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ABSTRACT

Electrogtatic precipitators (ESPs) are commonly used for collection of particles in power plants
and indudria gpplications. There are many ESPs around the world not meeting today's
requirements due to aging, process changes and more dringent regulaions for emisson limits,
Before ESP performance improvements can be considered, measures must be taken to ensure that
the equipment is mechanicdly sound. Once this is accomplished there are various upgrade
technologies available to improve the ESP performance. In order to choose the most appropriate

upgrading technology it is necessary to have a good knowledge about the site-specific conditions.
Mesasures can be taken to:

Avoid or reduce the effect of high restivity dust

Reduce re-entrainment of dust caused by ragpping or high gas velocity

Change the mechanica ESP design by replacing internas and/ or rapping system
Upgrade the ESP energy supply and control systems

Optimize gas didtribution and reduce sneskage

Incresse the ESP size

Change the particle size digtribution with agglomeration technologies

In this paper different upgrading techniques are described and compared both from a technica and
economica point of view. A modern ESP control system is often a cost-€effective method with a
sgnificant potentid to reduce both emissons and power consumption especidly at high resdtivity
dust conditions.

Exchange of old transformer/ rectifiers (T/R's) to high-frequency power converters have been
successful in reducing the effect of corona quenching and alowing a higher T/R power input when

Severe space charge conditions prevails a high dust loads. Significant reductions in emissons have
been observed.
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INTRODUCTION

Electrogtatic precipitators (ESPs) have been used for a long period of time to control particle
emissons. Many ESPs around the world have been in operation for several decades. More
gringent emission requirements and more chalenging conditions due to fud switching and other
process changes result in a need for improved collection efficiency and ESP upgrade. Often it is
sufficient to improve the performance of the existing ESP system by utilizing gppropriate upgrading
techniques. Another reason to invest in new ESP technology is reduced operating cost. An
example of working procedure for ESP upgrading projectsis shownin fig.1.

The present eectrical and mechanicd datusin the ESP is determined by a detailed inspection. The
ingpection should be documented in a structured and accessible way. Broken or worn out parts are
then repaired or replaced. Corrosion holes in the casing and ductwork are repaired and other
necessary measures taken. Acceptable gas didribution together with good mechanica and
eectricd conditions in the ESP is prerequistes for successful implementation of upgrading
technologies.

In the overhaul periods the gas distribution should be checked. Improper gas distribution can be
devadtating for the emisson leve dueto:

Smadl fraction of flue gas is not treated, the so-called sneskage, due to missing or improper
baffles

Stratification within the ESP casing with respect to flue gas velocity, dust concentration and flue
gas temperature

Unbalanced flue gas flow didtribution between parallel ESP casings

The effect of unbaanced gas flow digiribution between two casingsis shown in fig.2.

The gpplicability and the possbilities with different retrofit technologies can be investigated, once
the ESP isrestored to its origina condition. A smplified summary is presented in table 1.

This paper will ded with some of the available upgrading techniques.
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Table 1. ESP upgrading techniques for an ESP in mechanically and electrically sound

condition

Operating
condition

Measure

Avallable techniques

High resdtivity with
back-corona

Copewith high
resgtivity

Controllers  with  intermittent charging and
advanced rgpping control including tuning
Discharge dectrode desgn with more even
current distribution

Reduce resstivity

Conditioning with eg. SO;, NH3;, moisture or
other agent

High dust
re-entranment

Reduce rapping
losses

Optimized rapping procedures

Modified gas digtribution

Improved dust cake agglomeration eg.
conditioning with ammonia done or in
combination with SO;

Increased ESP Sze eg. increased height or
increased number of fidlds

Cope with high flue
gas velocity

Reduce effects of corona suppresson eg. ingall
peak electrodes or high-frequency power
converters

Improved dust cake agglomeration edg.
conditioning with ammonia done or in
combination with SO;

Increased ESP size to achieve lower flue gas
veocity eg. increased height

Inaufficient
collection efficiency
for upgraded ESP

Increased ESP size eg. increased number of
fidds

Change the paticde dze didribution with
agglomeration techniques

Change to more efficient ESP desgn eg.
combination of ESP and fabric filter (FF)
technology

CONTROL SYSTEM FOR ELECTROSTATIC PRECIPITATORS

Modernization of the ESP control system is often an efficient and cost-effective measure to
ggnificantly improve the ESP performance. A well designed and properly tuned control system is
crucid for high ESP performance, long equipment lifetime and optimized power consumption.

