MERCURY CONTROL WITH ADVANCED
HYBRID PARTICULATE COLLECTOR

Final Technical Report

Prepared for:

AAD Document Control

U.S. Department of Energy

National Energy Technology Laboratory
626 Cochrans Mill Road

PO Box 10940, MS 921-107

Pittsburgh, PA 15236-0940

Cooperative Agreement No. DE-FC26-01NT41184
Performance Monitor: William Aljoe

2005-EERC-5-02

Prepared by:

Ye Zhuang
Stanley J. Miller

Energy & Environmental Research Center
University of North Dakota

Box 9018

Grand Forks, ND 58201-9018

May 2005



EERC DISCLAIMER

LEGAL NOTICE. This research report was prepared by the Energy & Environmental
Research Center (EERC), an agency of the University of North Dakota, as an account of work
sponsored by the U.S. Department of Energy (DOE) National Energy Technology Laboratory.
Because of the research nature of the work performed, neither the EERC nor any of its
employees makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement
or recommendation by the EERC.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government, nor any agency thereof, nor any of
their employees makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.

This report is available to the public from the National Technical Information Service, U.S.
Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders
accepted at (703) 487-4650.

ACKNOWLEDGMENT

This report was prepared with the support of the DOE National Energy Technology
Laboratory Cooperative Agreement No. DE-FC26-01NT41184. However, any opinions,
findings, conclusions, or recommendations expressed herein are those of the author(s) and do not
necessarily reflect the views of DOE.



MERCURY CONTROL WITH THE
ADVANCED HYBRID PARTICULATE COLLECTOR

ABSTRACT

This project was awarded under U.S. Department of Energy (DOE) National Energy
Technology Laboratory (NETL) Program Solicitation DE-PS26-00NT40769 and specifically
addressed Technical Topical Area 4 — Testing Novel and Less Mature Control Technologies on
Actual Flue Gas at the Pilot Scale. The project team included the Energy & Environmental
Research Center (EERC) as the main contractor; W.L. Gore & Associates, Inc., as a technical
and financial partner; and the Big Stone Power Plant operated by Otter Tail Power Company,
host for the field-testing portion of the research.

Since 1995, DOE has supported development of a new concept in particulate control called
the advanced hybrid particulate collector (AHPC). The AHPC has been licensed to W.L. Gore &
Associates, Inc., and has been marketed as the Advanced Hybrid™ filter by Gore. The Advanced
Hybrid™ filter combines the best features of electrostatic precipitators (ESPs) and baghouses in
a unique configuration, providing major synergism between the two collection methods, both in
the particulate collection step and in the transfer of dust to the hopper. The Advanced Hybrid™
filter provides ultrahigh collection efficiency, overcoming the problem of excessive fine-particle
emissions with conventional ESPs, and it solves the problem of reentrainment and re-collection
of dust in conventional baghouses. The Advanced Hybrid™ filter also appears to have unique
advantages for mercury control over baghouses or ESPs as an excellent gas—solid contactor.

The objective of the project was to demonstrate 90% total mercury control in the Advanced
Hybrid™ filter at a lower cost than current mercury control estimates. The approach included
bench-scale batch tests, larger-scale pilot testing with real flue gas on a coal-fired combustion
system, and field demonstration at the 2.5-MW (9000-acfm) scale at a utility power plant to
prove scale-up and demonstrate longer-term mercury control.

An additional task was included in this project to evaluate mercury oxidation upstream of a
dry scrubber by using mercury oxidants.

This project demonstrated at the pilot-scale level a technology that provides a cost-
effective technique to control mercury and, at the same time, greatly enhances fine particulate

collection efficiency. The technology can be used to retrofit systems currently employing



inefficient ESP technology as well as for new construction, thereby providing a solution for
improved fine particulate control combined with effective mercury control for a large segment of

the U.S. utility industry as well as other industries.
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MERCURY CONTROL WITH THE ADVANCED HYBRID PARTICULATE
COLLECTOR

EXECUTIVE SUMMARY

Since 1995, the U.S. Department of Energy (DOE) National Energy Technology
Laboratory (NETL) has supported development of a new concept in particulate control called the
advanced hybrid particulate collector (AHPC). The AHPC, licensed to W.L. Gore & Associates,
Inc., has been marketed as the Advanced Hybrid™ filter by Gore. The Advanced Hybrid™ filter
combines the best features of electrostatic precipitators (ESPs) and baghouses in a unique
configuration, providing major synergism between the two collection methods, both in the
particulate collection step and in the transfer of dust to the hopper.

