steam load (110,000 lvhy or 4540 kphr) eeeizyr. Table B-1 presenta
Kaye Data Logger numbers, a description of location and operational limits established
for annubar and baghouse differential presmres, and baghouse and slipsiream system
static pressures.

A vibration monitor and an ammetar are used to monitor the oparation of the ID
fan. The vibration monitor measures displacement, acfivating an andible alarm at the
first limit (0.002 in. or (L00B cm) and shutting down the ID fan at the second limit
{0,008 in. or 0,007 em) to prevent egnipment damage and potential injury to parsonnel,

PARTICULATE SAMPLING PROCEDURES

Three types of particulate sampling methods were employed during Sabtask 3.4, a
modified EPA Method §, multicyelone, and real-time sampling with the TSI APS-33
systermn. A modified EPA Method 5 was the primary sampling technique used for
determining baghouse efficiency and required sampling at both the baghouse inlet and
outlet. Inlet particulate sampling with a modified EPA Method 5 sample train used a ).
to 60-min sampling period. Particulate sampiing at the baghouse sutlet generally
eonsisted of & 2-hr sampling period. Wet 80, measuraments were periodically conducted
uging a selective condensation technique.




TABLE B-1

Eaye Data Logger Channals
Kaye Data Data
Logger No. Source Bource Location Mazimum Limit
101 C Blipstream System Inlet 1700°F (927°C)
102 TC Inlet EPA-5 Sample Port 1300°F {705°C)
103 TC Baghouse Inlet Heat Exchanger 1100°F (594°C)
Flue Gaz Inlet
104 TC Baghouse Fiue Gas Inlet TH0°F (399°C)
106 TC Baghouse Inlet Heat Exchanger 190°F (88°C)
Cooling-Water Outlet
108 TC System Inlet Heat Exchanger 180°F (88°C)
Cooling-Water Outlst
107 TC Baghouse South Jide, Top 725°F (385°C)
108 TC Baghouse North Side, Top T25°F (385°C)
109 TC Baghouse South Side, Bottom 725°F (385°C)
110 C Baghouse North Side, Botiom 726" (385°C)
111 TC Baghouse Flus Gas Outlet T25°F (385°C)
112 TC ID Fan Flue Gas Inlet 575°F (302°C)
113 TC ID Fan Flue Gas Outlet BB0°F (288°C)
114 TC Cooling-Water Inlet Variable
116 TC Baghousze Outlei Heat Exchanger 190°F (88°C)
Cooling-Water Outlat
118 TC Baghouse Bypass Heat Exchanger 190°F (88°C)
Cooling-Water Quilet
201 Pressurs Annpubar Differential Pressure 25 mn W.C. (0.6 kPa)
Transducer
202 Pressure Baghouse Differential Pressure 10 in. W.C. (2.5 kPa)
Transducer
203 Pressure Baghouse Static Pressure 20 in. W.C. (5.0 kFa)
Trangducer -
204 Pressure Slipstream System: Inlet 20 in. W.C.{5.0 k¥Pa)
Transducer Static Pressure
205 Vibration  ID Fan Vibration 0.003 in. (©.007 cm)
Monitor

Multiryelone sampling was conducted at the baghouse inlet to determine fly ash
particle-size distribution. Particulate concentration at the baghouse ouilet was too low to
warrant multicyclone sampling. A five-stage Southern Research Institute (SoRD
multicyclona was used to collect size-fractionated samples to determine particle-size
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distributions. The SoR] mulitecyclone was used extractively; the sampling probe was
heated, and the entire multicyclone was eontained in an oven to prevent moisivre
eondensaifon.

Real-time sampling with the TSI APS-33 sampling system was performed to
generate emissions data before, during, and immediately after a cleaning evele. The APS-
83 laser particle sizer, manufactured by TSI Ine., cent count and size particles in the
0.5=30-um range. The primary advantages of this system are the high spatial resolution
and the short sampling time, In the APS, particle-laden air is passed through a thin-
walled orlfice with the particles lagging behind the gas because of their higher inertia.
The velocity lag is related to the aerodymamic diameter of the particles allowing the
determination of the acrodynamic diemeter of a particle by measuring the velocity of a
particle as it exits from the orifice.

To measure the particle velocity, the APS employs a lager beam split into two beams
and reforused onto two rectangular planes » certain distanes apart in front of the orifice.
The Iight scatiered by a particle passing through thess beams is collectad and focused
onto a photomultiplier tabe which emits two puises saparated by the time {aken for the
particle to cross the distance beiwaen the two planes. This time interval is measured
alectronically and used to calculate the particle's asrodynamic diameter. The APS
congists of two main components: the semsor and the mirracomputer system. The sensor
module conzists of an accelerating orifice and laser velocimeter. Tha sensor is
schematieally shown in Fipure B-6.

ANALYTICAL PROCEDURES

Fiy agh samples were collectad from the baghouse hopper and analyzed for loss on
ignition (LOT), particle-size distribution, and major mineral oxides. LOI was performed
using ASTM Method C618-72. Particle-size distributions were determined by Coulter
counter and a dry sieve technigque. Concentrations of major mineral oxides (Al, Si, Na,
Mg, Ca, P, K, Fe, Ti, and 5} were determined by zray fluorescence.

Catalyst-coated fabric durability was ailso measured as a function of fabric strength
and folding enduranee. Catalyst-coated fabric samples removed from the baghouse during
Subtask 3.4 were evaluated for stremgih using the Mullen burst test, QCF Test Method
S5-13Ab, and for folding endwrance using a modified MIT Flex test, OCF Test Method S-
10Ga. The Mullen burst test was performed on five {abric samples from each of thres
bags removed from the slipsfream bhaghouse. The bags represented 840, 1642, and 5136
hours of baghouse operation. The OCF Test Method S-13Ab is a modified version of
ASTM D751-73, "Standard Method of Testing Coated Fabries.” The method is applied to
textile materials with a thickness of <0.25 in. having a burst ranpe of 50 to 2250 psig
(Mullen points)l. The aperture burst area is 1.25 in. with a uniform pumping rate of 170
+ 15 mE/min, Fabric samples are cut to a size of 4 in. x 4 in. and conditioned for a
minimum of 24 hours at a temperature of T0°F 4 2°F and a relative humidity of 65%

+ 2% prior to testing. Burst pressure is increzsed at a uniform rate for each fahric
sample until the sample ruptures. The data are reportad to three gignificant figures as

net bursting strength in peig.




Pigure B-6, APS-23 flow scheme and optics,

A modified folding enduranee test was also performed on five fabrie samples from
aach bag. The OCF Tast Method 5-10Ga iz a modified version of ASTM Method D2176-
£9. This folding endurance methoed is applied to woven, nonwoven, and mat Fiberglas®
products. Fabric samples are cut to a size of 0.5 in. x 8 in. and conditioned for a
minimum of 24 hours at a temperature of T0°F + 2°F and a relative humidity of 85%

+ 2% prior to testing. Eech fabric sample was repeatedly folded through an angle of 180°
with a 4.lb tensional force applied at a uniform rate of 175 + 25 cycles par minute. The
test was eoncluded when the fabric sample failed and data reported as cycles to failure.
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EHSCLAIMER

This document was prepared by Raytheon Engingers & Constructors, Inc., P.O. Box
58838, Danver, CO 80217, for the University of North Dakota Energy & Enviranmental
Research Center (EERC) as an account of work sponsored by the U.S. Dapartment of
Enargy (DOE}. This document was developed 1o aid in the development of Catalytic
Fabric Filter Tachnology far the control of nitrogen oxides and particulate emisstons.
This document is general in nature and the reader may nead to modify and/or deleta
certain items 10 make this document specific to a given application.

Therefore, neither the DOE, EERC, nor Raytheon, nor any contributor to this
document:

A. MAKES ANY WARRANTY OR REPRESENTATION, STATUTQORY, EXPRESS OR
IMPLIED, WITH RESPECT TO THE ACCURACY, COMPLETENESS, OR
USEFULNESS OF ANY INFORMATION, APPARATUS, PRODUCT, ORPROCESS
CONTAINED WITHIN THIS SPECIFICATION, OR REFRESENTS THAT ITS USE
WOULD NOT INFRINGE PRIVATELY OWNED RIGHTS;

B. MAKES ANY WARRANTY OF MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE AND ALL WARRBANTIES ARISING FROM COURSE OF
CEALING AND USAGE OF TRADE ARE EXPRESSLY DISCLAIMED AND
EXCLUDED;

C. ASSUMES ANY LIABILITIES OF ANY NATUREWHETHER IN CONTRACT, TORT
(INCLUDING NEGLIGENCE OR STRICT LIABILITY) OR OTHERWISE WITH
RESPECT TO THE USE OF THIS DOCUMENT.

In no event shall the DOE, EERC or Raytheon be liable to the user for any specia),
indirect, incidental or consequential damages of any nature.,

Reference in this document 1o any specific cormmercial product, process, or service
by trade name, trademark, manufacturer, or otherwise is to facilitate understanding
and does not necessarily constitute or imply its endorsement, recommendation, or
tavoring by the DOE, EERC or by Raytheon. The views and opinions of authors
exprassed herein do not necessarily state or refiect those of EERC or the DOE.
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EXECUTIVE SUMMARY

The Catalytic Fabric Filter (CFF} is a tachnology under development by the U.S.
Department of Energy {(DOE) for the simultanaous control of Nitric Oxide {NO.,) and
partictlate amissions from coal fired boilers.

The commargial viability of Catalytic Fabric Filter technology depends upon its cost
effectiveness compared to other particulate and NQ, control technologies. CFF
tachnalagy is intended for both new and ratrofit plant applications and is intanded 1o
be an alternative t¢ combining conventional hot-side Selective Catalytic Reduction
(SCR} with a coid-side pulse jet fabric filter {(PJFF).

Raytheon Engineers & Consiructors under sub-contract to the University of North
Dakota Energy and Eavironmental Ressarch Center {EERC) conducted an economic
evaluation of the CFF process 10 determine capital, operating, and levelized costs for
commercial PC Boiler applications. Evaluations were conducted for both a new
500 MW grass roots pawer plant installatlon and far retrofit to an alder 25C MW plant
with typical arrangement constraints. For both new and retrofit cases, CFF costs
were compared to those of conventional hot-side SCR for NO, reduction in
combination with a pulse jet fabric fifter for particulate control.

CFF technology is expectad to achieve commercial status in the mid-to-late 1990°s.
Both new and retrofit applications evaluated in this study are an boilers which have
minimized NO, production through combustion controls.

Fabric Filtar {CFF and PJFF) costs wera deveioped from vendaor quotes using empirical
cost models®, with CFF bag costs provided by Owens-Corning Fiberglas Corporation.
SCR costs were derived using empirical cast models and SCR economic evaluations
developed by EPRI.? The economic factors and contingency fees were developed
using the EPRI Techmical Assessment Guide.” CFF process parameters were

chowiMIGE T MEVWACFET, 007 ES-1
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developed from the results of EERAC's laboratory &nd Filet Plant Testing ¢onducted
under this DOE program.®

Results from the economic avaluation indicated that although slightly higher in capital
cost, on 2 levelized cost basis CFF technology can be competitive with an SCR/PJFF
combination. Figure ES-1 compares the capital costs of a CFF with that of an
SCR/PJFF combination for a new BOO MW plant installation. The CFF cost is
approximataly 5% greater than that of the SCR/PJFF. Several factors have a strong
influence on CFF costs. Figure ES-2 shows that ductwork and filter bags represent
major components of the capital equipment costs. The CFF, because of its position
upstream of the air heater, requires extensive ductwark. The special catalyst coated
filter bags are very expensive and over 25,000 bags are required for a 500 MW plant.
Figure ES-3 compares the CFF versus the SCR/PJFF in terms of levelized costs
imillsfkWh), CFF levelized costs are approximately 7% less than those of the
SCR/PJFF. Catalyst coated bag replacement {2 two year bag life was used) had the
strongest influgnce an the CFF levelized costs.

The retrofit scenaric was selected which represented a site favorable to a CFF
installation; 250 MW plant with a small under-parforming electrostatic precipitator
must comply with stringent NQ, and particulste emissions requirements. Available
space for new equipment is {imited. Figure ES-4 shaws that for this case, the CFF
capital cost is approximately 4% less than that of the SCR/PJFF. Figure ES-Bis a
breakdown of these cosis. The breakdown is similar io that of 2 new plant, except
that ID booster fans required to accommadate the additional pressure drop of the
SCR/PJFF are added to the scope. Figure ES-6 presents a lavatized cost {mills/kWh)

camparison of the CFF and the SCR/PJFF wiich indicate a 5% cost advantage for the
CFF.

RwAMISET MICWACEFT 001 ES-2
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FIGURE ES-1

CFF vs SCR/CONVENTIONAL BAGHOUSE
TOTAL PLANT INVESTMENT - NEW 500 MW PLANT
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FIGURE ES-2

CFF CAPITAL COST
TOTAL INSTALLED EQUIPMENT COST BREAKDOWN - NEW 00 MW PLANT
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FIGURE ES-3

CFF vs SCR/CONVENTIONAL BAGHOUSE
LEVELIZED COST BREAKDOWN - NEW 500 MW PLANT
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CFF vs SCR/CONVENTIONAL BAGHOUSE
TOTAL PLANT INVESTMENT - RETROFIT 250 MW PLANT

FIGURE ES-4

01-d

250

200

150

TPI, $/&kW

8

B0} -

CFF

221

SCR/PJFF

Elsch
M Fabric Filter




P Y R

FIGURE ES-5

CFF CAPITAL COST
TOTAL INSTALLED EQUIPMENT COST BREAKDOWN - RETROFIT 250 MW PLANT
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FIGURE ES-6

CFF vs SCR/CONVENTIONAL BAGHOUSE
LEVELIZED COST BREAKDOWN - RETROFIT 250 MW PLANT
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The major findings of this investigation are:

CFF technology can be gconomically curﬁpatitiva with an SCR/PJFF for both
new plant and ratrofit applications, but must reduce costs in order to compete
commercially with these established technologies.

The complex ductwork requirements associated with hot-side equipment
location are 2 maljer cost component of any CFF or SCR/PJFF installation. -

Bag cast, bag life, and air to cloth ratio are the parameters which have the
strongest influence on CFF economics. lmprovements in ane or more of these

areas will enhance the commercial viability of this technology.