A modern control system should be able to take care of:

Spark handling

Rapping optimization

Intermittent charging (charging rétio)
Sdf-optimization dgorithm for best performance
Power optimization

Alarm handiing

ESP operation overview
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The experience with modern control systems is discussed with respect to rgpping optimization, high
resistivity conditions and cost.

Rapping optimization
Rapping efficiency is important for dl ESP gpplications and especidly for high resdivity
gpplications. A high resigtivity dust layer on collecting plates reduces the ESP performance.

Improved rapping efficiency can either be reached by increesing the rapping forces or by
decreasing the holding forces on the dust cake. Tumati (1993) made laboratory investigations on
rapping efficiency with fly ash from a cod fired pilot-scale combustor. The rgpping efficiency was
defined as the percent of dust didodged during one rap. The rapping efficiency increased with
increased rapping intensty and ash layer thickness and decreased with increased current density.
The rgpping intengity has to be a compromise between rapping efficiency and ESP component
lifetime. Lillieblad et.d. (2001) discussed the importance of proper design of the rapping system to
get the best benefit of the applied rapping forces.

The dectricd holding forces can be reduced by decreasing the dugt resigtivity by conditioning
mesasures. Another possibility isto decrease or turn off the T/R power during rapping.

A feature in new control systems is to reduce or turn off the power during rapping for improved
rapping efficiency. Combinations of ordinary rapping methods and power controlled rapping
(PCR) should be used to achieve the lowest possible emission. Thelossin efficiency in connection
with PCR is compensated with increased overdl removd efficiency. PCR is typicdly used every
third or fourth rgpping cycle and dlow an overdl lower rapping frequency, which will increase the
lifetime of the ESP internals and reduce the maintenance codsts.

High resistivity
Intermittent charging and efficient cleaning of the collecting eectrodes are important tools in coping
with high resstivity ashes

Jacobsson (1996) presented a method, where the ddlicate task to sdlect the optimum charging ratio
and pulse current is controlled automaticaly based on data from the actud transformer/rectifier
(T/R) only. This sdf-tuning possibility has been successfully introduced on many ingalations.

Some examples of implementation of control systems and tuning are presented. In the firs example
an ESP after a 630 MW, cod fired boiler was optimized by using recent principles. The ESP was
equipped with old controllers without PCR capability. The strategy was to avoid too excessve
rapping and high re-entrainment during rapping. Improved spark handling increased the power
input in the firg fidd. Fig. 3 and fig.4 show the results from the optimization of the ESP &fter this
coal-fired bailer. Thislimited effort reduced the emission by almost 50%.

In the second example the results from ingdlations of new controllers in ESP's after cod fired
boilersin India are presented. Indian coas usudly have low sulfur contents and high ash contents.
The ash es high contents of dlicon and duminum. A high resdivity fly ash is generated. Indian
power plants have been upgraded with modern controllers to handle the high resigtivity conditions.
Emissions before and after the upgrade are seen infigure 5.
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Theemisson is, for most power plants, reduced by at least 50%.

Cost

Wu (2001) reported in his review about costs for environmental control in cod fired power plants.
The capitd cost for ESP control upgrade was in comparison with most other upgrading
technologies very low.

In addition the operating cost is decreasing for plants with high resstivity dusts, where the power
can be subgtantialy reduced and used much more efficiently with intermittent charging. If the PCR
is used with less frequent rapping, it can in addition to an increased efficiency save the maintenance
cost for replacement of wear parts.

The capita cost for ESP control upgrade could typically be around 0.20 Euro/ kW, boiler capacity
for a cod-fired boiler. The T/R power consumption coud be around 1 MW without intermittent
charging for a500 MW cod fired boiler. Intermittent charging will for high resstivity fly ashes result
in sgnificantly decreased emissions. At the same time the T/R power consumption could often be
reduced to approximately 20%.

Assuming a power cost of 0.035 Euro/kWh and 80% reduction in T/R power consumption, the
investment will be paid in about half ayear operation under these conditions.

CONDITIONING SYSTEMS

An dternative to cope with high resdtivity dust is to reduce the resdivity. Different conditioning
agents are successfully used. SOs is the most common conditioning agent and is mostly used for
upgrading of existing ESP's and sometimes to help reduce the tota ingtalled cost of new ESP's. The
ESP size can sometimes be haved for a plant with conditioning compared to a non-conditioned
plant collecting high resdtivity fly ash (Porle et.d., 1996). Ammonia is sometimes used aone or in
combination with SO; (dud conditioning). Dua conditioning is especidly used to avoid high dust
re-entrainment during rapping in ESP swith high flue gas velocities.