The Energy & Environmental Research Center’s (EERC’s) objective for this project was to
demonstrate 90% total mercury control with commercially available sorbents in the Advanced
Hybrid™ filter at a lower cost than current mercury control estimates. The approach included
three levels of testing: 1) bench-scale batch testing that tied the new work to previous results and
linked results with larger-scale pilot testing with real flue gas on a coal-fired combustion system,
2) pilot-scale testing on a previously proven combustion system, and 3) field demonstration
testing at the 2.5-MW (9000-acfm) scale at a utility power plant to prove scale-up and
demonstrate longer-term mercury control.

Initial bench-scale results were in good agreement with previous data. Results showed that
the SO, and NO, concentration effects are additive and have a significant effect on sorbent
performance. This finding should facilitate predicting sorbent performance in real systems when
the SO, and NO, concentrations are known. Further finding from the bench-scale tests was that
the fixed-bed sorbent-screening tests using simulated flue gas were in good agreement with
similar tests sampling real flue gas. This suggests that as long as the main flue gas components
are duplicated, the bench-scale fixed-bed tests can be utilized to indicate sorbent performance in
larger-scale systems.

An initial field test of the 2.5-MW (9000-acfm) Advanced Hybrid™ filter at the Big Stone
Power Plant was completed the first week of November 2001. Results showed that the average

inlet mercury speciation for seven samples was 55.4% particulate bound, 38.1% oxidized, and
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6.4% elemental. A carbon injection rate of 24 mg/m?® (1.5 Ib/Macf) resulted in 91% total mercury
collection efficiency, compared to 49% removal for the baseline case.

Following the initial field test, the first planned pilot-scale tests were completed. In the
pilot-scale tests, a baseline comparison was made between the Advanced Hybrid™ filter and a
pulse-jet baghouse (PJBH) in terms of the mercury speciation change across the device and the
amount of mercury retained by the fly ash. Results showed that for both devices there was very
little capture of mercury by the fly ash. There was some increase in oxidized mercury, but no
significant differences were noted between the Advanced Hybrid™ filter and pulse-jet modes of
operation.

Even though the same coal was used in the pilot-scale and initial field tests, there was a
significant difference in inlet mercury speciation. For the pilot-scale tests, results were more
similar to what is typically expected for Powder River Basin (PRB) coals in that most of the
mercury was elemental, with little mercury capture by the fly ash. In contrast, for the November
2001 field test, there was much more oxidized than elemental mercury and significant mercury
capture by the fly ash. Possible reasons for the difference include higher carbon in the field ash,
somewhat higher HCI in the field flue gas due to the cofiring of tire-derived fuel (TDF), possible
variation in the coal, cyclone firing for the field compared to pulverized coal firing for the pilot
tests, longer residence time for the field tests, and a finer particle size for the field test.

During April-June 2002, a number of baseline and carbon injection pilot-scale tests were
completed with Belle Ayr PRB subbituminous coal, one of the coals burned at Big Stone. For the
baseline case, approximately 70% of the inlet mercury was elemental, approximately 23%
oxidized, and 2% or less was associated with particulate matter. Very little natural mercury was
captured across the Advanced Hybrid™ filter for the baseline tests, and the level of oxidized
mercury increased only slightly across the Advanced Hybrid™ filter during baseline operation.

With carbon injection, a comparison of short and long residence time in the Advanced
Hybrid™ filter showed that somewhat better mercury removal was achieved with longer
residence time. No evidence of desorption of mercury from the carbon was seen upon continued
exposure to flue gases up to 24 hr. This suggests that desorption of captured mercury from the
carbon sorbent is not a significant problem under these flue gas conditions with the low-sulfur

subbituminous coal.
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At a carbon-to-mercury ratio of 3000:1, from 50% to 71% total mercury removal was
achieved. When the ratio was increased to 6000:1, the removal range increased to 65%-87%,
even for the difficult case with predominantly elemental mercury and very little natural capture
of mercury by the fly ash.

A longer-term field test was completed with the 2.5-MW (9000-acfm) field Advanced
Hybrid™ filter August 6 through September 6, 2002. Carbon injection and CMM (continuous
mercury monitor) measurements were continuous (24 hr a day) for the entire month, except for
an unplanned plant outage from August 29 to September 2. The primary goal of the work was to
demonstrate longer-term mercury control with the Advanced Hybrid™ filter and evaluate the
effect of carbon injection on Advanced Hybrid™ filter operational performance. Another goal of
the test was to evaluate the effect of supplemental TDF burning on the level of mercury capture
for comparison with results from the previous test completed in November 2001.