Flant arrangement constrainis and other site-specific issues will determine the
feasibility and cost of a CFF retrofit,

The impact of ammonia carryover from the CFF process on the plant air
heater{s] is unknown, and will affect both feasibility and costs.

The major retrofit issues which will impact CFF costs include:

Equipment arrangement and ductwork routing,
Time required to tie into existing plant ductwork.
Re-use of existing equipment.

Existing 1D fan capacity - naed for naw fans
Draft controls and furnace reinforcements

Ash removal system - reuse of components

*« & & & ¥ &

Modification 10 contral depasition of ammania-sulfur compaunds in the
air heater

SwIMISC ) MKWACFFT.001 E5-9
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7. Future research and development efforts required to improve the commercial
viahility of Catslytic Fabric Filter Technology should inctuda:

* Reducing the cost of the catalyst coated filter bags.

. increasing the service life of the bags.

* Demonstrating the CFF process with langer pulse jet filter bags.

- Mzintaining the current performance {NO, and Particulate Control] while

oparating at higher air 10 cloth raties. This will raduce CFF baghouse
size and cost.

. Reducing the ammoenia slip.
L Determining impacts of the CFF process on air-haater equipment.
cxwIMISC1 MKW\CFET.00 ES-10
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1.0 INTRODUCTION

Raytheon Engineaers & Constructors {Raytheon) participated as a
subcontractor to the University of North Dakota Energy and Environmental
Raesearch Center (EERC} in a U.S. Department of Energy {DOE} research
project {(DOE Contract No. DE-AC22-90PL90381) to develop a catalytic
fabric filter. Raytheon’s activities fell under Task 4 - Conceptual Design and
Economic Evaluation. This report describes the activities and results of
Task 4.

The Catalytic Fabric Filter (CFF) is a developing past-combustion technology
that pravides simultaneous NO, reduction and particulate removal, NO,
reduction comparable to Selective Catalytic Reduction {SCR) process
technolagy and particulate removal efficiencias comparable to 8 conventional
fabric filter in the coid-side (downstream of the air heater) location are
reportad,

The CFF consists of a hot-side {upstream of the air heaters) baghouse whers
a catalyst has been applied 1o the bags to catalytically reduce NO, in the
presence 0f ammonia at temperatures of 625-750°F. The catalyst is an
amorphous vanadium catalyst applied to the woven glass substrate. The
active catalyst and refractory oxides are hound ¢hemically 10 the glass
fibers, minimizing mechanical removal of the catalyst from the bag surface.

The commercial viability of Catalytic Fabric Filter {CFF} technology depands
upon its cost gffectivenass compared to other particulate and NO_ control
technologies,

An economic evaluation (+/- 25%!) of the CFF process was conducted to
detarmine capital, operating, and levelized costs for commearcial utility

applications. Evaiuations were conducted for both a new grass roots power

chw\MISET . MIKWACFET.001 1
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plant installation and for retrofit 1o an older plant with typical arrangement
constraints. For both new and retrofit cases, CFF costs were compared 1o
thase of conventional hot-side Selective Catalytic Reduction {SCR) for NO,
reduction in ¢combination with a Pulse Jet Fabric Filter {PJFF) for particulate

control.

The location for both cases is Western Pennsylvania. Since the CFF
technolagy will not reach commercial status before the middie to late
1880's, both new and retrofit plants are assumed to be aperating &t the
lowest achievabla NO, emissions through combustion controis. The new
grassroots plant will be designed with integral state of the art low NQ,
Burner (LNB) and overfire air (OFA} resulting in a furnace exit NO,
concsntration of 0.30 Ibs/MMBtu. The retrofit case plant, after LNB and
OFA conversion, aperates at a furnace exit NO, concentration of Q.40
Lbs/MMBtu.

Technical and process critaria for the CFF were developed from the results
of Laboratory and Pilot Plant testing conducted by EERC.

ckwMISE] MEWATFRT 001 2
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2.0 ECONOMIC BASIS

The economic factors used in evaiuating costs for the catalytic fabric filter,
SCR, and pulse jet baghouse were developed using EPRI Technical
Assessment Guide (TAG) guidelines’. SCR costs wera derived from cost
data developed by EPRI? and baghouse costs were developed from vendor
guotes and empirical cost models®. The CFF bag cost was provided by
Owens-Corning Fiberglas Corporation. Table 2-1 lists the economic
parameters used in these evaiuations. The overall project contingencies far
the new and retrofit CFF’s are 17% of the Total Erected Cost. The project
contingencies for the PJFF baghouses and the SCR are 12% and 6%,
respectively, A 17% process contingancy is assessed against the nevv plant
CFF baghouse casing{s} and filter bags because of the "hot-side” piacemant
of the baghouse and uncertainty assoclated with scaling the NO, removal
process from pilot plant dats. The CFF retrofit plant process contingency is
18%. An 8% process contingency is assessed against the SCR process due
to the limited commercial experience on medium sulfur coal applications. A
10% process contingency was assessed against the new plant puise jet
fabric fiter, and a 9% process contingency against the ratrofit piant,
because although there have been no commercial utility installations in the

U.S., there has been exiensive worldwide experience with this technology.
2.1 CAPITAL AND LEVELIZED COST COMPONENTS

The capital and levelized costs are two primary factors in selecting a
flue gas cleanup process. The Total Plant Investment (TP is the total
capital reguired for purchase, construction, and start-up. The TP can
be broken down into four components:

* Total Direct Cost

L Total Plant Cost

. Tatat Cash Expended

® Allowance for Funds During Construction

WIMISC) MKWACFFT.001 3
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TABLE 2-1

UNIT CAPACITY, MW

ECONOMIC PARAMETERS

RETROFIT PLANT

300 250
Year of Caost Calculations 1933 1883
Refarence State Pernsyivania Pennsylvania
State hultiphar 1.10 1.10Q
H Power Cost, mils/kW 50 50
| Ammonia Cast, $ston 145 145
CFF Bag Cost, 5/bag 250 250
PJFF Bap Cost $i/Bag a5 85
Cape Cost $/Cage 40 40
SCA Catatyst Replacement Cost, 542 300 300
Uninstallgd Insulated Dustwork, $HtE B1 81
Capacity Facter, % 75 65
| economic FacTors
Capital Escalaton During Constructipn, % 5.0 8.0
Construction Perivd, years 2 2
| Anwst tnflation, % 5.0 5.0
I tiscount Rate (MARL % 11.50 180
AFUDC Rats, % 11.58 11.50
Levelized Fixed Chamge Rate (FCRLL % 16.60 19.20
Service Life, years 30 15
Real Escalation Rates*
Congumables ([Q&M), % 4] 0
Fued, % a a
Fower, % 0.3 0.3
Nominal Escalation Rates™ ™
Consumables [D&M), % &.00 6.00
Foel, % 5.00 5.00
Powst, % 5.32 5.32
CFF Project Cantingency, % of Tatal Erected Cast 19 11
{-FF Process Contingancy, % of Tatal Eracted Coat 17 15
PIFF Praject Contingency, % of Total Erecred Cost 12 12
“ PUFF Process Contingency, % of Total Eregted Cost 10 =]
| 5ch Praject Contingency, % of Total Erected Cost 6 8
SCR Process Contingency, % of Total Erected Cazy B B

' Congtant dollar analysis
.. Current doMar anaiysts
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Total Direct Cost (TDC) - The TDC includes all aquipment and installation
costs. The sequipment costs include the uninstalled equipment,
instruments and controls, taxes, and freight charges. The installation
tast includes earthwork, foundations and supporis, equipment erection,
electrieal, piplng, insutatlon, and painting.

Iatal Plapt Investmant (TP - The TP includes the TDC ang all indirect
charges such as engineering and supervision, construction and field
expenses, canstruction fees, startup costs, and performance tests. The
TDC and the indirect costs are summed to get the total erected cost.
The TP also includes any project and process contingency fees assessed
against the process. These fees are calculsted from the total erected
GOSt.

Total Cazh Expended (TCE)} - The TCE is the estimate of the total cash
expendad during the construction period of the project.

Allowance for Funds Used During Constryction {AFUDC) - The AFUDC
is the estimate of the allowance for interest expenses incurred during the
construction period snd is caleulated from the TPIL.

Levelized costs account for fixed capital and fixed and variable operating
costs. levelized costs are used 1o determine average annual
expenditures and are used 10 compare proecassas with diffaring eapital
and upérating casts.

CRWISC 1 MIKWACRFT 061 5
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3.0 NEW PLANT

3.1

GENERAL PLANT DESIGN CRITERIA

The net generating capacity for the new plant is 500 MW, This new
plent is located in Westarn Pennsylvania with no constraints to limit
equipment arrangement or construction. The pulverized coal boiler is
equipped with low MO, burners and over-fire air to minimize beiler NQ,
production. For both CFF and SCR cases, the regenerative air heatars
are sized and designed with high open surface, Corten construction, soot
blowers and a integral washing system 1o contiol the deposition of
ammania-sulfur products. A high efilciancy wet scrubber flue gas
dasulfurization systemn (FGDI is used for 50, removal. Table 3-1
summarizes the new plant general design criteria.

Table 3-2 provides the cogt and ash anziyses used in this evaluation. The
fuei selected for this evsluation is a 2.27 percent sulfur Eastern
Bituminous coal. The boiler heat input rate is 4861 MMEtu/hr and the
hoiler autput NQ, concentration is Q.30 |1b NO, /MMBtu.

cRwMISC T MRWAGFFT. 001 6
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Design Critaria

Unit Siza

Im

TABLE 3-1
NEW PLANT GENERAL DESIGN CRITERIA

{3as Flow Exiting Economizer

2,536,000 ACFM @ 650°F

NO, Congentration Exiting Econotnizer

- ppmyv dry @ 3% O,
. Ibe/MMB1u

341
0.30

Particulate Concentration Exiting
Economizer

5.02 ths/MMBty
2.82 gridscf

Boller Heat Input Rate

4,867 MMBtu/hr

Boilar Efficiency 88%

Excess Air 20%

Air Heater In-leakage 15%

Flug Gas Temparature

- Exiting Economizer B650°F
- Exiting Air Heater 277°F
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TABLE 3-2
COAL AND ASH ANALYSIS
EASTERN BITUMINOUS CDAL USED IN CFF ECONOMIC ANALYSES

Proximate Analysis, wi%
Moisture 1.70
Volatile Matter 41.24
Fixed Carbon 49.02
Ash 8.03

Ukimate Analysis, wit%
Hydrogen 5.0
Carbon 74 86

Nitrogen 1.27
Sulfur 2.27
Oxvygen ) 3.52
Ash 8.03

“ Heating Vailus, Btufb 13,401

Ash Analysis, wt%

Si0, 40.19
AlO, 18.82
Fe,0, 23.63
TiO, 0.78
Pz0s 0.73
Cal 7.28
MgQ 0.68
Na,O 1.13
K.0 1.11
S0, 5.44

ahw MISC S MKVWICFET. 001 8
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3.2 CATALYTIC FABRIC FILTER DESIGN

Table 3-3 summarizes the CFF New Plant Design Criteria, CFF Procass
Criteria were developed from the results of the CFF labaratory and pitot
plant tests conducted by EERC for this DOE project.® A 2 year life is
assumed far the catalyst coated bags: hawaever, this value had not bean
canfirmed by long term {abric durability testing at the time of this raport.
Flue gas exiting the economizer is split into two 50% trains, each
supplying one 14 compartment Catalytic Fabric Filter {CFF} ¢casing. The
CFFs are designed as intermediate pressure, intermediate volume puise
jet fabric filtars with special amorphous vanadium catalyst-costed woven
S2-glass bags. These 20 foot long, by 6 inch diameter bags are
designed to simultaneously capture the particulate matter (fly ash} and
catalytically convert the nitric oxide in the flue gas to nitrogen and water
vapor with the aid of ammonia injection upstream of the baghouses. To
malntain NQO,, particulate and ammania emissions within the design
ranges, the fabric fillers are sized based on & gross air-to-cloth ratio of
3.44 fpm. Cleaning is conducted on-iine. The air-to-cloth ratio with one
900 bag compartment (in each casing) out of sarvice is 3.7 fpm.

The ammonis injection system is designed to provide 7 days storage of
anhydrous ammonia. The anhydrous ammonia is stored in a horizontai
pressure vessel and is vaporized using steam-heat. The vaporized
ammonia is metered 10 a dilution blower skid assembly and then injected
through a distribution grid located in the duet upstream aof the

baghouseas.
Contral of the CFF NO, reduction process utilizes a feed-forward/

feadback system. Proper mole ratios af ammonia ta NG, are mainiained

by regulating the flow of ammonia to the dilution air skid on the basis of

SewdMISCY MIOWCFFT 00




TAELE 3-3
CATALYTIC FABRIC FILTER

NEW 500 MW PLANT DESIGN CRITERIA

| DesionCriterin Design Value |

Total Gas Volume

2,536,000 ACFM

Gas Temperature

650°F

Inlet Grain Loading

5.02 hs/MMBu (2.82 gridscf}

inlet NO, 0.30 tbs/MMBtu (341 ppmv*}
Air to Cloth Ratio
Net-1 3.70 ipm
Gross 3.44 fpm
Flange-Flange delta P
| Desigr 8" w.c.
l Qperating 6" w.c,
Bag Length 20°
Bag Diametar &"
Bzg Type Cataiyst Coated S52-glass
Bag Life 2 years
Number of Baghouses 2
Number af Bags/Compartment 300
Number Compartmenis/Baghouse 14
NH,/NQ, Ratio 0.85 mol NH,/mol NG, inlet
NH, Feed Rate 481 Ibs/hr
NH, Storage Capacity 7 days
Ammonia Siip 25 ppmy*

MO, Emissions

0.06 Ibs/MMBtu (68 ppmv*®)

+

Particulate Emissions

ppmv is dry at 3% O,

ckwlRHEC T MKVWACFFT 001
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feed-forward signals from boiler load and the CFF inlet ND, analyzer.
Feedback from the CFF putiet NO, analyzer is used to adjust the molar
ratio. Qutlet ammonia :oncantrétian is monitorad (pending commercial
availability of a continuous NH, analyzer) and will ovarride the outlet NO

ES

concentration signal at the maximum ammaonia slip limit.