Conditioning for resdivity reduction is usudly a more powerful upgrading messure for high
resgtivity fly ashes than T/R control upgrade with respect to emission levels, i.efor the same ESP
gze lower emissons are resched for the conditioned ash than for high resdivity ash with
intermittent charging and PCR.

The capitd cost for the addition of a conditioning system could typicaly be ten times higher than for
control upgrade. The operating cost will increase, since the T/R power consumption will be much
higher in addition to cost for conditioning agents and power consumption for the conditioning plant.

POWER SUPPLIES

Efficent charging of the particles is essentid to achieve high removad efficiency. It is important to
achieve a sufficient power input. At high concentrations of fine particles the power can be
sgnificantly reduced due to corona suppresson. This Situation is gpplicable for example in the first
ESP fidd, overloaded ESP's in generd and ESP gpplications with high concentration of fine
particles. Increased power input isin these cases beneficia for the ESP performance.
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Conventiona power supplies generate a rectified voltage with the double mains frequency, usudly
100 or 120 Hz. The voltage varies throughout each cycle. High-frequency power converters
generate a voltage with negligible ripple, which will result in higher currents and improved charging.
Modern high-frequency power converters have amilar control possibilities as other modern control
systems with respect to intermittent charging and PCR. Ranstad et.d. (2004) reported the results
from upgrading projects with replacement of conventiona power supplies in part of ESP'sor in
complete ESP's. Subgtantidly reduced emissons were found for gpplications handling low to
medium resdtivity dust. Also gpplications producing high concentrations of fine dust (corona
suppression) experienced sgnificant improvements. The high-frequency power converters are now
avalable a power capacities up to 120 kW, which will sgnificantly increase the applicability of
these power supplies for upgrading projects.

The codt for high-frequency power converters is generdly higher than for upgrading of the control
system only, but is still small compared to other dternatives, eg. ESP extension and conditioning. It
is avery cod-effective measure for the gppropriate projects. The high-frequency power converters
ae usudly easy to inddl, typicaly not requiring the ESP to be taken out of operaion. The
operation cost will increase dightly due to the increased power input.

ESP MECHANICAL DESIGN
The ESP mechanicd design has to be suitable for the actud task. As previoudy discussed it is
essentid to have an efficient rgpping system, where the applied forces are used in an optimal way.

Discharge dectrodes like spirals and ribbons are superior to pesk discharge eectrodes with
respect to current distributions dong the collecting eectrodes. It is desirable to have an as even
current didribution as possble especidly for high resdtivity applications, where back corona
condition needs to be minimized. In other cases, e.g. high corona suppresson in front fields, low
power input might limit the performance. In such cases peak discharge electrodes with their high
emitting capabilities could be favorable. Adjusment of the discharge eectrode design to the
prevailing conditions could be very beneficid for the ESP performance.

A more compact ESP design is currently under investigation. ALSTOM has a license agreement
with ERDEC Company Ltd in Japan. The expectations are a more compact design implying lower
emissions for a given ESP casing volume. Back (2006) describes the status of this work in more
detail.

REMOTE OPERATION

In many plants there are frequent changes in operating conditions like load and fud, which influence
the conditions in the ESP. A supervisory control system alows remote ESP support and
troubleshooting. Stored ESP data and actual ESP conditions could be made accessible by means
of Intranet or modem. Specidists within the company or from the ESP manufacturer can remotely
andyze the ESP conditions and suggest or introduce changes in the control system. Opacity detaiis
registered and stored together with the ESP data and used for the optimization. Fig.6. shows
examples of data displays from remote support.
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Remote service agreements are often signed due to these possibilities, where specified emisson
levels and/ or power consumptions are guaranteed.

COST

The cost for four different upgrading technologies is estimated for a typicd ESP after a 500 MW,
cod fired boiler. Both first cost and total cost including the effect of operating cost are considered.
The relative cogs are presented in figure 7.

The upgrading technologies are not fully comparable. The potentid improvement for esch
technology has to be evaluated for the actud plant. In appropriate cases the emisson can typicaly
be reduced by 50% with the upgrading technologies except for conditioning, where further
emission reduction is expected.