The inlet mercury speciation during the August 2002 tests averaged 17% particulate
bound, 32% oxidized, and 51% elemental. The significant difference in mercury speciation
between the August and November 2001 field data is likely the effect of a higher rate of cofiring
of TDF with the coal during the November test.

In the November 2001 tests, 49% mercury capture was seen for the baseline conditions
without carbon injection. The August tests indicated only 0%-10% mercury capture with no
carbon injection. Again, the most likely explanation is the much higher TDF cofiring rate and
higher HCI in the flue gas for the November test.

Addition of activated carbon at a rate of 24 mg/m® (1.5 Ib/Macf) resulted in an average of
63% mercury removal in the August tests without any TDF cofiring. A small TDF cofiring rate
of about 23 tons a day resulted in an increase in mercury collection to 68%. At the highest TDF
rate seen in the August tests of 150-177 tons a day, mercury removal of up to 88% was achieved.
This compares with 91% removal seen during the November tests when the TDF feed rate was in
the range from 90 to 250 tons a day. These results indicate that TDF cofiring has the effect of
increasing the level of mercury control that can be achieved with a low carbon addition rate.

One of the main objectives of the August tests was to assess the effect of carbon injection
on longer-term Advanced Hybrid™ filter performance. When the carbon was started on August
7, there was no perceptible change in pressure drop or bag-cleaning interval. Similarly, there was
no change in the K,C; value that relates to how well the ESP portion of the Advanced Hybrid™
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filter is working. These results indicate that low addition rates of carbon will have no perceptible
effect on the operational performance of the Advanced Hybrid™ filter.

Another short field test was completed with the 2.5-MW (9000-acfm) Advanced Hybrid™
filter at the Big Stone Plant November 19-22, 2002, to coincide with the first test conducted at
the inlet and stack of the full-scale Advanced Hybrid™ filter after it came online October 26,
2002. The primary purpose of the test was to evaluate the effect of injecting a small amount of
HCI into the flue gas along with the activated carbon. Results showed that without supplemental
HCI injection and a low carbon injection rate of 24 kg of carbon sorbent/million m® of flue gas
(1.51b of carbon sorbent/million acf), from 65% to over 90% total mercury removal was
achieved. This is somewhat better than the results seen in the monthlong continuous test in
August 2002. Part of the reason could be the higher temperatures in the Advanced Hybrid™ filter
during August, which typically were in the range of 132°-143°C (270°-290°F) compared to
121°C (250°F) for the November 2002 tests.

Little or no effect was seen with the supplemental HCI injection. This is somewhat
surprising because an extensive amount of bench-scale sorbent work has demonstrated the
benefit of HCI for capturing elemental mercury in a simulated flue gas over the temperature
range of 107°-188°C (225°-370°F). However, the benefit of additional HCI may be marginal in
cases where there is already a sufficient amount of HCI present to achieve good mercury control.

During October—December 2002, a 5.7-m%min (200-acfm) pilot-scale test was also
completed with Springfield bituminous coal. The purpose of this test was to evaluate mercury
control with the Advanced Hybrid™ filter with a high-sulfur bituminous coal. The Springfield
bituminous coal produced a flue gas that was high in all of the acid gases including SO3, and
most of the inlet mercury was in an oxidized form. A number of short- and longer-term tests with
the NORIT Americas DARCO® FGD carbon at temperatures ranging from 135° to 160°C (275°
to 320°F) showed that this sorbent is completely ineffective at mercury control under these
conditions. This is in contrast to the extensive testing conducted previously with the Advanced
Hybrid™ filter and subbituminous coal, where up to 90% mercury capture was seen at a low
carbon addition rate. The data are consistent with previous bench-scale testing that has shown

that flue gas conditions are critical to the mercury capture ability of an activated carbon.
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The previous field studies performed in November 2001 and August 2002 showed there
was a correlation between Hg?* concentration in the flue gas and the amount of TDF fed into the
boiler. However, because of the variability of the TDF feed rate, it was difficult to quantify the
TDF effect on mercury removal. A 1-week pilot-scale test was conducted on the 55-kW
(200-acfm) EERC Advanced Hybrid™ filter where the coal feed rate and the TDF feed rate were
precisely controlled.