During startup, the control system does not permit the injectlon of
ammonia until CFF temperature is above the rminimum catalyst
temperature {600°F). These controls also interrupt ammonia flow shoutd

reactar temperature fall below the critical minimum.

During shutdown, controls interrupt ammonia flow when reactor
temperatures fall below approximately 8600°F; hawever, the dilution air
hlower continues to operate to purge the system and is shut dovwn with
tha 1.D. and F.D. fans. If an emergency shuidown is required, ammonia
flow would be interrupted by the mastar fuel trip interlock signal, but the
dilution air blower would continue to operata on auxiliary power 1o purge
the system, '

The CFFs are designed for a particulate emissions rate of 0.02
[os/MMEtu or, 0.011 grfdsctf. The ammonia injection systam is designed
far 80% NO, reduction across tha CFF resulting in 8 maximum design
NO, emissions rate of (.06 |bs/MMBtu or 68 ppmv. The ammonia is
injected at a rate of 0.85 mol NH,/mal NGO, inlet to the fabric filter. The

maximum ammonla slip is 25 ppmv.

3.3 SCR/CONVENTIONAL BAGHOUSE DESIGN
Convantional Hot-Side Selactive Catalytic Reduction (SCR} to contral
NQ,, combinaed with a pulse jet fabric filter downstream of the air heater
ERwiMISE 1 MIWACFFT.00T 11
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to control particulate, was seiacted as a basis for econpmic comparison

and feasibility of a full-scale CFF unit.

3.3.1

3.3.2

ek IMISC) . MEWLLFFT 00

Selective Catalytic Reduction {SCR)

Each of the two 50 percent flue gas trains exit the economizer
and enter an SCR reactar. The SCR reactors are designed as
vertical gas flow units with rectifying grids at the reactor inlets to
promote even gas flow distribution. The reactors are also
daxigned with sufficient volume 1o add a spare catalyst layer per
reactor, if required. The SCR unit is designed for 80% NO,
reduction at an ammoenia to NO, ratio of 0.8, resulting in a NO,
amission rata of 0.06 lbs/MMBTU or 68 ppmv. The ammonia slip

is & pprov. Table 3-4 summarizes the SCR design criteria.

The ammonia injection system is designed to provide 7 days
storage of anhydrcus ammonia. The anhydrous ammonia is
stored in & horizontal pressure vessel and is vaporized using
stearm-heat. The vaporized ammonia is metered to 3 dilution
blowaer skid assembly and then injected through a distribution
grid located in the duct upstrearn of the SCR reactors.

Pulse Jet Fabric Filter (PJFF}

The PJFF is an intermediate pressure-intermediate volume design
using 20 foot lang x € inch diameter Ryton felt bags. Two 50
percent capacity baghouses are required, Easch PJFF casing
housas 10 compartments with 800 bags per compartment, The
PJFF is sized based on a grass air to cloth ratio af 3.7 fpm which
is typical of utility scale PJFF instaliations utilizing felted ryton

12
D-27




TABLE 3-4
SELECTIVE CATALYTIC REDUCTION

NEW 500 MW PLANT DESIGN CRITERIA

! Design Criteria | Design Value |

— - !

Gas Temperature
Total Gas Volume 2.536,000 ACFM
Flange-Flange delta P
Design 11" w.e, ||
Qperating 8" w.c.
l NOQ, Entering SCR 0.30 lbs/MMBtu (341 ppmv*}
' NO, Removal 80%
u NH,/NO, Ratio 0.8 mol NH,/mot NO, [
MH, Fead Rate 453 Ibs/hr
Ammonia Slip 5 ppmv* (!
MNH, Storage Capacity 7 days ﬂ
Number of Reactors 2
Catalyst Space Velocity 3,200 NCFfit*/hr
Catalyst Life 4 years
Number of Catalyst Layers/Reactor 4 |
NO, Emissions 0.06 Ibs/MMBtu (68 ppmv*}

¥ ppmv is dry at 3% O, -

chwhIZC 1. MEVACEFT. 004 13
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begs.® Compartments are clezned on line. The air to cloth ratio
with one compartment out af service is 4.0 fpm. Table 3-5
summarizes the PJFF desian criteria.

3.4 DUCTWORK AND EQUIPMENT ARRANGEMENT

The arrangement of the CFF equipment has & strong influence on
process ecanomics dus ta the large amount of flue gas ductwork
required. Two general arrangements for the new plant case were
avaluated, differing prirmarily in the location of the air heaters and forced
draft {FD} fans.

In the first arrangement, the air heaters and FD fans are located along
with the 1D fans behind the catalytic fabric filters, A hot air return duct
provides primary and secondary air back to the bailer house. This
arrangemsant has bean usad in several hot-side ESP installations.

in the second arrangement, the air heaters and FD fans are in more
conventional locations within the boiler house.

e -Air Haater t ind the CFF

Hot fiue gas (B50°F} exits the economizer, splits into two 50% trains,
and enters two 50% CFF casings. The clean gas exits the CFF from the
cpposite end of the casings and into the air heaters. The flue gas leaves
the sir heaters through two 50% ID féns, then is combined into a
common duct leading to tha FGD system inlet, Heated air exits the air
heaters, then is combined into a comrman duct which runs back (past the
CFF and inlet ductwaork) into the boiler house. Figure 3-1is a conceptual
sketch of this arrangement illustrating the complexity of the ductwaork.

cRWIMISC | MICWACFFT. 01 14
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TABLE 3-b

PULSE JET FABRIC FILTER
NEW 500 MW PLANT DESIGN CRITERIA

Dasign Critaria Dign Value

Total Gas Volume

1,732,000 ACFM

(Gas Temperature

277 °F

Inlet Grain Loading

5.02 lbs/MMBtu
{2.45 gridscf}

Air to Cloth Ratio

Net-1 4.0 fpm
Gross 3.70 fpm
Flange-Flange delta P 4]
Design 8" w.c,
Operating g" w.c. ll
Bag Length © 20 ft
Eag Diametar 6 in
Bag Type Ryton Felt .
|| Bag Life 3 years
Number of Baghouses 2
Mumber Bags/Compartment 800 It
Number Cormparnments/Baghouse 10

Particulate Emissicns

0.02 Ibs/MMBtU
(.011 gr/dsci}

chwMISC T MKWACFFT. 001 15
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This sketch is not to scale. The spacisl relationships among the various
ducts in this figure are for clarity, and do not necessarily represent an
actual installation. The total {combined, all duct sizes) square fest of
ductwork steel plate required for a 500 MW instliation was estimated
a 102,396 FT?,

Arrangement 2 - Air Heaters and FD Fang in Conventjonsl | oeation

Mot flue gas (650°F) exits the economizar, splits into two 509% trains

and enters two 50% CFF casings. The clean gas exits the CFF from the
same end through return ducts back into the two air heaters. Flug pas
leaves the air heaters then combines into a common duct which runsg
past the CFFs into the FGD inlet. Figure 3-2 is a conceptual skeich of
this arrangement illustrating the complexity of the ductwork, This
sketch is not 1o scale. The spacial relationships among the various ducts
in this figure are for clarity, and do not necessarily represent an actual
installation. The total {combined, all duct sizes) squarse feet of ductwork
steel plate required for a 500 MW installation was estimated at
83,496 FT2, )

The total ductwork requirements for sach arrangement were estimated
for a new 500 MW plant with no space or arrangement restrictions.
Arrangement 2 with the air heaters and FD fans located behind the CFF's
requireg twenty three {23) percent less ductwori steel ang supports,
than Arrangemsnt 1 and therefore Arrangement 2 was sslacted as the

base arrangement for this economic evaluation.

R ignal hoyse m
As with the CFF arrangement, the air heaters and FD fans are in the
conventional boiler house [ocation, The arrangement brings the gas
exiting the economizers into the top of the SCR units. The gas exits the

kW ISC ] MKWACHFT 001 17
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bortom of the SCR units through the return ducts back 1o the air heaters.
The ductwork connacting the air heater outiet to the PJFF runs beneath
the elevated SCR reactors. Flue gas exits the PJFF from the oppogite

and into the ID fans and FGD inlet. Figure 3-3 shows a typical hot sids

SCR eguipment arrangemant. The total [combined, all duct sizes) square

feet of ductwork steel plate required for a 500 MW installation was
astimated at 55,020 FT2.

3.5 RESULTS

3.5.1 Equipment Costs

SonMIEC T MKWCEFT 001

Figure 3-4 shows a breakdown of the installed equipment costs
for the CFF. The ductwork cost reflects the cost for Arrangement
2, as described in Section 3.4 of this report. Figure 3-4 shows
that the capital cost of the ductwork is 2 major cost component.
With the ductwork cost being such a large portion of the capital
costs, optimizing the ductwork arrangement Is critical to the
economic viability of the CFF. The initial complement of filter
bags also represents a significant portion of the overall CFF
capital costs. Reductions in filter bag costs will reduce both
capital and levelized costs of CFF technology. Figure 3-5
presents the breakdown of SCR-PJFF capital costs. A computer
printout of the complete breakdown of the equipment costs and
associated installation and indirect chargesis in Appendix A. The
new plant CFF equipment list is included in Appendix B.
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FIGURE 3-4

CFF CAPITAL COST*
TOTAL INSTALLED EQUIPMENT COST BREAKDOWN - NEW 500 MW PLANT
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FIGURE 3-5

SCR/PJFF CAPITAL COST*
TOTAL INSTALLED EQUIPMENT COST BREAKDOWN - NEW b0O MW PLANT
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3.5.2 Capital and Levalizad Costs

chw IMISCT MKWACFFT 001

Capital and leveiized costs were developed for the CFF, SCR, and
puise jet baghouse.” Figure 3-6 shows the Total Plant Investment
(TPI) requirements for a Catalytic Fabric Filter system compared
10 a combined SCR and pulse jet fabric fitter {SCR/PJFF) system.
The TPl for the naw CFF system is $145/kW. The TPl for the
new SCR unit is $65/kW. The TPl for the naw PJFF unit is
$73/kW. The total TP for the SCR/PJFF system is $138/kW, or
5% less than that of the CFF. Ductwork is broken out separately
since plant arrangaments can vary. Without ductwork, the TPl for
the CFF i3 $117/KW, while the SCR/PJFF TPl is $113/kW
excluding ductwork. The TP for the CFF includes a seventeen
{17) percent process cantingency assessed against the CFF
baghouse casing and fiter bags (as recommended by EFRI TAG
guidelines far unproven technologies) versus an eight (2] parcent
contingency for the SCFI‘ and PJFF processes. WIith these
contingency costs removed, as illustrated in Figure 3-7, CFF
capital requirements are 4% lgss than thoge of the SCR/PJEF.

Figure 3-8 shows the total current dotlar {includes inflation}

lavelized costs fn terms of millg/kwh, The SCR/PJFF system
levelized cost is almost identical to that of the CFF,

The CFF system levelized costs are driven by the catalyst coated
$2-glass bag raplacement cost. The SCR system levelized costs
arg driven by SCR catalyst replacement and the difference in 1D,
fan power required t0 overcome the pressure lossas across both
the SCR reactors and the PJFF,

23
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CFF vs SCR/CONVENTIONAL BAGHOUSE
TOTAL PLANT INVESTMENT - NEW 5600 MW PLANT

FIGURE 3-6
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FIGURE 3-7

CFF vs SCR/CONVENTIONAL BAGHOUSE

TOTAL PLANT INVESTMENT - NEW 500 MW PLANT
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FIGURE 3-8

CFF vs SCR/CONVENTIONAL BAGHOUSE
LEVELIZED COSTS - NEW 500 MW PLANT
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3.5.3
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Figure 3-89 shows a partlal breskdown of the levelized cost
components in terms of mills/kWh, Figure 3-10 presents the
costs compared in terms of levelized $/year. This levelized cost
represents the amount of money which would be required each
year 10 fully cover both the capital and operating/maintenance
costs of that technology. For this 500 MW new plant case study,
the CFF requires $1,400,000 less than the SCR/PJFF.

CFF Cost Sensitivity Analyses

Several cost sensitivity analyses were performed on the CFF base
case to determine critical design and ecanomic parametears. The
sensitivity parameters sxamined are listed below and are
presented in Figures 3-11 through 3-16 in order of decreasing
gsensitivity, The cost of the catalyst coatad bags has the
strongest influence on CFF economics and is shown in Figures
3-11 and 3-12. The 5CR-PJFF base case cost is indicated on

Figures 3-11 through 3-14 as a point of comparison.

Bag Cost

Bag Life

A/C Ratio

Plant Size, MW

Inlet NO, Concentratian

> & & & @

Figure 3-11 shows 2 steady increase in levelized costs with
increasing bag cost. Figure 3-12 shows the CFF bag cost
sensitivity refative to capital cost. The figure shows that the
capital cost breakeven point for the CFF and SCR/FJFF is
approximately $212/bag. Figure 3-13 shows the decrease in
leveiized costs is most dramatic for a 1 to 2 year life but, the
slopa steadily decreases with increasing bag life. Figure 3-14
shows an expacted reduction in costs due to higher air-to-cloth
ratios.

27
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FIGURE 3-9

CFF vs SCR/CONVENTIONAL BAGHOUSE
LEVELIZED COST BREAKDOWN - NEW 00 MW PLANT
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FIGURE 3-10

CFF vs SCR/CONVENTIONAL BAGHOUSE
LEVELIZED COST BREAKDOWN - NEW 500 MW PLANT*
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FIGURE 3-11

CFF SENSITIVITY PARAMETERS
BAG COST - NEW 500 MW PLANT *
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FIGURE 3-12

CFF SENSITIVITY PARAMETERS
BAG COST - NEW 500 MW PLANT*
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FIGURE 3-13

CFF SENSITIVITY PARAMETERS
BAG LIFE - NEW 500 MW PLANT
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FIGURE 3-14

CFF SENSITIVITY PARAMETERS
AIR TO CLOTH RATIO - NEW 500 MW PLANT
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FIGURE 3-15

CFF SENSITIVITY PARAMETERS
PLANT SIZE, MW - NEW 500 MW PLANT*
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CFF SENSITIVITY PARAMETERS
INLET NO, CONCENTRATION - NEW 500 MW PLANT*
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Figure 3-15 shows a slight increase in lovelized costs for units
greater than 500 MW. The increase in levelized cost for units
greatar than 500 MW is due to the need for additional baghouses
and ductwork required to accommodate the increased gas flow.
The maximum practical siza for an individual baghouse ¢asing is
14 compantments (for acceptable gas flow distribution} and a
maximum of 1000 bags/compartment wihich is equivalent to
approximately 260 MW based on typical 6509F flue gas flow.
The least sensitive parametar is the inlet NQ_ concentration. The
infet NO, concentration sensiiivity was developed based on a
0.06 b NO/MMBiu outlet emission rate for all inlet NO,
concentrations. MNO, removal rangas from 80% to 88% for the
chosen inlet concentrations. Figure 3-16 shows the levelized
mills/kWh cost increases slightly with increasing inktet NO,

concentration but the overall impact on the cost is negligible.
L1
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4.0 RETROFIT PLANT

Catalytic Fabric Filter Technology was also evaluated for retrofit applications.
The site constraints at each plant will determine the feasibility and costs of
retrofitting new plant aquipment. For this study, a site was selected which
represents a favorable scenario for a CFF retrofit. This site has limited available
space for new aquipment and is equipped with an undersized, undearperforming
electrostatic precipitator. The plant must reduce NO, emissions to 0.08
Ibs/MMBtu, and particulate emissions to 0.02 Ibs/MMStu.