Upgrades of control systems and power supplies including tuning with modern drategies are
inexpensve compared to competing technologies.

CONCLUSIONS

The most gppropriate ESP upgrading action should be selected based on a careful evauation of the
conditions at the actud plant. Initidly the ESP needs to be ingpected and restored to origind
conditions.

Upgrading of the control system is often an inexpensve and effective measure to reduce the
emisson and operating cogt a high resgtivity conditions.  High-frequency power convertersis a
cost-effective dternative, when the performance is limited by a low power input, eg. due to
overloaded ESP's or obsolete power supplies.

Conditioning could be an dterndive for high resdtivity cases, where further reductions in emisson
are needed in addition to what can be gained with improved control systems.
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Figure 2. Estimated average emissions (mg/Nm®) showing the effect of unbalanced gas flow

distribution between casings after a coal fired boiler
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Figure 7. Relative cost for four different upgrading technologies using the capital cost for
control system as basis (relative cost =1)
(*) Total cost includes evaluated cost for power consumption and consumables
(**) The capital cost for the control systemis paid off due to reduced power consumption
(***) Power supplies = High-frequency power convertersin thefirst ESP field
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REPORT SUMMARY

This guide, the second volume of a two-volume set, presents an analytical procedure to evaluate
cost-effective options for enhancing the performance of an existing electrostatic precipitator
(ESP) when the performance of the ESP, even after optimization, is not satisfactory. The guide
focuses on ESPs that require significant improvements (more than $20/kW) to achieve their
emissions goals. The first volume of this report, published in September 1999, treated low-cost
options that could be used to optimize ESP performance. It is intended that the two volumes be
used together to perform a complete ESP analysis.

Background

Various factors are spurring power producers to improve the performance of their electrostatic
precipitators. Equipment aging causes ESP performance to drop off from original levels, even as
emissions limits become more stringent. New, Pdtandards under consideration could require
increased capture of fine particles, which are hardest for ESPs to collect. Measures for SO
compliance are another driver: low-sulfur coals generally produce fly ash particles with higher
electrical resistivity, which are more difficult for an ESP to collect and cause ESP performance
to drop as a result of the coal switch. Another compliance option, drgd®@ol systems,
dramatically increases the mass loading into the precipitator and can also alter the resistivity of
fly ash such that particle reentrainment becomes a serious problem—again, reducing ESP
collection efficiency. Power plant engineers need tools for determining the most strategic
repair/replace/redesign option to meet their particulate emission targets.

Objectives
To provide plant operators and engineers with information and a systematic method for
determining the most cost-effective upgrade option for their ESP.

Approach

The project team, comprising experts on ESP design and operation, summarized published EPRI
research and drew on their own expertise to identify and characterize the most cost-effective
upgrade options currently available. Performance and cost data were gathered for all of the
options, and the options were sorted into performance-limiting categories. lllustrative examples

for estimating the impact of each option on collection efficiencies were developed. Information

on the strengths and weaknesses of each upgrade option was also gathered and is included in the
report.

Results

This guide leads the user through a systematic process to: (1) identify the principal factors that
limit ESP performance, (2) identify suitable upgrade options for overcoming each of these
factors, (3) estimate the performance impacts for each option under site-specific conditions, and
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(4) estimate the cost of the most attractive upgrade option. Most of the site-specific analyses rely
on the use of a calibrated ESP model, either ESPM or ESPert, to calculate the expected
performance enhancement. This approach makes accurate performance projections possible, and
thus enables a more reliable evaluation than an approach based on generalized charts or rules-of
thumb. While there are many site-specific factors that affect the cost of plant modifications, the
cost estimates in this volume are accurate enough to allow the choice of options to be narrowed
to a minimum number, one or two in most cases, for final consideration and bidding.

EPRI Perspective

Power producers face the difficult task of meeting increasingly stringent pollution abatement
regulations while simultaneously reducing costs to compete in a deregulated market. Adding to
the challenge, various measures to meet acid rain regulations have had a negative impact on ESP
performance. This performance drop, combined with the new compliance assurance monitoring
(CAM) regulation for particulate emissions, requires many utilities to restore, or even improve,
precipitator performance to stay in compliance. EPRI has developed a large body of information
to help its members meet this challenge cost-effectively. Much of that information has been
synthesized in the two volumes of TR-113582. Volume 1 helps plant operators get the most out
of their existing ESPs. If further improvement is needed, power producers can consider the
newest upgrade options, analyzed and presented in Volume 2, to identify the least-expensive
option for their situation. Together, these two volumes help the user streamline the evaluation
process and identify the optimum solution to any ESP performance problem.