Cofiring of TDF with the subbituminous coal had a significant effect on mercury
speciation at the inlet to the Advanced Hybrid™ filter. Firing 100% coal resulted in only 19%
oxidized mercury at the inlet compared to 47% cofiring 5% TDF (mass basis) and 85% cofiring
10% TDF. The significant increase in oxidized mercury may be partly the result of increased
HCI in the flue gas with the TDF. However, since the actual increase of measured HCI was only
a few parts per million, other changes in combustion conditions or flue gas components may also
be responsible for the increase in oxidized mercury.

The TDF not only enhances mercury oxidation in flue gas but also improves mercury
capture when combined with FGD carbon injection. With 100% coal, test results have shown
from 48% to 78% mercury removal at a relatively low FGD carbon addition rate of 24 kg of
carbon/million m* (1.5 Ib of carbon/million acf). Results showed from 88% to 95% total mercury
removal with the same carbon addition rate while 5%-10% TDF was cofired. These results are
consistent with previously reported results from the 2.5-MW (9000-acfm) pilot-scale Advanced
Hybrid™ filter.

W.L. Gore & Associates, Inc., initiated an innovative concept for control of mercury
emissions in flue gas streams. Specifically, the configuration involves a mercury control filter
placed inside the existing particulate control filter bag, essentially a bag-within-a-bag. This
concept is attractive for use the Advanced Hybrid™ filter, because of the much fewer number of
bags required compared to conventional baghouses.

A week of testing was completed with two different cartridge filters on the 55-kW
(200-acfm) pilot-scale Advanced Hybrid™ filter in March 2003. The filters were installed inside
of the four cylindrical all-polytetrafluoroethylene (PTFE) bags in the Advanced Hybrid™ filter
unit. Operationally, the mercury filter elements did not appear to impair the pulse cleaning of the
bags. Initial tests with these cartridges showed that nearly 100% mercury capture could be
achieved, but early breakthrough results were observed.
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Another 1-month field test was completed during May-June 2003 with the 2.5-MW
(9000-acfm) Advanced Hybrid™ filter unit at the Big Stone Plant to demonstrate long-term
mercury control with the Advanced Hybrid™ filter and evaluate the impacts of various operating
parameters such as filtration velocity, carbon feed rate, and carbon in-flight time on mercury
control.

The inlet mercury vapor concentration in the flue gas during the May 2003 test ranged
from 4.98 to 10.6 pg/m® with 20%-70% HgP. The variation in mercury speciation was likely
caused by varying coal as well as the intermittent cofiring of TDF and waste seeds. The May
2003 test indicated 0%-30% mercury inherent capture with no carbon addition, typical for
western subbituminous coal. At low carbon feed concentrations ranging from 1 to 3 Ib/Macf, the
Advanced Hybrid™ filter demonstrated high overall mercury collection efficiencies from 65% to
95%. When compared with other research results, the Advanced Hybrid™ filter clearly
demonstrated higher mercury removal efficiency than an ESP under the same carbon feed rate.
The overall Hg removal with the Advanced Hybrid™ filter was similar to a baghouse or
COHPAC (compact hybrid particulate collector).

An additional sixth task was added to the project, initiated in April 2003. The planned
objectives for this task were to evaluate mercury capture enhancement by using elemental
mercury oxidation additives with a spray dryer absorber and test the novel Gore baghouse inserts
downstream of the Advanced Hybrid™ filter or a fabric filter. The planned additional tests
included 1) Hg oxidation upstream of a lime-based spray dryer fabric filter or Advanced
Hybrid™ filter combination in order to control mercury emissions using dry scrubbers and
2) field testing of mercury sorbent technology at a North Dakota power plant using a slipstream
baghouse. However, planned field testing of the Gore mercury inserts was not completed
because Gore discontinued their development.