4.1 GENERAL PLANT DESIGN CRITERIA

The retrofit plant design is based an a hypothetical mediurn capacity
single boiler unit with a small underperforming ESP. The boiler has been
retrofit with Low NQ, Burners (LNB) and Over Fire Air {OFA)}, Table 4-1
summarizes the c¢ritical beiler design parameters. The generating
capacity of this unit is 2560 MW net. The retrofit plant is located in
western Pennsylvania and is assumed to be 2 moderately difficult retrofit
situation. Figures 4-1 and 4-2 show the layout and eievation view of the
axisting plant eguipment before the retrofit. The downtime requiréd for
construction and duct tig«<in must be minimized 1o avoid excessive
replacement power costs,

Tha selected fual is a 2,27 percent sulfur Blacksville Bituminous coal {see
Table 4-2). The bailer heat input rate is 2430 MMB1tu/hr and the boiler
output NG, concentration is 0.40 Ib NQ, /MMBiu.

EWIMISE 1. MEVWACFFT 001 37
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TABLE 4-1
RETROFIT PLANT GENERAL DESIGN CRITERIA

Dasign Criteria Dasign Value
Unit Size 250 MW
Gas Flow Exiting Economizer 1,268,000 ACFM @ 650°F I
NO, Concentration Exiting Economizer
. ppmv dry @ 3% O, 455
- Ibs/MMBLU 0.40
Particulate Cancentration Exiting 5.02 |bs/MbtBtu
Economizer 2.82 gridsct
Boiler Haat Input Rate 2,430 MMBtu/hr
Boiler Efficiency 88%
Excess Air 20%
Alr Heater In-leakzage 15%
Flue Gas Temperature
- Exiting Economizer 650°F
- Exiting Air Heater 2TI°F

W MISC T MKVACEFT 007 49
D-35



TABLE 4-2
COAL AND ASH ANALYSIS
EASTERN BITUMINOUS COAL USED IN CFF ECONOMIC ANALYSES

Proximate Analysis, wi%

Moisture 1.70

Volatile Matter 41.24

Fixed Carbon 49.02

Ash 8.03

Ultimate Analysis, wt%

Hydrogen 5.05

Carbon ' ' 74.86

Nitrogen 1.27 “

Sulfur 2.27 N

Oxygen 8.52 l

Ash 8.03 |
Heating Value, Bru/lb 13,401

Ash Analysis, wt%

$i0, 40.19

Al,Oy, 18.82

FeU, 23.63

Ti0, 0.78

P,0s 0.73

Cal 7.28

MgQ Q.68

Na, O 1.13

K.0 1.11

g0, 5.44

chwiMIBCT MEWCFFT.007 41
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CRITICAL PLANT RETROFIT ISSUES

The retrofit of new polluticn control equipment to an established plant
site will require a variety of modifications to the existing plant
equipment. For tha purposea of this study, not all of these site specific
items will be addressed in detail. In the comparison avaluation of the
CFF and the SCR/PJIFF, many of these modifications and plant upgrades
are assumed equivalent. These include:

- Modifications to the plant Distributed Control System
. Modifications to the plant Power Distribution System and

associated electrical equipment

" Madifications to the compressed air system (excluding pulse air
systems}

L Miscellaneous plant utility interfaces

L 8elow grade maodification/retocsation

- Reinfarcements 1o the boiler and back pass to accommodate

increased draft requirements

These site specific costs can be substantial and rmust be carefully
evaluated in the process selection and cost estimation of a
prospective project.

The majar plant equipment reirafit items which are addressed in this

economic evailustion are:

L All intercannecting ductwork

L New induced draft (ID) fang to gvercoms additional pressure
losses across the new pollution control devices and ductwork,
and air heater deposition

SowIMISCY MKWAGEET.001 42
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e New fly ash piping to all pick-up points and associated veaives.
Existing blowers, silos and controls will be re-used.

. Air heater modifications to control deposition of ammonia sulfur
campounds, New Corten baskets in cold end section, soot
blowers and a washing system are included,

4.2 CATALYTIC FABRIC FILTER DESIGN

Table 4-3 summarizes the CFF Retrofit Plant Design Criteria. Catalytic
Fabric Filter {CFF} process design criteria were developed from the
results of the CFF laboratory and pilot plarit tests conducted by EERC for
this DOE project.® A 2 yesr life was assumed for the catalyst coated
bags, but had not been confirmad by long term testing at the time of this
report. A single flue duct leaves the econamizer and enters the CFF.
The 14 compartment CFF is designed as an intermediate pressure,
intermediate wvolume pulse jet fabric filter. The 20 foot by 6 inch
diameater bags used in the filter are an amorphous vanadium catalyst-
coated woven 52-glass designed to simultaneously remove particulate
matter (fly ash) and reduce tha NO, ¢content of the flue gas, with the aid
of ammonia injection upstream of the baghouse. To maintain NO,
particulate and ammonia emissions within design ranges, the fabric filter
is sized based on a gross air to cloth ratio of 3.44 fpm. Cleaning is on-
line. The air-to-cloth ratio with one 900 bag compariment out of service
is 3.7 fpm,

The ammonia injectian system is designed to provide 7 days storage of
anhydrous ammonla. The anhydrous ammania is stored in a horizontal
-pressure vessel and is vaporized using steam” heat. The vaporized
ammonia ks metered 10 a dilution blower skid assembly and than injected
through a distribution grid located in the duct upstream of the baghouss.

SHWIMISCH MEVWACEET 001 43
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TABLE 4-3
CATALYTIC FAEBRIC FILTER

250 MW RETROFIT PLANT DESIGN CRITERIA

Dasign Criterla Dasign Valua
Total Gas Volume 1,268,000 ACFM
Gas Temperature 650°F ﬂ
Inlet grain loading 5.02 Ibs/MMBtu (2.82 gridscft
Iniet NO, 0.40 bs/MMB1u (455 ppmv?)
Air to Cloth Ratio |
Net-1 3.70 ipm
Gross 2.44 fpm
| Flange-Flange delta P I
Design 8" W.C.
Operating 8" W.C.
Bag Length 20’ |
Bag Dismeter g"
Bag Type Catalyst Coated S2-glass
Bag Life 2 years
Number of Baghouses 1
Number of Bags/Compartrment 200
Nurnber Compartments/Baghouse 14
NH,/NO, Ratio Q.85 moi NH,/mal NO, inlet
NH, Fesd Hate 321 Ibs/hr
NH, Storage Capacity 7 days
Ammonia Slip 34 ppmv*
Particulate Emissions 0.02 bs/MMBtu
NQ, Emissions .08 lbs/MMBtu {91 ppmv*)

+ ppmv is dry @ 3% 0,

ckwAASCT MEWACFET.00
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Contral of the CFF NO, reduction process utilizes a feed-forward/
feedback system. Proper mole ratios of ammonia to NO, are maintainad
by regulating the flow of ammonia to the difution sir skid on the basis of
feed-forward signals from boiler joad and the intet NO, analyzer.
Feedback from the CFF autlet NO, analyzer is used to adjust the molar
ratio. Chutlet ammonia concentration is monitored {pending commercizl
availability of a continuaus NH, analyzer} and will override the outlet NO,

concentration signal at the maximum ammeonia slip limit.

During startup, the control system does not permit the injection of
amrnonia until the CFF temperature is above the minimum {S00°F)
catalyst temperature. These contrals also interrupt ammonia flow should
reactor temperature fall beln;v the f;ritic:al minimum.

During shutdown, contrals interrupt ammonia flow when reactor
temperatures fall below approximately 800°F; howeaver, the dilution air
blower continues to operate to purge the system and is shut down with
tha 1.D. and F.D. fans. If an emergency shutdown'is required, ammonia
flow would be interrupted by the master fual trip interlock signal, but the
dilution air blower would continue to operate on auxiliary power to purge

the systam.

Tha CFF is designed for a particulate emissions rate of 0.02 |bs/MMBtu
or, 3.011 grfdscf. The ammonia injection system is designed for 80%
NO, reduction agross the CFF. The ammonia is injected at a rate of
0.85 mol NH./mol NG, Enteririg the fabric filter. The maximum ammonia
glip is 34 ppmv.

ekwAMIECT JAKWACFFT 004 4%
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4.3  SCR/CONVENTIONAL BAGHOUSE DESIGN

Hot side Selective Catalytic Reduction (SCR) to control NO,, in

combination with & coid side pulse jet fabric fiker (PJFF) design

control particulate emissions, was selected as a basis for economic
comparison and feasibility of a fuli-scale CFF unit.

4.3.1 Selective Catalytic Reduction {SCR})

SontMECT MEVWICFFT £01

Flue gas leaves the economizer and enters g single SCR reactor
before returning to tha air heatar. The SCR reactor is dagigned as
a vertical gas flow unit with a rectifying grid at the reactor inlet
to promote even gas flow distribotion. The seactor is also
designed with sufﬁcient valume to add a spare catalyst layer, it
raquired. The SCR unit is designed for 80% NO, reduction at an
ammonia to NO, ratio of 0.8. Resulting is a NO, emission rate of
(.08 Ibs/MMB1u or 91 ppmv. The ammonia slip is 5 ppm. Tabte

4-4 summarizes the SCR design criteria.

The ammania injection system is designed to provide 7 days
storage of anhydrous ammonia. The anhydrous ammonia is
stored in a3 horizontal pressure vessel and is vaporized using
steam-heat. The vaporized ammanta is metered to a dilution
blower skid assembly and then injected through a distribution grid
located in the duci upstream of the SCR reactor.
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TABLE 44
SELECTIVE CATALYTIC REDUCTION

250 MW RETROFIT PLANT DESIGN CRITERIA

| DesignCrieia |  Designvawe |
Gas Temperature 6B0°F
Total Gas Volume 1,268,000 ACFM
Flange-Flange deita P
Design 11" wee.
| Oparating 8" w.c.
NO, Entering SCR 0.4 Ibs/MMBtu {455 ppmv®) N
NO, Removal 20%
NH,/NG, Ratio 0.8 mol NH./mol NO, "
NH, Feed Rate 302 lbs/hr
NH, Storage Capacity 7 days
Armmmonia Slip 5 opmv
Mumber of Reactors 1
Catalyst Space Velocity 3,200 NCF/ft3*thr ”
Catalyst Life 4 years
Number of Catalyst Layers/Reactar 4
MO, Emissions 0.08 lbs/MMBtu {91 ppmv*]

* ppmv is dry at 3% O,

uRwWIISEC ] MEVWACFFT 01 47
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4.3.2 Pulse Jet Fabric Filter {PJFF)

Flue gas frorn the air heater is ducted to a single 10 compartment
Pulse Jet Fabric Filter {PJFF). The PJFF is an intermediate
prassure, intermediate volume design sized for an air to cloth ratio
of 4.0 ftfmin with one 800 bag compartment offling for
maintenance. The air-to-cloth ratio is typical of utility scale puise-
jet fabric filters with felted Ryton bags.® The Ryton filter bags
measure 20 feet long by 6 inches diameter. Table 4-5% presents
the PJFF design criteria.

4.4 DUCTWORK AND EQUIPMENT ARRANGEMENT

Locating the ¢atalytic fabric filter to minimize ductwork requiremants is
critical to the project costs since the hot gas exiting the CFF must return
to the air heaters before going to the stack. The situsation is further
complicated in retrofits since maost of the construction must be done
around existing plant equipment while the plant is aperating. A relatively
brietf [6 to 8 weeks) outage is assumed for ductwork tie-ins and various
interfaces.

Iytic Fabrig Fil

Figure 4-3 shows the general arrangement of the CFF equipment. The
CFF is erected to the north of the existing (D fans and stack. The CFF
inlet and outlet ductwork is tied into the economizer putlet and air heater
iniat, respectively. The existing air heater outlet ductwork, ESPs and
ESP outlet duct are re-used in this arrangement. Because the CFF
remaves nearly ail of the particulate from the flue gas, the existing ESPs
are desnergized and the fly ash removal system is removed from service.
Costs to ramove ESP internals and fiy ash piping are not included.

EkwtWISC 1 AMIWACFET a0 48
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TABLE 4-5
CONVENTIONAL PULSE JET FABRIC FILTER

RETROFIT PLANT DESIGN CRITERIA

_ . Di terla - Design Value
Total Gas Volume 866,000 ACFM

Gas Temperature 277°F
I Inlex Grain Loading 5.02 bs/MMBtu (2.4%5 gridsci)
Air to Clath Ratio
Net-1 4.0 fpm
Gross 3. 70 fpm
Flange-Flange delta P
Deasign 8" W.C.
Qperating 6" W.C.
Bag Length 20 &
Bzg Diameter G in
Bag Type Ryton Felt
Bag Life 3 years
Number of Baghouses 1
Number Bags/Compartment 200

Number Compartments/Baghouse 10
Particulata Emissions 0.02 tbs/MMEBtu (0.011 gr/fdsct} I\

clwiMISC! MEWALSFT 001 49
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Bacause the CFF and new ductwork add approximately 10 inches w.c.
{design} of pressure loss, addltional induced draft fan capacity is
required, Ths axisting ID fans &t the retrofit plant like rany older planis,
ara assumed to operate near capacity at full load. A series ID booster
fan was installad adjacent to tha existing fans and ducted back into the
existing stack breaching.