A pilot-scale Niro spray dryer system was installed on the EERC particulate test combustor
(PTC) upstream of a PJFF (pulse-jet fabric filter) or Advanced Hybrid™ filter. Several additives
and sorbent combinations were tested for mercury control while a Center, North Dakota, lignite
was fired. Results showed that 95% mercury removal was seen with NORIT FGD activated
carbon when a sorbent enhancement additive was injected into the furnace, compared to only

37% control with the FGD sorbent alone or 54% removal with the additive alone.
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The last planned experimental work for the project was a test completed during July-
September 2004 to measure the amount of mercury collected by the perforated plates in the
Advanced Hybrid™ filter apart from any mercury control on the filter bags. To address this
question, the 55-kW (200-acfm) pilot-scale Advanced Hybrid™ filter was modified so that it
included perforated plates totally surrounding the normal bag area, but with the filter bags
removed. Mercury removal with this configuration using the NORIT FGD carbon injected at
36 kg of carbon sorbent/million m® of flue gas (2 Ib of carbon sorbent/million acf) was 66%,
which was similar to previous results with the Advanced Hybrid™ filter. However, using an
EERC proprietary sorbent at the same carbon addition rate improved the mercury collection
efficiency to 90%. For both tests, the particulate collection efficiency of the perforated plates
alone was 98%. These are important results, because they prove that good gas—solid contact
leading to excellent mercury removal can be achieved by collection of the activated carbon on

the perforated plates alone, without a significant fraction of the carbon reaching the bags.
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MERCURY CONTROL WITH THE ADVANCED HYBRID PARTICULATE
COLLECTOR

1.0 INTRODUCTION AND BACKGROUND

1.1 Introduction

This project was awarded under U.S. Department of Energy (DOE) National Energy
Technology Laboratory (NETL) Program Solicitation DE-PS26-00NT40769 and specifically
addressed Technical Topic Area 4 — Testing Novel and Less Mature Control Technologies on
Actual Flue Gas at the Pilot Scale. The project team included the Energy & Environmental
Research Center (EERC) as the main contractor; W.L. Gore & Associates, Inc., as a technical
and financial partner; and the Big Stone Power Plant operated by Otter Tail Power Company,
which hosted the field-testing portion of the research.

Since 1995, DOE has supported development of a new concept in particulate control called
the advanced hybrid particulate collector (AHPC). The AHPC has been licensed to W.L. Gore &
Associates, Inc., and has been marketed as the Advanced Hybrid™ filter by Gore. The Advanced
Hybrid™ filter combines the best features of electrostatic precipitators (ESPs) and baghouses in
a unique configuration, providing major synergism between the two collection methods, both in
the particulate collection step and in the transfer of dust to the hopper. The Advanced Hybrid™
filter provides ultrahigh collection efficiency, overcoming the problem of excessive fine-particle
emissions with conventional ESPs, and it solves the problem of reentrainment and re-collection
of dust in conventional baghouses. The Advanced Hybrid™ filter also appears to have unique
advantages for mercury control over baghouses or ESPs as an excellent gas—solid contactor.
Mercury control with the Advanced Hybrid™ filter was the focus of this project.

1.2 History of Development

The Advanced Hybrid™ filter concept was first proposed to DOE in September 1994 in
response to a major solicitation addressing air toxics. DOE has been the primary funder of the
Advanced Hybrid™ filter development since that time, along with significant cost sharing from
industrial cosponsors. Details of all of the results have been reported in DOE quarterly technical
reports, final technical reports for completed phases, and numerous conference papers (1-7). A
chronology of the significant development steps for the Advanced Hybrid™ filter is shown

below.
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o September 1994 — Advanced Hybrid™ filter concept proposed to DOE
e October 1995-September 1997 — Phase | — Advanced Hybrid™ filter successfully
demonstrated at 55-kW (200-acfm) scale

e March 1998-February 2000 — Phase Il — Advanced Hybrid™ filter successfully
demonstrated at 2.5-MW (9000-acfm) scale at Big Stone Power Plant
o September 1999-August 2001 — Phase Il — Advanced Hybrid™ filter commercial

components tested and proven at 2.5-MW (9000-acfm) scale at Big Stone Power Plant

e Summer 2000 — Minor electrical damage to the bags observed

e January-June 2001 — To prevent electrical damage, the Advanced Hybrid™ filter
perforated plate configuration was developed, tested, and proven to be superior to the
original design.

e July 2001-March 2005 — Project to evaluate Mercury Control with the Advanced

Hybrid™ filter — Results are the focus of this final technical report.

e Fall 2002-March 2005 - Full-scale commercial Advanced Hybrid™ filter

demonstration at the 470-MW Big Stone Power Station

1.3 Concept of the Advanced Hybrid™ Filter for Particulate Control

The goals for the Advanced Hybrid™ filter are as follows: > 99.99% particulate collection
efficiency for particle sizes ranging from 0.01 to 50 um, applicable for use with all U.S. coals,
and cost savings compared to existing technologies.

The Advanced Hybrid™ filter combines the best features of ESPs and baghouses in a
unique approach to develop a compact but highly efficient system. Filtration and electrostatics
are employed in the same housing, providing major synergism between the two collection
methods, both in the particulate collection step and in the transfer of dust to the hopper. The
Advanced Hybrid™ filter provides ultrahigh collection efficiency, overcoming the problem of
excessive fine-particle emissions with conventional ESPs, and solves the problem of
reentrainment and re-collection of dust in conventional baghouses.

The electrostatic and filtration zones are oriented to maximize fine-particle collection and
minimize pressure drop. Ultrahigh fine-particle collection is achieved by removing over 90% of
the dust before it reaches the fabric and using membrane fabric to collect the particles that reach
the filtration surface. Charge on the particles also enhances collection and minimizes pressure
drop, since charged particles tend to form a more porous dust cake. The goal is to employ only
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enough ESP plate area to precollect approximately 90% of the dust. ESP models predict that
90%-95% collection efficiency can be achieved with full-scale precipitators with a specific
collection area (SCA) of less than 20 m? collection area/m%s (100 ft* of collection
area/1000 acfm) (8). Fabric filter (FF) models predict that face velocities greater than 3.7 m/min
(12 ft/min) are possible if some of the dust is precollected and the bags can be adequately
cleaned. The challenge is to operate at high air-to-cloth (A/C) ratios 2.4-4.3 m/min (8-14 ft/min)
for economic benefits while achieving ultrahigh collection efficiency and controlling pressure
drop. The combination of GORE-TEX® membrane filter media (or similar membrane filters
from other manufacturers), small SCA, high A/C ratio, and unique geometry meets this
challenge.

Studies have shown that FF collection efficiency is likely to deteriorate significantly when
the face velocity is increased (9, 10). For high collection efficiency, the pores in the filter media
must be effectively bridged (assuming they are larger than the average particle size). With
conventional fabrics at low A/C ratios, the residual dust cake serves as part of the collection
media, but at high A/C ratios, only a very light residual dust cake is acceptable, so the cake
cannot be relied on to achieve high collection efficiency. The solution is to employ a
sophisticated fabric that can ensure ultrahigh collection efficiency and endure frequent high-
energy cleaning. In addition, the fabric should be reliable under the most severe chemical
environment likely to be encountered (such as high SO3).

Assuming that low particulate emissions can be maintained through the use of advanced
filter materials and that 90% of the dust is precollected, operation at face velocities in the range
of 2.4-4.3 m/min (8-14 ft/min) should be possible, as long as the dust can be effectively
removed from the bags and transferred to the hopper without significant redispersion and re-
collection. With pulse-jet cleaning, heavy residual dust cakes are not typically a problem because
of the fairly high cleaning energy that can be employed. However, the high cleaning energy can
lead to significant redispersion of the dust and subsequent re-collection on the bags. The
combination of a very high-energy pulse and a very light dust cake tends to make the problem of
redispersion much worse. The barrier that limits operation at high A/C ratios is not so much the
dislodging of dust from the bags as it is the transferring of the dislodged dust to the hopper. The
Advanced Hybrid™ filter achieves enhanced bag cleaning by employing electrostatic effects to
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precollect a significant portion of the dust and by trapping the redispersed dust that comes off the
bags following pulsing in the electrostatic zone.

An Advanced Hybrid™ filter incorporating the perforated plate configuration was designed
and installed on the 2.5-MW (9000-acfm) slipstream pilot unit at the Big Stone Power Plant.
Figure 1.3.1 is a simplified top view of the 2.5-MW (9000-acfm) Advanced Hybrid™ filter
configuration. The perforated plates serve two very important functions: as the primary
collection surface and as a protective grid for the bags. With approximately 45% open area, there
is adequate collection area on the plates to collect the precipitated dust while not restricting the
flow of flue gas toward the bags during normal filtration. During pulse cleaning of the bags, most
of the reentrained dust from the bags is forced back through the perforated plates into the ESP
zone where it is collected on the plates. Excellent ESP collection efficiency is the result of
forcing all of the flue gas through the perforated plate holes before it reaches the bags. This
ensures that all of the charged dust particles pass within a maximum of one-half of the hole
diameter distance of a grounded surface. In the presence of the electric field, the particles then

have a high likelihood of being collected on the plates. Test results with and without the electric
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Figure 1.3.1. Top view of the perforated plate configuration for the 2.5-MW (9000-acfm)
Advanced Hybrid™ filter.
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field energized have shown that about 95% of the dust is collected before the flue gas reaches the
bags.