SCRA-PJFF Arrangement

Figure 4-4 shows the general arrangement of the hot side SCR reactor,
cold-side pulse jet fabric filter and all agsociated ductwork. The SCR
inlet and outlet ductwork is tied into the economizer cutlet and air heatar
inlet, respectively. New ductwork runs along the north side of the
existing ESPs to the PJFF. A new full capacity ID fan is required, since
it is not practical to duct back into the existing equipment. The existing
ESP ductwork and ash piping are abandoned in place. A new duct
connects the ID fan to the axisting stack breaching. Costs to demolish
and remove the abandoned ESP, ductwork, and ash piping are not
included.

4.5 RESULTS

4.5.1 Equipment Costs
Figure 4-5 shows a breakdown of the installed equipment costs
for the CFF. Figurg 4-5 shows that the capital cost of the
ductwork is nearly 80% of the cost of the flange to flange CFF.
With the ductwork cast being such a large portion of the capital
gosts, optimizing the ductwark arrangement is critical to the
economic viabiiity of the CFF.

CewAMISCT MIWACFFT .07 , 51
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FIGURE 4-b
CFF CAPITAL COST.

TOTAL INSTALLED EQUIPMENT COST BREAKDOWN - RETROFIT 250 MW PLANT*
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4.5.2

o MIECT. MEWACFFT .00

The cost of the catalyst coated filter bags are a second major
component of the overall CFF capital costs. Reduction in bag,
costs will also improve the CFF economics. Figure 4-6 shows the
breakdown of the SCR/PJFF equipment costs.

A computer printout of the complete breakdown of the equipment
costs and associated installation and indirect charges is presented
in Appendix A. The retrofit CFF equipment fist is included in
Appendix B.

Capital and Levelized Costs

Capital and levelized costs were developed for the CFF, SCR, and
putse fat baghousa. Figure 4-7 compares breakdawns of tl}e Total
Plant Investment {TPl} requirements for a catalytic fabric filtar
system to thase of the SCR/PJFF combination. The TPl for the
retrofit CFF system is $213/kW. The TPI for the retrofit SCR unit
is $79/kW and $142/kW ig required for the PJFF, making the TPI
for the total SCR/PJFF retrofit é*,rstam $221/kW, or 4% more than
that of the CFF. The CFF system requires a similar capitai
investment to the SCR/PJFF system, due to the high cost of the
fabric filter bags. The ductwork and t.D. fans are broken out
separately since these vary dramatically with retrofit scenarios,
When the ductwork and 1.D. fan costs are excluded, the TPl for
the CFF case and the SCR/PJFF case are $155/kW and $152/kW,

respectively,

a4
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FIGURE 4-6

| SCR/PJFF CAPITAL COST* |
TOTAL INSTALLED EQUIPMENT COST BREAKDOWN - RETROFIT 250 MW PLANT
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CFF vs SCR/CONVENTIONAL BAGHOUSE

FIGURE 4-7

TOTAL PLANT INVESTMENT - RETROFIT 260 MW PLANT
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The CFF costs include a fifteen (15) percant process contingency
{as recommended by EPRI TAG Guidelines for developing
processes) assessed against the CFF baghouse casing and filter
bag components, Because SCR and PJFF technologies have been
demonstrated commarcially, their pracess contingencies are eight
(8) and nine {9} percent, respectively. Figure 4-8 provides the TP
comparisons without these continganey casts, and indicates an
11% advantage for the CFF.

Figure 4-9 'shaws the total current dollar {includes inflationt
iavelized cost in tarms af miflsf/kWh. The levelized cost for the
CFF retrofit is 9.15 milisfkWh, and the cost for ti.'ne SCR/PJFF
retrofit is 10.07 mills/kWh, or 10 percent greater,

The CFF system levalized costs are driven by the catalyst coated
52-glass bag replacement cost. The SCR/PJFF system levelized
costs are driven by the catalyst replacemeant costs along with the
fan powar requirement ta overcome boath SCR and PJFF pressure
drop.

Figure 4-10 is a breakdown of the levelized cost components in
tarms of mills/kWh. Figure 4-11 presents the costs compared in
terms of levelized dollars/year. This levellzad cast represants the
amgount of many which would be raquired aach year 1o fully cover

~both the capital and operating/maintenance costs of that
- technology. In this 250 MW retrofit plant case study, the CFF

requires $1,300,000 less per year {15 years) than the SCR/PJFF.
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FIGURE 4-8

CFF vs SCR/CONVENTIONAL BAGHOUSE

TOTAL PLANT INVESTMENT - RETROFIT 250 MW PLANT
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FIGURE 4-9

CFF vs SCR/CONVENTIONAL BAGHOUSE
LEVELIZED COSTS - RETROFIT 250 MW PLANT
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FIGURE 4-10

CFF vs SCR/CONVENTIONAL BAGHOUSE
LEVELIZED COST BREAKDOWN - RETROFIT 260 MW PLANT
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FIGURE 4-11

CFF vs SCR/CONVENTIONAL BAGHOUSE
LEVELIZED COST BREAKDOWN - RETROFIT 250 MW PLANT?*
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4.5.3 CFF Cost Sensitivity Analyses

chwhMSCT MOACEFT 001

Saveral cost sensitivity analyses were performed on the CFF base
case to determine criticai design and economic parameters. The
sensitivity parameters examined are lsted helow and are
presented in Figuras 4-12 through 417 in order of decreasing
sensitivity. Tha cost of the catelyst coated bags has the
strongest infiuence on CFF economics and is shown in Figures
412 and 4-13.

Bag Cost

Bag Life

AJC Ratio

Plant Size, MW

Inlet NQ, Concentration

Figure 4-12 shows a steady increase in levelized costs with
increasing bag cost. Figure 4-13 shows the CFF bag cost
sensitivity relative to capital cost. The figure shows that the
capital cost breakeven point for the CFF and SCR/PJFF is
approximately $300/bag. Figure 4-14 shows the desrease in
fevelized $/ton is most dramatic for a 1 to 2 year life, but the
slope steadily decreases with increasing bag jife. Figure 4-15
shows an expected decline in costs due 10 higher air-to-cloth

ratios.

Figure 4-16 shows a steady decrease in levelized costs for units
with Increasing MW capacity. The maximum practlcal size
cansidered for a CFF baghouse ¢asing is approximately 260 MW
based on 14 compartments (for acceptable gas flow distribution)
and a maximurn of 1000 bags/ compartment. Units larger than
2680 MW will likely require multiple casings and assoclated

62
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FIGURE 4-12

CFF SENSITIVITY PARAMETERS
BAG COST - RETROFIT 250 MW PLANT*
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CFF SENSITIVITY PARAMETERS
BAG COST - RETROFIT 260 MW PLANT *
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FIGURE 4-14

CFF SENSITIVITY PARAMETERS
BAG LIFE - RETROFIT 250 MW PLANT
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CFF SENSITIVITY PARAMETERS
AIR TO CLOTH RATIO - RETROFIT 250 MW PLANT

--------------------------------------------------------------------

..................................................................

CFF A/C RATIO, fpm




FIGURE 4-16

CFF SENSITIVITY PARAMETERS
PLANT SIZE, MW - RETROFIT 250 MW PLANT*
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CFF SENSITIVITY PARAMETERS
INLET NO, CONCENTRATION - RETROFIT 250 MW PLANT™*
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ductwork which will drive up costs accordingly. Tha lsast
sensitive parameter is the inlet N, concentration. The intet NO,
concentration sengitivity was developed based on a Q.08 Ib
NO,/MMEtu outlet emission rate for all inlet NQ, concentrations.
NO, removal ranges from 73% to 849% for the chosen inlet
concentrations. Figure 4-17 shows the levelized mills/kWh cost
decraasas slightly with increasing inlet NO, concentration but the
overall impact on the cost is negligible.
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5.0 OTHERFACTQRS AFFECTING THE DESIGN AND COST OF CFF TECHNOLOGY
5.1  AMMONIA SLIP

At the time of this report, hilut plant test data® indicate that to achieve
80% NO, reduction, 25 ppmv siips through the CFF unreacted,
compared to 5 ppmv or less ammonia slip from an SCR under the same
condition. Armmonia slip ¢an impact the design and cost of the CFF
process in two ways:

. Ajr Heater Impacts
» Ammonia Stack Emissions

Since the CFF pilot ptant did not include an air hester, there is no
operating experience to predict the impact of the ammonia sulfur
reactions on downstream aquip'mant. Little fly ash is present in the flue
gas. but deposition of ammonia-sulfur reaction proaducts could still cause
pluggage and corrosion problems in the cold end baskets of the air
heater. This could potentially affect the heat transfer characteristics of
the gir heater, the pressure droo and 1.D. fan power requirements, as
well as requiring periodic replacement of ¢orroded air heater elemsanis.
Flue gas temperature, ammania concentration, 50,/50, concentration
and moisture affect the formation of these products. Provisions should
be included to contral the ceposition of these materiais on air heatar
surfaces. Options include using baskets with greater open srea, higher
grade materials, additional air haatar soot blower capacity, and an air

haater wash systam,

The emission of ammonia to the atmosphere may be unacceptable in
some requlatory areas. |f 8 wet scrubber is used downstream of the air

heater for 50, control, virtuaily all of the ammania le aving the air heater

clewihLSC T MEWICFFT.00N 70
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will be captured in the absorber. I the scrubber is designed for
wallbgard grade gypsum, additional water treatment may be required.

If no scrubber or ather downstream S0, control is used, the CFF process
parameters may have to be adjusted. The two major CFF process
parameters affecting ammonia slip are the ammonia to NO,
stoichiometric ratio and the CFF air to cloth ratio. Reducing the NH.:NO,
ratio would result in lower NQ, removal efficiencies, while lower air 10
cloth ratios increase the size of the baghouse and number of filter bags
required, CFF capital and levelized costs would increase accordingly.

Bacause of these concerns, reducing the ammaonia slip from the CFF
process should be a major objective of future CFF research and
development efforts.

5.2 FLY ASH UTILIZATION/SALES

The presence of ammonia-sulfur campounds and/ar ammania adsorption
an fly ash particles may affect the potential for some fly ash utilization
options, such as for use as a cement admixture. Fly ash specifications
should be reviewed to determine if the CFF will affect a plant’s current

or future fly ash sales.

WIS T MICVACEFT. 009 71
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6.0 CONCLUSIONS/RECOMMENDATIONS

6.1 CONCLUSIONS

SN SC 1. MKAACFFT A0

The CFF can be economically competitive with an SCR/PJFF
combination for the control of NO, and particle emissions from a
new power piant installation.

Costs to retrofit CFF equipment to an existing plant are wvery
dependent upon site specific constraints, Sites with fimited
avallable space may favor the CFF over an SCR/PJFF combination

since less equipment and ductwork are reguirad,

Bag life, bag cost, and air to cloth ratio have the strongest
influence on CFF economics. Continued optimization in these
areas can further reduce the costs of this technology.

Because ductwork is a major capital cost component of CFF
technology, the equipment arrangement can determine the
feastbility and cast effectiveness of both new and retrofit CFF

applicaiions.

The CFF requires less additional fan power than a SCR/PJFF
combination dus 1o lower pressure drop requirements.

Economy of sczle is limited by the maximum CFF baghouse size.
As additional baghouse casings and associated duciwork are

required, step function increases in costs gccur,
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7. The costs of CFF technology must be significantly reduced In
order to be commercially competitive with more astablished
technologies, such as SCR/PJFF combinations.

6.2 RECOMMENDATIONS

Future research and development efforts required to improve the
commmargial viability of Catalytic Fabrie Filter Technology should include:

1. Reducing the cost of the catalyst coated filter bags.

2. increasing the service life of the bags.

3. Maintaining the current or better perforonance {NO, and Particulate
Control, Ammonia Slip) while operating at higher air to cloth
ratios. This will reduce CFF baghouse size.

4. Demonstrating the CFF process with longer pulge jet filter bags.

Conventional felted puise let bags of 23" to 26’ in length have

been demonstrated on cold-side applications.

B, Reducing the ammania slip.
6. Determining impacts of the CFF process on air heater equipment,
SkwitIZC 1 MKVACEFT, 009 73
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FABRIC FILTER/SCR COST SUMMARY