1.4 Pressure Drop Theory and Performance Evaluation Criteria

Pressure drop across the bags is one of the main operational parameters that defines overall
performance. It must be within capacity limits of the boiler fans at the maximum system flow
rate. Since acceptable pressure drop is so critical to successful operation, a detailed discussion of
the theory and factors that control pressure drop follows.

For viscous flow, pressure drop across a FF is dependent on three components:

K,C,V?’t

dP =K,V +K,W.V+
7000

[Ea. 1]

where:

dP = differential pressure across baghouse tube sheet kPa (in. W.C.)

K¢ = fabric resistance coefficient kPa-min/m (in. W.C.-min/ft)

V = face velocity or A/C ratio m/min (ft/min)

K, = specific dust cake resistance coefficient kPa-m-min/kg (in. W.C.-ft-min/Ib)

WHr = residual dust cake weight kg/m? (Ib/ft?)

Ci = inlet dust loading g/m® (grains/acf)

t = filtration time between bag cleaning (min)

The first term in Eq. 1 accounts for the pressure drop across the fabric. For conventional
fabrics, the pore size is quite large, and the corresponding fabric permeability is high, so the
pressure drop across the fabric alone is negligible. To achieve better collection efficiency, the
pore size can be significantly reduced, without making fabric resistance a significant contributor
to pressure drop. The GORE-TEX® membrane filter media allows for this optimization by
providing a microfine pore structure while maintaining sufficient fabric permeability to permit
operation at high A/C ratios. A measure of the new fabric permeability is the Frazier number
which is the volume of gas that will pass through a square foot of fabric sample at a pressure
drop of 0.12 kPa (0.5 in. W.C.). The Frazier number for new GORE-TEX® bags is in the range
from 1.2 to 2.4 m/min (4 to 8 ft/min). Through the filter, viscous (laminar) flow conditions exist,

so the pressure drop varies directly with flow velocity. Assuming a new fabric Frazier number of



1.8 m/min (6 ft/min), the pressure drop across the fabric alone would be 0.25 kPa (1.0 in. W.C.)
at an A/C ratio (filtration velocity) of 3.7 m/min (12 ft/min).

The second term in Eqg. 1 accounts for the pressure drop contribution from the permanent
residual dust cake that exists on the surface of the fabric. For operation at high A/C ratios, the
bag cleaning must be sufficient to maintain a very light residual dust cake and ensure that the
pressure drop contribution from this term is reasonable. The contribution to pressure drop from
this term is one of the most important indicators of longer-term bag cleanability.

The third term in Eg. 1 accounts for the pressure drop contribution from the dust
accumulated on the bags since the last bag cleaning. K; is determined primarily by the fly ash
particle-size distribution and the porosity of the dust cake. Typical K, values for a full dust
loading of pulverized coal (pc)-fired fly ash range from about 0.5 to 2.5 kPa-m-min/kg (4 to
20 in. W.C.-ft-min/Ib) but may, in extreme cases, cover a wider range. Within this term, the bag-
cleaning interval, t, is the key performance indicator. The goal is to operate with as long of a
bag-cleaning interval as possible, since more frequent bag pulsing can lead to premature bag
failure and require more energy consumption from compressed air usage. An earlier goal for the
pilot-scale tests was to operate with a pulse interval of at least 10 min while operating at an A/C
ratio of 3.7 m/min (12 ft/min). While this goal was exceeded in the pilot-scale tests, a pulse
interval of only 10 min is now considered too short to demonstrate good Advanced Hybrid™
filter performance over a longer period. With a shorter pulse interval, the Advanced Hybrid™
filter does not appear to make the best use of the electric field, because of the reentrainment that
occurs just after pulsing. Current thought is that a pulse interval of at least 60 min is needed to
demonstrate the best long-term performance.

Total tube sheet pressure drop is another key indicator of overall performance of the
Advanced Hybrid™ filter. Here, the goal was to operate with a tube sheet pressure drop of
2.0 kPa (8 in. W.C.) at an A/C ratio of 3.7 m/min (12 ft/min). Note that the average pressure drop
is not the same as the pulse-cleaning trigger point. For many of the previous and current tests, the
pulse trigger point was set at 2.0 kPa (8 in. W.C.), but the average pressure drop was
significantly lower.