PRESENTAINLE, AR, V106 AM

NEW FLANT RETROFIT PLANT
Catalytic SCH Flus Corvantional Saleclive LCalahytl; GCH Plus Lomventicnal Balective
Fahric Convantional Pujlos Jot Caathytic Fabriz Convantlonal Pulse Jat Calatythz
Filtar Pulsa Jat Fabtale Fitar Raduction Filuar Pulga Jat Falvle Fiar Redirotion
_Fabelo Fitar Fabro Filor
EQUIFMENT COSTS - 17171393 - 1000s ¢
Tatal Direcl Cost 42,8512 649,057 $22,770 t21.266 21417 34,500 121,817 $12,083
Totoh Plar Cast 70,1 fas.n12 35,582 131,350 451,838 §52,014 33472 118,942
Toial Cash Expandad 468,510 05,477 $34. 715 430,742 450,370 52,115 $33.051 19,454
APLDC $3.842 3,357 31,847 {410 $2.828 32,793 #1888 L1 1 o)
Toial Pland bvartmant 412,983 £62,03%5 $38 AR3 432,172 453 188 854 508 £35 gan 419,389 |
oW 146G 134 L] ag 213 21 142 73
TOTAL LEVELIZED ANNUAL COSTS (3000, EOY]
[Fixed Sosis 11,939 $11,762 18,043 6,712 13214 10,567 L1 5P 4,144
Oparating Cocte (Fower) ELETR £5.892 11,905 43,348 51,051 42,145 *T10 1436
Oparating Couls [Ammania) 17 §348 40 §4B 101 $121 40 11
JParkpdlc Aoplacement tama 44,224 42,808 L3:1E ] 42,108 1,503 41,047 §281 780
Tyl Layalizad Anussl Coot $19,410 §20 A07 18,8494 $12.113 $132030 414,334 47,794 40530 |
TOTVAL LEVELIZED ANNIIAL COSTS ($/Ton NOx/Particulate Aema]|  440n Part. ¥/ton MOk oo Part. /1o Nt
Filxedd Cosin 145.07 141,83 15.BF 2.224.28 283.8% 30363 147,84 1,785.0]
Crparating Costs (Powar] aa.ay F1.68 24.40 1,837.77 23.1% 5367 20.54 2a7.80
Crparating Cosie (Ammenia) 4.40 4.23 Q.00 136.02 .04 4.74 0.0 116,20
Bag) Cage Beplacoman 147 0.54 0.7 0.00 1.01 0.e¥ 047 0.0
Bag Raplacament 49.098 7.£8 T.B1 000 42.38 840 0.30 .00
SCA Caakyet Roplecament 000 25549 1 4] 820,22 D00 21.349 0.00 828,10
Total LeveNzed Anmual Cost 735,88 262.04 103,06 4,148 36191 35785 225.78 4.404.18
TQTAL LEVELIZED ANNUAL COSTS {millsfkWh, EQY]
Fleed Coate 3.5 5B 1.84 1.7a T 7.70 4.73 2.
Qporating Costs Powar) 0.6 1.74 060 1.20 .74 151 .80 101
Operating Coste donmondal 0.1t o1 @00 an 0.%a 0,12 ¢.00 oz
Bag Cags Raplacamant 004 o.02 02 Q.00 4.03 D02 002 000
Baxg Raplcement 1.25 .4 ~ G 0.00 1.00 o017 [ 000
SCH Catalyer Faplademant 000 .64 .00 6d Q.00 .53 .00 0.55
Tod o Lovaliged Annual Cose .81 8,33 .55 3.4% #.15 10,07 548 4.89
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TECHNICAL INPUTS SUMMARY
NEW PLANT RETROFIT PLANT
&FF PJFF CFF PJFF
AL 2,538, Q00 1,731,000 1,208,000 BRG.000
AMC Rarto {hWax velocity, fpm) 4,00 400 400 4.00
Bag Chaerar, a.00 &00 g.008 4.0
HBag Faach n z1 21 n
Typs Clnanmg: 3 -A3, 2 - 50, 3-PJ 3 3 23 d
Duct Daiagen Voo xy, FPM 3,500 4,540 31500 a.so0
Hat Oust Length, Ft ra 816 855 240
Cold Duct Langeh, Fi @ [+] G 0
1% Thig Maw Plant or Ratroid? i ] ) 1 1
ikpw = O of Ratnsf = 1)
If Astra . Raplkacw 10 Fan? 1 1 o Q
Tl =0 arMNe = 10
Aeglice Exstng Stack? 1 ] ) 1
ok = O oo = 1]
Ratrofii Drfreoty Qa L] Z 2
Hawmd, Lo= 1, Mad =2, Him 3, Very Himd
g Matanal | 5 ] B ]
Flbemplas = 14crybez = Z, (Cralon T), Aytan = 3, Goriex = 4, CaoAalyG FF = §
Bag 1uda, Years 2 3 2 3
Beg Lage Lifa, Yo - B E -]
Flanga-Flange Fresturs Oropg, n HID g B B.O a0
Total Syctam Prétany Qrap, w H2O (Ratradr Onlyl 2.4 4.0
Construdton Panad, Trs 2 2 1.0 z.0
Mumber of Mew Fana Petrofn Only) 18 1.0
JPrepact Contngency & 15% 5% 16.0% 15.0%
Procazs Conunigency & 20% 0% 20.0% 0%
WNOx CONTROL PARAMETERS
Hait Inpist, MMELtTw agan 4883 2405 2430.%
Bostar MOx Rata, Lh HO2 MAbBEU 4.3 0.3 a4 o4
Percant WQx Aemoval, % an% BO% a0% BO0%
HHT Fasd Fate, Mol NH3 Mol MOx wbat 088 .05 0.6% &.as5
Fariculnte Emizmony Aste. l.b.I'MI!-IEmﬂ L ., ooz - fDazy 00z , boz
- . .. - 5 :\ *.- ."‘\. N g " T -, . - . f‘, , F
A. GENERAL
Datw of Cast Fef ¥r - 1921} 1593 1332 1953 1833
Eelactad State Perwvey lvarma Pernyivana Parmiaylvanm Pannsylyana
State Mukipline 1.10 1.10 1.10 .10
Power Caat, ConsXWh 5.00 S,00 500 500
Ammamne Coat, SHen 145.00 145.00 145,00 146.00
Ammonia System, 31000 358.Q00 958,00 681 73 B26.41
Gepacity Factor, % 5% TEH &F.0% G5.0%
B. ECONOMIE INFUITR
Capkal E2¢c Dunng Conatructmn 5.0% 5.0% B.0% S.0%
Congtpucuon Years 2 2 2.4 2.0
Anrual InAatian 5.0% 6.0% 5.0% 50O%
Omcowk Ratw, % (MAA) = 11.50% 11.50% 11.50% 11.50%
AFLIDG Aate 11.50% 11.50% 11.54% 11.50%
Lav Fiked Chargs Face IFCAY = 14.60% 18.50% 19.20% 19.20%
Sarvicw Life {ymars) = o0 ao 15 16
Roal Escalaton Ratay ;
Conturmablies (0 & M} o [+] o L1} Q
Fual = o] o Q Q
Powat 0.3 0.2 a9 L1 ]
Marmal Excalabion Rates :
Cornsumablas 1O & AT = 5.00% 5.00% S.00% EL0%
Fosl = £.00% &.00% 5.00% 5.00%
Powar = ] S.38% 9.32% 5.2 %
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FABRIC FILTER SIZING SUMMARY

PRESEMEW. DG, DI04, 11:07 A

D-%4

NEW PLANT RETROFIT PLANT
CFF PJFF CFF PIFF

Vypa of Fabdie Filkor Pulta Jat Pulis Jet Pule Jut Fules Jat
Flue Gan Flow, ACFM 2,335,000 1,731,000 1,288,000 HEE000
Alr-ta-Cloth Ratle, fpm a.44 70 J.44 a3.70
Humbiee of Saghoddan 2 2 1 1
Bag Lenqgth, F1 20.00 2000 20,00 20,00
Squars Fr'Bag 29.27 2027 29.37 23.27
Cuble Fif Bag 117.0% 117.03 11r.08 1%7.008
Indal & Bags 21,843 14,783 10,8248 7.380
Fal ¥ of Baga, Totasd 25,200 19,005 12,800 80080
Humbier of Bags/Compart ang By LS00 [:[a]s]
Bag Bpaung, In 75 1.E 75 1.5
Humber of Sompert 2B 20 34 10

Hage Wida 0 20 plv] 20

Baga Cenp 45 40 45 a0
Number of Antlax o 1] o 1]
Compartmant hrmanmion, Fr

Wiith. 1= 18 18 113

Langth 41 aa a1 an
Hoppar Halkght, Ft 2,41 20,50 2.4 20.80
Sngis Hopper Valuma, FL ¥ 1.725 1327 1.72% 105F
Hopper Woluma, Total Ft 2 48,293 28544 24,148 12,272
Total Canenmans of Fabrc Fitars, Fo

Length 112 a0 112 - 8

Width 212 186 10 HB

Halght E7 ] 67 53
iDimaneane of Each Fabres Flear, Ft

Langth 112 a0 112 8O

Width jIncl. Width of Santer Duet) 101 ag 1 ag

Hasght 57 85 &7 o

Huight/Width cf Canter Duct 13 a 13 £l

Grathng/Clasrsncs Bitwean FFu 10 10 10 w0
Snunra Ft Clath, Total Fi7.88% 488,378 388.B4B 234,18
|Euct Cross-Sectian; Ft 2 T24.29 454 .57 a8z.25 247 .43
Diat Dhmitebadii, Ft

Width 27 F¥ ] 1% 18

Huwihe 27 2z 14 ]

Eqursaiant Languh - Hak Duest 7713 625 505 240

Equevalers Langeh - Cold Duck [+ [+ L] Q
Totsl Ash How, TPH 12.2 12.2 E.1 a1
Inlat NOx Rata, Lh HOxMr 978.43 a78.43 F51.0 a51.0
Totel HOx Remaved, kpph 0.7% TR =X} 0.5
Tatal HGx Removed, tpy 21421.40 a.521.46 22809 228048
Taotal HOx Fermoved, 1oy dncl. cap factor) £.5988.05 2.566.05 1482.0 1482.8
Ammona Rogqured, Tpy #ncl. cap Tactort 1.580.09 3.380.09 #1258 o129
Fariculars Aemoved, tpy dncl. cap factor) 78.728.18 T.T2RIE 345205 ME0.6

- ot - - - o - - - -
FABRIC FILTER OFPERATING PARAMETERS
Fower Required Excluding 1D Fan, KW 1082 708 =51 354
IC Fan Power For FF Deltn P, W 3,411 2,31 1.707 1.08584
Tocal Fawer, K 4 480 A.034 2,258 1.525
Annual Power Cast (EOY). % $1.734. 048 41,188,161 £760.014 507,138
Pagé |
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DETAILED FAERIC FILTER COST SUMMARY

MEW PLANT RETROFIT PLANT
CFF PJRF CFF PJFF
Flew Foin, AGFM 2,539,000 1,731,000 1,250,000 o80,000
AMG Axpn, FHURN a.44 7o 1.44 a.7a
Tvps Claamnng Pulza Jat Pulua .t Pulsa Jat Fulrs Jot
A n F‘mhﬁ Ennuvlv!nm anuﬂuEl ﬂmnﬁ
DEECT rif19ad 10 £ IEE Eﬂit Er:a Fbunul Efl_rgﬂt' ﬂﬂmfm
Egmpmnt
Fatirre Flter 48,508 48,144 $&5.028 4,400
Bag Cagus 41,008 1640 504 3323
Bags 615 V57N %3308 s7a7
Agh Handhng {Excl. Rioragai 1804 1684 $600 5804
I Fanis) 0 30 #5484 1,798
Dsbwork (Hot & Gold) 7,303 15,213 #5611 §8,005
Stack 40 40 0 40
Ax Haatar Moddzabons BI73 1+ #5304 10
Ammona Byetam 11,1807 0 4230 11}
D" Equmment Subtatal LAY 425,508 $14.268 419,178 514,528
lnstrumanis & Controls 362 181 21 4157
Taxéz 41,088 $54% 914 4472
Fraight $805 463 $978 354
Purchased Equpmast Subtoral (5] FIB, 2B 115,446 %20.8941 $15,6489
Ingtalatran
Eathwork 51.023 512 ETBT 445
Foundamons & Supports 41,432 3718 aT.073 LLEE]
Eracuon 510,147 35074 87,800 54,411
Electncal #3710 08 ifla 5358
Parang 4205 4102 5153 489
Inmulaben #8818 o E1- 0 5358
Fanting $20% #1038 153 488
Tatsl Dwnet Cost 422,912 922,770 531,314 421,917
INDIRECT COETS
Engineanng & Suparvkson $2,228 47,544 82,034 11,558
Canstructan & Flakl Expanaoy $5.853 33,089 g4,188 13110
Construcimn Faes $zAaze 1,504 $2.094 #1558
Starhup Toste B2E3 4164 4200 B1BE
Parformanca Tazts 52183 154 3208 1595
Totel Indiract Cost 211,871 $E8.A87 48,795 45,53%
Tatel Eractad Ceat 554,782 29,257 140,713 428,240
Projact Contngancy #6250 53,380 34,811 #3591
Frocess Conungancy 15,149 43,028 30254 $2.833
TOTAL PLANT COST 70181 35,582 451,598 $34,4722
Market Damand (KD} 17 50 1] L1
Toral Ftant Cant YWich MD 870,181 435,582 $=1 B9G £34.47%
Toial Cash Sxpendad 488,510 134,715 450370 #33.851
AFLIOC 43,843 43,547 s2.92a ERP-F: 1
Tedal Fant !nvastmﬂ Whith MD 5?2.3'53 434,803 153,1$E_| s #3'553‘9’
LEVELIZED ARMUAL FABRIC FILTER CC3TS (5030, EOY)
Fioad Costs £11,928 8,049 510,214 8,823
Qparatmg Costa (Poww) 52,878 1,244 51,081 5718
Operaiing Couts [Amrwmoma) a0 4o 191 40
Panade Beplacamert Itams 54,224 4588 311,584 52087
Taial Levalged Aonual Coit 513,410 8,884 313030 37,734
LEVELIZED ANMNUAL FARRIC FILTER COSTS 4/ Ton NOxPardeuiats Remawad, EQY)
Fromd Costs 145.07 75.87 283.09 187.68
Qpscaning Conts (Powar] 34.87 24.40Q 9.9 2058
Qpatatiey Goatsy (&mmania) 4.43 000 04 0040
Panade Replacamant Iamg 5133 a,77 43.0% 7.57
[Tutal Levebzed Anmual Coct 3558 10905 381.81 22578
Fagn 1
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SCR Input Paromatars and Cost Results

SCAMIW ALY, 5o i, il Al

1 IDESCAPTION AND TECHMIGAL PARAMETERS Tty Bl Ruroliy Plant!
—-3
|3 | Daseriptinn ! CFE Lese Hmen O
& H * Mot A nprr
[] no * denctas & calzyletad numbar.
IR
1
21 Haw gr Rerrplit - aw Regrofit
& F“’I Tm L I Tic) ALt | Eastern B'm‘ﬁu;
10 .
11 tGengrorion Jnputy
12 | MNat Eapacity iAW) ’ 0000 25000 |
(12 ] Copecity Eactor : 75.0% S 0|
14 | Plent Downiime Factor 14.5% 25.01
| 15 | Avoroge NOx Generation Forvar ~220% 05 0% |
4] KewH EEI yasr 3.2!5ﬂE+DI 1._‘EEE+ﬂ5
17 | Heat Inpur, WA Bae § MER 46810 2 A30F |
18 | Houss Pawer Cour | $8dWVh) ' 0050 0.050
| 70 | Downtimg Corie Dwing Canmruction
| 21 | Aselacconcant Power Cost ¢4k Whi ' {050 0.08¢0 |
| 22 | FusliDabd Bavi £ AW ! £4.030 005G |
| 25 |  falta Come i3I £.0:30 0.030 |
24
25 |Canmtruction puts
20 | SCR Caneiruction Pariad Imanthal g ETX
| 27 | 3 ol O I I . a [}
28
9 1al In
30 | Bodlar HOrx Rate. b HO25A Biu - w 048
| 31| x Redustian, % ' 0% 0.0% ]
_31 SCH [nint NHOX E-. 1B NOZ MM Bt 0.3 0.
| 33 | S0R WOx Reduction . 80.0% 80.0%
| a2 | SCR Inter 0% ilbs MOxhr * 579 551
| 3% | MOw Aervied ikane MOl 5599 1,483 1
a8 | MH3 Sip iporved @ 3% 03} . 50 50 |
a1
| 38 |Catalyst lopum
|38 | Caialysy Asvafit Famiar * 100 100 |
40 | Soes Tax . 1.060 _Lo60 |
41 | Catnlyst Inatafaticn Labar (hrelaygr) . 1050 1050.0 |
421 Humber ol pefive catalyst lavers . 4.5 a0
|42 | Carolyet Labor Retralis Poctor 1.00 1.0
A4 | Eaea Asacror Howsing Cost for Segt Segling 2442 2343
45 | Bese Carplyst Vahwre 110) for Sealing 33,765 33749 |
46 | Sceke Factor far Aesctor Howiog hd 0.4 0.4
47
4 TR
‘i r
B | MAR 11.50% 11 508
[ 51 ] Chavge A . 0.1550 0,1970 |
22 | Economic Lifo ! ﬂ 12
83 | P Factar 71 8.29871
.—E‘ AP Fawtod 031958 014392
55 EIE' o Cort Eg_'ulllian Futs 5.0% E.ﬂ".i-_
F8 | O&M, Caralyst Evcalation Rate - S.0% 5.0% |
57 | Fusl Eggalsion Asta v 5% 5.0%|
58 | Povear gnd S1oam Coet Eesalwdon fate + 5.3% 3%
£3 | PIAE Factor (4l smmanial 13 Ase7T 9.53251
|50 | _FYAE Fuctor (&M, oatelys) 13.88877 2.66361
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21 | PIAE Factor [powsar) 1306174 0 |
£2 | Retrofit Famtor 1,00 1.20 |
(03| Sisee Conr 10121 10121
& C_AF”.HL COSTS (6 TO0, Bgm!r 1332|
85 [Catatyat Peromerers
88 | erdor Guute; Eqvvglons Cataivys Coor ISR : a1 450
27 | Vand Ingtpllgtion Com hd 161 15;
|29 [ 1007 Fige Gies (B 32 duaress P : 1.150.600 580,000
99 | Soses Vajosity INGEtISIvb - 3,20000 2,200.00
20 | Cotalyre Volus e 21,7500 108750
X1 | Replacament Catalymt Coxt, [$113]) d 200040 200,00
T2 |Totsl Process Capital
| 75| Roactor Housing 2.048.8 1.552.7
74 |_8CR orer SoopeiCatatyst 11,0607 S i81
75 Subtotal Assctor Houslyy & Corebest 13, 700.5 £.894 .5 |
78 | MHZ Storens d J. 108, ki 4.
77 | Ducrwork : o4 [ XS
78 | Structurs] Suppar: * Q.0 0.0 |
T8 | Air Haerar Modilioatona - 1260 B34.3 |
20 1 Ecenomizer Modificytiang : 9.0 00
-5
832 | 10 Fen Modlfcstions . 106.3 0.0
B3 | Ash Handling Addidon - 118.5 ?ﬂi
B4 | \Watar Trastraene Additkon L [1X1] 0.0
| 8% | instrumertanion & Coneral * 1.5 182.3
ag
a7 Subtptal Pracean Capiel Coyt 15,681 .& g,002.0
| 82 | Fiow todatng . 100.0 ge.0
N ; ¢ {TPEE) 15.081.8 2,069.0]
(901 Toxoe 810 532.1]
91 | Fraipht 784.1 443 4]
[ 82| Puchumed Srvpmu Subiore 17.496.5 8435
83 linstalintion
94 | Esrthwerk 287.3 228 0
85 Fivindstine 4023 I8 O
o6 | Erocvion 26183 2,048 3
&7 Eleciricsl 29,8 180.0
a8 Pipdng 52.% 450
-_&M 229_! 1m]
100 Fminting 57.5 a5.0
101
302 | TYotal Diect Cost £TPCC + Instollogion) n.29%.5 12,8828
103 [Profecs Sonsimasney Footors
104 | Pwector Hovsing : 10.0% 10.0% |
108 | Catalyst ' 10.40% ‘Ig EE
[106 | reri3 Storage - 16.0% 15.0%)
107 | Ductwonk ' 15.0% 15.0%|
108 [ 3irocryrel Suppon : 16.0% 15.0%|
1049 1 Alr Hestar Modlfications " 10.0% 10.0%|
110} Economizer Modiicxtiong : 0.0% 0.0%|
111
112 | 10 Fan Mociicailans . 10.0% 20.0%
112 1 Arh Handling &ddivian " 15.0% 1%
1141 Ware Toagtomgrs Aciicn : 15.0% 15.0%
11% | Instrumentatian & Coanernl - 0.0% 03.0% |
118 |Procems Ingancy F i
VT | Pasorer Hovprg : 0% oo%
118 | Cotalyst . 15.0% 15.0%
116 | NH . 10.0% 10.0%]
(120 | Ductwork . 10.0% 10.0%
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121 | Stugorel Sungort : 10.0% 10.0%)
[ 123 ] Ai Howtor iieati v 15.0% 15.0%

123 | Economizer Modificationa - 0.0% 0.0 |
AN

125 | 10 Fan Madificationa " 5.0%

124 i ! 10.0% 20.0%

127 | Water Tromment Addition ] 0.0% 15.0%

1238 | Instrurmentation & Comrol . 0% 0.0%

128 [Total Plant Coct
130 |_Total Procsss Cacirel Cost 13PCE)-Catalyge Coat 40709 | 4,778 7

139 | Sorvernl Fucilitieg Facter ' 1L0% 14
132 | General Fallies Cont a02.1 4209
(133

1 ;m.ll Eing Coxt 21 2876 12.'“32£

135 | Eng & Homw Oflos Factor : 1.0% 10.0% |

138 | Fng & Home Ofilcr Cost 1388 12682
m 481 3t 1 BEE, 20

138 | Startop Coats 174.07 9543

1 Purdgrmangs Tants 172.07 05.43

140

143 | Prog iy 1,5!!5& i

142 | Procsss Contiposney 21118 1181 2

143 Total Plant Cost ITPCI 31,249.8 18.941.9
144

143 Lallgwsnes for Fungs Curing Construction

148 | Mon " vt "] 1 0. 5% 4.3%)

147 2 2.3% 0 3%]

148 - Bored on Ttypicalt coah lw gurve 3 23% 0.3%

148 —Catah/et noat inatallsd in lest manth 4 0.5% 0.55% |
| 150 5 2.8% L.0%
161 s 15% 1.6%)
| 152 i 2.4% 2.5% |

1E3 -] 3.3% -I-.‘Ii
164 5 3.9% G.3%]

155 1% 2.0% |

X8 11 11&! 12 B% |
1157 12 8.8% B.a%]

158 13 7 0% 0.4%
M58 13 7.6% 8.1%|

160 18 0% &%

191 18 1.8% A.0%

182 17 2.7%:
183 18 27.3% 22.3%

184

188 [Subtotsl 180.00% 100.00% |

164

187 IManihly Interent Rwtc 0.558% |
69 Iy Epcnmion e D T

189 ’

170 |Toarl Cash erwdud ¢TCE) af TRC BE2% SH.00%

179 |Tetal Cauh Expanded (I-CEl, %1000 30762 182 464

173

173 |AFDC for interest during construction]

174 | as % of TPC 4 50% 2 31%]
(175 | s1000 1,410 505
17

177 |Torsd fpoy invegeenene (TR {TCE + AFDCY 321714 183696

178
178 [Total Cogiial Requirament

180 | Pra o L] ipn 315.4

187 | invanrery Capitsl 5% al TPCC - eatslyst coatl 57.4 52.7
m_ !m‘ i!l EE&EE and Chemeesis linchedsd with TPC) 0_ 1.5
183 | Prapaid FovaKiss (mnciuded vith TPC) 20 00

1 Toaal Capiral Requirsmant {TCA. % 10000 32,7578 18,7377

185 | if i ass 29.0

168
107 (GPERATING COSTS 1310007, Deo 1800
LT8R b

2
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123 |\D Fan 4P
150 EFM‘I ﬁllhm.! SCR u 2 Eﬂi.m 1.2'58‘@
181 | ACFM2 wi‘g‘b SLA . 2,800 000 1,E¢.uon
142
¥ w . 19.8 19,0 |
484 | Dalta P2 3 " 30.0 E‘ﬂ
g
I 5755
197 | KW ncrasis 5043 LE20
198 | Powsr Coat (810001} 15685 574
199
208 |FD Fan HF —_—
901 | NHD Rats flbfby) 4537 o0 & |
[202 | Tempergoore Amblemt, C°F) = 68,0 80,0
(203 | Pragyyry Archient PIIA) . 14 6 158
(204 | Duits P. ig wep, . 230 230 |
Fil Alr Hher Lonkage Ate wio BCR b g.t1 a.11
206 | e by Lgnkage Rote wiSCR : 0.13 0.13
7 " el - 751,848 EES‘HH
206 | A Al His Leskera celttal j27.307 £2.805% |
EL ME ugﬂm ahr, Ibitwl 14388 !I igﬁ
210 | HF mcrasis 14,8 I.7
201 | KW incryass 11 5.7
12 1 Bower Qost 131000 /st 3.6 1.5
213
14 EE mlr Codvtnnptbn beeranza
215 | Fel Total Pover, Consurmwtion ipepeage (kW] ~ ¢ al’
218 | Ral Usetod Power Conemp At bamits 000 ACHS b [+ a
297 | Yolums . 0% 0.0%]
218 | Actus Lssiul Powsr Comrnp Fate | 1000 A b ) &
Fi B r 1] 4]
220 [_Bower Coge (10007 2.0 G0
1
| 232 1 Dowrimg Replacannent Power Cos
(2 | i 2 ion [
224 | Dalte Replacement Power Cast 0.5030 0.030 |
225 | Powr Goer 181000/ 0 Y
228
?g? | Arnreonia Cout
(228 | Cosy [82 * 146 145
220 | um 537 301.8
(230 | Coet (351000 215.5 124 .8
3t
.Z_EL Steam CanecHrotion
233 | Cout for ST PEIG 170000 . 7.8 253
(234 | Cost far 200 PSIG 1$871000IE) ' 150 280
235 | Cost for 250 PG 1319001b) ' % 12 5,30
L 23S
(237 | _ Air Hwarer Delt
36 |~ Cycls Time Imink : a6 _3E |
233 APH hodel ! i I |
240 Saaeblow Fipte Ibimind : ] o1 |
241 Credta Cyelen por Shift - [+] i}
a2 NEI !l Air Hestarg . 1 1
| 223 Covet |§ 1000 My a.0 0.0
FLL]
245 SCR
FLo ] Lza F Lh atmr-gq bkl ! 2. 73% 2.73%_
247 Catubys] Focw Araw i3 bl . 19,744 3 870
245 Cott 161000k} 21,4 9.4
245
250 HH23 Vaparization IS0 peig stasml, Tomrd 297 2 lm
251 Cosi 111G 00y 3.6 2.0 |
282
753 |, Total Steom) Gegt {5 )OO0 23.9 11.4
254
[ 265 |Fiv gh Rorketahiling
255 | Trigger Ki=No 1 =Yes! 0.0 2.0 ]
157 | Tongfhe * 03, 0.0
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358 | Oiffrais Ach Cogt 1shznt - 5.0 29
259 { Vosm) Oiffarential fish Coet (670007 a0 0.0
(200
aa1 ‘H!& [cE] &lﬂ Lnan
233 | nimiy Flaw Aate Modul ' 4,734,200 2287300
81 | Flus Sex Tem) Inorawew {951 L 200 200
204 | Hust Capacity d8nudb-<F3 ' 0. 2639 57833 |
(285 | Turhine Gygla Heat Fte (BtofcWhl C 5.318 A
288 | Boilwr Efficiigy ' 27727 02727 |
2aT Irscrma & 207 1,033 |
265 | Power Cogp (£1000/0) 6789 294,37 |
208
el g1 u
71 | _Reptacomant Lite [yrs) . 4 4
274 | Curaiver Replacopan: Cost ($1000720 EEas 5253
272 | Grtaiyet Roptacament | abor Gast 65 10001y 24 a4 |
21 | T {41 0 ] 5_803 AT *
275 | Ranlscement Fruetianiyr 15 25.0% |
276 | Coatiyr [$10004yr) 1,882 £38.0 |
377 | Cpigless clecpmang Libes, MH'siaver ' 1080 1050
279 |Water Trammant Cheamics! Cont
e (Sigel : 0.80 0.60 |

280 | NH3 Bland Arte (ihr) . 15,90 16.90 |
[281 | WH3 Capgyes Aata * 20% 0.0%]
(287 | Mrthannl Requirement ipail a o
285 | Mypthenel Cogr (810004 0.0 2.4 |
284
296 |30 s aal
288 | Trigger wng. ] =yl bl a [1]
287 | Catakssy Weipht llbalicu i - 44 L1

T ot byt 1751 A2E
288 | Dizpasal Cort Aare 08 fon) * £00.Q 500.0
290 |_Qiepansl Cory 1410005y sar) Q0 a0
241
252 (FGD Fiehunt Panslyr
[283 | Trgger @mna, t myes) - Y o
2!4 Enbﬂg 12*F} " 0.0 0.0
295 H ity B 2F) hd 0293 0,293
298 | Maan Flow Ciiarantinl N - 1 153 A08
207 {200 asip S1eemn Embaloy (Erofitl ¥ 1.043.0 1,043.0 |
(293 | Efficiency : apo% 20.0%]
292 | Sieam Canzwnption (1000 ki _a [1]
300 | Cpst 131000 1n) 0.0 0.0 ]
(301
202 Water Sonsumption Ingreass
03 | FGD Water Evap Incrasas i I b 1) 1]
|04 | Warer Coar (571000 gal ' 2.000 000
(308 | (#30004yem) an 0.0
204
anT