To help analyze filter performance, the terms in Eq. 1 can be normalized to the more
general case by dividing by velocity. The dP/V term is commonly referred to as drag or total tube
sheet drag, Dr:
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d—PzDT =K +K,W, +w
\Y 7000

The new fabric drag and the residual dust cake drag are typically combined into a single

[Eq. 2]

term called residual drag, Dr:

K,C,Vt

S ———
7000

The residual drag term then is the key indicator of how well the bags are cleaning over a

[Eq. 3]

T

range of A/C ratios, but may still be somewhat dependent on A/C ratio. For example, it may be
more difficult to overcome a dP of 2.5 kPa (10 in. W.C.) to clean the bags than cleaning at a dP
of 1.3 kPa (5 in. W.C.) For most baghouses, the residual drag typically climbs somewhat over
time and must be monitored carefully to evaluate the longer-term performance. Current thought
is that excellent Advanced Hybrid™ filter performance can be demonstrated with a residual drag
value of 0.6 or lower.

Between bag cleanings, from the second term in Eq. 3, the drag increases linearly with K;
(dust cake resistance coefficient), C; (inlet dust concentration), V (filtration velocity), and t
(filtration time). For conventional baghouses, the C; term is easily determined from an inlet dust
loading measurement, and approximate K, values can be determined from the literature or by
direct measurement. However, for the Advanced Hybrid™ filter, the concentration of the dust
that reaches the bags is generally not known and would be very difficult to measure
experimentally. Early in the development of the Advanced Hybrid™ filter, results indicated
approximately 90% of the dust was precollected and did not reach the fabric. However,
subsequent development work showed that the amount of precollected dust is likely to fluctuate
significantly with changes to the electrical field and the dust resistivity. Since C; is not known,
for evaluation of Advanced Hybrid™ filter performance, the K, and C; can be considered
together:

K,C, = (D: - E)/t'* J7000 [Eq. 4]

Evaluation of K,C; can help in assessing how well the ESP portion of the Advanced

Hybrid™ filter is functioning, especially by comparing with the K,C; during short test periods in
which the ESP power was shut off. For the Big Stone ash, the K,C; value has typically been
about 20 without the ESP field. For the 2.5-MW (9000-acfm) pilot Advanced Hybrid™ filter,

longer-term K,C; values of 1.0 have been demonstrated with the ESP field on, which is
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equivalent to 95% precollection of the dust by the ESP. Again, the goal is to achieve as low of a
K,C; value as possible; however, good Advanced Hybrid™ filter performance can be
demonstrated with K,C; values up to 4, but this is interdependent on the residual drag and
filtration velocity.

Eq. 4 can be solved for the bag-cleaning interval, t, as shown in Eq. 5. The bag-cleaning
interval is inversely proportional to the face velocity, V, and the K,C; term and directly
proportional to the change in drag before and after cleaning (delta drag). The delta drag term is
dependent on the cleaning set point or maximum pressure drop as well as the residual drag. The
face velocity, delta drag, and K,C; terms are relatively independent of each other and should all
be considered when the bag-cleaning interval is evaluated. However, as mentioned above, the
drag may be somewhat dependent on velocity if the dust does not clean off the bags as well at
high velocity as at low velocity. Similarly, the K,C; is somewhat dependent on velocity for a
constant plate collection area. At the greater flow rates, the SCA of the precipitator is reduced,
which will result in a greater dust concentration, C;, reaching the bags.
(D; —Dg)7000

VK,C,

t= [Eq. 5]

By evaluating these performance indicators, the range in possible A/C ratios can be
calculated by using Eqg. 1. For example, using the acceptable performance values of a 60-min
pulse interval and a residual drag of 0.6, Eq. 1 predicts that a K,C; value of 2.33 would be needed
when operating at an A/C ratio of 3.0 m/min (10 ft/min) and a pulse trigger of 2.0 kPa (8 in.
W.C.). Obviously, deterioration in the performance of one indicator can be offset by
improvement in another. Results to date show that performance is highly sensitive to the A/C
ratio and that excellent Advanced Hybrid™ filter performance can be achieved as long as a
critical A/C ratio is not exceeded. If the A/C ratio is pushed too high, system response is to pulse
the bags more rapidly. However, too rapid pulsing tends to make the residual drag increase faster
and causes the K,C; to also increase, both of which lead to poorer performance. The design
challenge is to operate the Advanced Hybrid™ filter at the appropriate A/C ratio for a given set

of conditions.
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2.0 GOALS AND OBJECTIVES
The overall project objectiv