FIRST YEAR COSTS 14 1000 R, Daramber 19931

J03 |-
310 | Fized Dosreiing Conte
311 Labor Rara (40) b 20.00 200
312 Dperating Labor 1B bexidayl ity 58
[313 | hisintenane Lahor {0 heeidey? 58
214 | | hdgiorenonpe Mers et 38
315 Aochrein S neart A5 a5
BT 7T ist g8
a7
318
;1 E W Rt | iy Frufthinky
| 320 KO Fan HP 1,887 Fa il
92 | FO Fon HE 4 2
S| ESE Pewer ncresgs o ~
323 Oowsntima Faplecament Fovear Coxt B ]
324 Arpnnonis Cogt 218 125
'3_?‘! Siasm Canaumption Fil 11
329 | _AehCopt 0 L
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327 Flus Gy Hent Less [ a-) A8
i) Cmtnl |camarnit 0o 1]
(239 1 SCR Catshiy Dleposal Cost o o
200 G0 fchem Punsity, L 2
[33T | Watar Canaummtian incresre L o
393 | Witer Trggnmeny Gharmizal Sogg 2 o
.gia. -7 L5 1149 )
(355 [ \avahied Fixed Ghaeaes E 408 YT
338

357 | Teral B17G 5,232
338

Ek]

340

241 LEVELIZED COSTS imilafielWh, gnd-ol-yesr, byginning 1993)

420

343 ing Coste

344 Cparaning Labar (4 hreldeyl 0.03 0,08 |
345 Maiptenance Labor #8 hoyfdav) 005 |
A48 Mamntananos Liatar .02 0.03
447 | AgminfEupport 203 203
346 F  Subtotal LD 018
Ldg
LIS gt 14

351 | D Fan HF T 0.7
%2 FD Fan HP 0,00 Q.00
ﬂm&ﬂ £.00 0,00
254 200 0,00
I55 Armmanis Coak 0.11 .12
[A56 | Steant Compgprgihon g.01 £,07
L2S L A Cont fpa L2.00 )
358 | Flus Cias Hart Losa o4 0.2
(368 | Catalvar Ruplysampnt levelizag DAs DBk |
360 | SCHA Caraiywt Dienceal Cost 0.0 0.00 |
381 |__FQD Fahest Benighy D00 200 )
| 353 | W, In [ 0.0 000 |
3653 [ Water Trasterant Chamics) Gost 000 o000 |
.Y Subinral 1.85 1,80
i -

354 | Gixgd Charges 1.65 Pl
M7
(358 1 Toral .89 450 ]
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FAST YEAR AND LEVELZED COST SUMMARY FOR = = >

FIRST YEAR |Jeouary, 1893 4.5, dollwrs)

OEM COSTS
Opaentng Laber
Maltitwrpncs Lobor
Mantenance Msaksl
AdminiptraonSuggsett Labos
Subiotal

VARIABLE DPERATING COETS
0 Fan HP

FQ Fan HP

E&P Pawar Incresm

Deamiirns Raplezamint Powwr Cont

Ammands Cast

Staam Consumpilon

Aush Coat

Fus Gar Hert Lozt

Calahyut Raplacament

MR Carinbysn Drspana Cosr

FGD Aahwit Paialty

Winpal T onriabnpecn Ncrkiie

Wietwr Tinoumeni Chamical Cagy
Bubitatsl

FIXED CHARGES

TOTAL

LA L IE R R Rl A AL IERINL IR LR L Y]]

FOAMCW XL, 300, NN A

FAST YEAR AND LEVELIZED COST SUMARY FOR = w3

FRRT YEAR [Janusry, THEBY LS, dolluat

FISED Q&M CRETS
Openrntine Lok
Mantansncs Labor
Mhadba o fdstansl
AdmirsavsrtordSuppert Labor
Bubrersl

VARILSLE OPERATING COSTS
D Fan HF
FQ Fon WP
ESP Powar Inciasme
Dawmtms Avpleomment Poaror Caat
Arvuriing Codd
S1enm Cansurnpdsan
Jh Soml
Flum G4 Hast Logs
Totoheyl Faplaganmipn
SCA Calstyat Dinmonal Ciort
PG Padvrat Panaliy
Wilwr Copvumplion [meramss

VWaiw Traatment Charmicel Coat
Subtaty

AXE CHARGES

TOTAL

v HEW FLANT
LEVELDED KR N Taws
Tond-al-y o vt s}
Nidx Remaved . MO Rsareadt
HOO0  EKAMYR MRSAOWH #iton % ANON-YH MHLSHOANH Iion =
H:] o013 .03 pr) 7% 13 g ar 3.8%
1] n2 002 ) 07% .13 0.63 ar 0,9%
as 08 .00 15 2.5 % 8 | 0.02 Fa- 3%
I8 aar 2.7 LLd 2.4% mLi1i K- -] 22 0.0%
m i I ] o038 74 2.1% 1], ] 045 170 25%
1,857 ia .50 a4 20.1% 553 a2.B4 1.0 20%
& oo .00 1 0.0% 2,01 0.40 "2 9%
] o.00 Q.00 -] o.0% .00 1K1 ] g 2.0%
a 0.0 .03 o 0.0% D00 049 L] o.0%
4] 243 2.a7 [ 21 naY% 070 511 110 2.0%
= 0,05 R i 3% o.08 (/R ] 14 0.4%
o aon Q.00 b 0.0% o.09 [P I ] [} 0.0%
573 138 221 o B.a% 227 0,34 L5 %) A%
a 0.a0 0.0 ] % 4.0 0.4 an 1T.4%
] 00 o000 o 0% 0.2 QoG 1] 0.0%
a 009 4.00 ) 3.0% 0.00 0.0 ] 2,05
a 4,00 - M) o 00% 0.00 0,00 o a.0%
a 000 LD o) 0.0% 0.00 R 3 a.0%
2,50 58 a.79 00s 31.4% 12.94 1,65 2404 BZE%
5,405 1001 1.45 2108 SA.r% 1081 1.83 FAL ] &l 0%
B8 1535 249 4188 1A% 2425 3.09 & T20 100.0%
(EL IR RS T LY LY ?ili'ﬁiili G dd b rhkrbdd drtddirhredw FARARANERE 4R r TS FESFANRARARS
RETROAT FLAMT
LEVELIFED FOA 15 Yaus
[rrac ey wabanal
Hidh Fasrmeoy ed MU Famaved
1003 00T MHLEOWH Mion ] EROWRTYR BAILSAOWH 1Y %
o8 025 Q.04 L 1.1% 032 08 L+ i 8-1. 3
L1: ] .23 004 29 1.4% [+ 0,03 a4 2%
15 .14 002 23 0.7% o119 18k a2 074
pLi3 .14 002 24 0.7% o1 003 az 10,7%
186 4.75 13 126 XL 1.02 & 18 172 4.9%
7z 2487 ase dde 13.7% 4.02 @71 ary 12.4%
2 0.0 0.4 1 9,0% .01 il e 2 0.0%
1} 0.00 000 ] D.a% [+ 24 ] .00 a 1L
[r] Q.00 [ als ] 2] D% =X Q.00 o a.04%
138 0%d 0.08 ;T8 2 4% o808 012 115 0%
11 .05 oot ] 0,2% 0,08 0.0 n 0.2%
1} Q.00 noa o) d.0% (R oL o 0%
204 i.1B [ ] 198 S5.5% 185 029 a7 2.3%
-] .00 a.a0 L 0.0% 11z .55 5 11.9%
0 0.0a 0,03 1) 0% .00 .Ga a D40%
0 0.0 2.43 o 0.0% 2.00 000 ] 00%
a .30 .00 & 0.0% G080 4.4 a O.0%
[+ Q.00 2400 o .0% Q.00 040 1 0.40%
1.140 4,80 oAl T 0% a5.54 188 1800 85%
3.888 1565 273 1811 Faay 1565 7% X =) =3.0%
5214 20.90 a7 35311 140.0% 2812 4,85 o A0 100.04%.




Levelized & 11000 %)

Cage No. New Plant
Total Fixed 5713
Var. Op. - Cat Repl-Ammonia 3245
Catalyst Raplacemant 2108
Ammania 3438

D-103

Retrofit
4144
1435
780
17
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AFPENDIX B
MNew and Rstrofit CFF

Plant Equipment Lists
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CATALYTIC FABRIC FILTER SYSTEM EQUIPMENT LIST
{Far Ona 500 MW Unit - 2,636,000 ACFM @ 6R0°F)

New Flant
IFM ITEM AND DESC QUANTITY
AREA 10 » COLLECTORE AND HOPFERS
Eabric Filtar 15kt
Typa: Pulse Jot (2 beghouszns)
AT Ratio {Grosa): 3.44
Nurshar of Campannsnie! 28 {14 par beghauss)
Matarnial of Canatrustion: 174 atesl piama, walded
Baps/Compartment: 200
Bag Cimensions: 8" dim. ¥ 20° long
Total Goth Aree; F37.700 1i% (368,550 par baghause)
Bag Mstarial; venadiumdTitanium Catedyst-Coated Rlase
Compraasars: 3 » 50% pilen Bir compresors with diyers
and Tivrarz
Insludes: Daman, deiivery. and seaciian af all support
sieed, stmcral components snd inoulation;
hoppar heslsrs, claaning system
Tatsl Power Aeguired: . 1,080 KW
AREA 20 : FLY ASH MHANDLING SVSYEM
Ingludas: Praaumalic Conveysr Fipeng and Yalves, Ash  § +
Hoppar Valves, Sonrral Panal, Posumade
Conveyar Blower, Hooper Level Indicators
AREA 30 + FLUE GAS HANDLING
Ductwok
Iryhadme; InletyOutlet duet tin-inz far baghouze
AREA 40 - AMMONIA SYSTEM
Ammonig Unlpgding gng 1 loc
Storage
Inghadag: Inctades Horizanial Bullar C.5. storage
woseal (9.5" 1O, x 28.5" T-T Long, 7 deys
gloraga at MCR!, truck anloading atapon (2
x E0% vapor recovary COMmpressors, wakar
daksge system, iransfer pipingl.
1 kot
Iniscdon Gyld
Includes: 1 x 100% Ammonia Veporizar (carbion stas
1ank with haarad water bah and ammonia
aaill; AmrnonisDilution Air Mixer |3tatic in-
line mises): Ammonia Injection Grd lea-
aurrent 1low fnjecticn nozzlas with ammonia
injrgtion pipa sdusting vabvea); dilution aie
durtwaik wnd dempars.
ST, WO O B-1
D-105

TOTAL COST

$18,131,000

$634,000

7,804,000

£1,107,000

Includad

L it i Tl -l T) =Ty T ) ks g == T A -




CATALYTIC FABRIC FILTER SYSTEM EQUIFMENT LIST
For One 50O MW Unit - 2,536,000 ACFM @ B50°F)

MNew Flant

EQUIFMENT ITEN AND DESCRIFTION QUANTITY, TOTAL COST
AREA 50 - SYSTEM INSTALLATION

Wraludes: 14,642,000
. Earthwosk

Foundations & Supporis

. Ersction

Efactrical

- Fipkng

Inalacken

Fainting

amronome

] BRI 00T B-2

D-10¢
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CATALYTIC FABRIG FILTER §YSTEM EQUIFMENT LIST
{For One 250 MW Ualt - 1,268,000 ACFM @ §50°F}

AREA 19 - COLLECTORS AND HOPPERS

Eabdc fitgr
Typa;
AIC Ratio {Grogal:

Nuenar of Comparmrantss

Material of Construction:
SagsiComparomant:

Bag Dimamsions:

Tinal toth Aran;

Sag Materkal:

bneludag:

Totel Power Regquirad:

AREA 20 - FLY ASH HANDLING BYSTEM

Includas:

AREA. 30 - FLUE SAS HANDLNG

1 tex Fans - CFF
Syilam

Type:

Operating Conditicnn:
QOperating Hp:

Breke Hp:

LO. Bopster Fane - PUFF
Syztgm

Type:

Oparating Conditions:
Opacating Hp:

Eraks Hp:

Euctwork

tncludes;

ot 3, Ll CHET_ OO

Ratrofit Plant
IFT1 OUANTITY
1kt
Pulsa Jat (1 beghousa}
144
14
1747 staal plars, waldad
00
6 die, x 20" long
366,850 i
YenodivmTitanium Catelyst-Cooted Glass
Oiegign, délivery, and saracton of all support
steal, structural comporents and insuletion;
feppar hoatars, clasning sysiem
S50 kw
Preumatic Conveyor Fiping and Vahees, Ash 1 lot
Hoppar Valves, Control Panal, Preumatic
Sanveyor Blawar, Happar Laval Indicetors
1 op.
Cantrifugal
AREQ00 ACFM & 257 w.c. and 2TIF
4,260 Hp (totall
7,000 Hep (total
1ap.
Cantrifugal

885,000 ACFM @ 34" w.c. and 2779F
5,730 Hp (total)
9,000 Ho (toral

Inlst/Outlat dugt tis-ing iar baghouss

=107

JOTAL COST

99,840,000

$ 50,000

51,484, 000

£1, 755,000

£5,611,000
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CATALYTIC FABRIC FILTER SYSTEM EQUIPMENT UST
(Far Cna 250 MW Unit - 1,268,000 ACFM & &50°F}

Retroflc Plant
LIPMENT N QUANTITY
AREA 40 - AMMDNLA 5YSTEM
Ammania Unlosdino end o
SIprage
InzludBas; Ircdudes Hovizontal Buallet €.5. otworage
vessal (B.5° LO. x 25.5° T-T Long, 7 days
storaga st MCR), truck unlcading station {2
X S0% vapol mogvary Compresanrs, wetsy
deluge syoram, urankler pipng).
Asuneia Yaporizee and 1 ot
nfEenon Grid
ncludag: 1 ¥ 1008 Amwmonia Yaporizer (carnon staal
tork. wilh heatzd watar bath and ammona
codll; Armmoniaf0dution Alr KMixer {static in- -
lina mixes); Amments Infacdan Gad [2o-
current tlow mmaction ngZrles with ammonia
injection pipe adjusting valvesl; divton elr
ductwaonk and dampers.
AREA 50 - 3YSTEM MSTALLATION
Includas: 1401
A, Earthwork
B. Foundstons & Suppocts
G. Ersctdan
0. Eleatrical
E. Fiping
F. Insulation
G. Peinting

minrANRSE ) WKWRCXFT 01

B-d
D--108

L COST

$780,000

Ineiuded

510,875,000