TR-113582-V2
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Electrostatic precipitator optimization
ESP upgrade

ESP troubleshooting
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Vi



EPRI Licensed Material

CONTENTS
T INTRODUCTION. ...ttt e e e e e e et e e e e e e e eees 1-1
1.1. PUIPOSE Of THIS GUIE .. .uuuiiiiiiiiiiiiiiiiiiiiiiiiiiib bbb eeeennes 1-1
1.2 Drivers for an ESP UPQrade .........uuuuuuiiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeseeeeeeeeseeeensenneseeennenee 1-2
1.2.1 More Restrictive EMISSION LIMITS........coooiiiiiiiiii 1-2
1.2.2 €08l SWILCRING ... 1-2
1.2.3 Installation of SO, CONtIOIS.............cceiiiiiiiiii 1-3
1.2.4 AQING EQUIPIMENT. ...ttt 1-3
1.2.5 CAM COMPIBNCE ... .o 1-3
1.3 Organization Of THIS GUITE ...........uuuuueiieiiiiiiiiiiiiiiiiiieiieeeeeeeeeee bbb eeeeeeeeeeeaee 1-4
2 DIFFERENT UPGRADES FOR DIFFERENT PERFORMANCE LIMITATIONS............c...... 2-1
2.1 Ash-Related Performance LImitationsS.............coooiiiiiiiiiiiiiiiiiiiiiiiieiii s 2-1
2.1.1 High Or LOW ASN RESISTIVITY .....uuuuiiiiiiiieeee et eeeeeeeeaennees 2-1
2.1.1.1 High ASN RESISTVILY ....uiiiiieiieiiee s 2-1
2.1.1.2 High Resistivity Due to Sodium Depletion...............ccoeiiiiiiinniiiieeeeeeeeeeeeee 2-2
2.1.1.3 LOW ASN RESISTIVILY. .. .uuuuuiiiiiieeeees sttt eaeanee 2-2
2.1.2 Particle Size Distribution (EXCESSIVE FINES) .....ccooeiiiiiiiiiiiiiiiieeeeeeeeeee 2-2
2.1.3 INCreased MasS LOAAING ......uuuuuuuunaeaaaaaa e ettt e e e eaenaeneeeeeanes 2-3
2.2 Size-Related Performance LIMItAtioNS ............uuueiuueiiiieiiiiiessass s e e e e e e e e e e e e e e 2-3
2.3 Choosing an Appropriate Upgrade SolUtion..............coooiiiiiiiiiiiiiiiiie 2-4
3 OVERVIEW OF UPGRADE OPTIONS ... 3-1
3.1 Upgrades for Power Supply CONtrolS........coooeiiieiieieeeeeeeeee e 3-1
3.1.1 PC-based CONIIOIS.........ccooiiiiiiiiiiiiie e 3-1
3.1.2 High-Frequency POWer SUPPIIES ........cooiiiiiiiiiieeee 3-1
3.1.3 Pulse and Intermittent ENErgization............ccooooooorionooiieieeeeeeeeeeeeee e 3-2
3.1.4 Positive Polarity for HOt-Side ESPS.........cccooiiiiiiiiiiieeee 3-2
3.1.5 Arc SNUBDEr™ L 3-3
3.2 Flue Gas or Fly Ash CONAItIONING .....cccoeviiiiiiiiiiiiiiiie e 3-3

vii



EPRI Licensed Material

3.2.1 Sulfuric Acid (SO,) ConditioNiNg.........ccceeiiiiiiiiiieiiiec e 3-3
3.2.2 Moisture Conditioning and HUMIdIfiCAtION ...........cccooeeiiiiiiieiie e 3-3
3.2.3 AMMOoNia CoNAItIONING .......ccoiiiiiiiiieii e 3-4
3.2.4 Combined Sulfuric Acid and Ammonia ConditioNiNg................eeeeeueemveieiiiiiieiinienn. 3-4
3.2.5 Sodium CoNAITIONING ....cceeeieeiiieeeee e 3-4
3.2.6 Proprietary ConditioNing AQENTS........uuuuuuuue e 3-5
3.3 Optimal Flow Distribution: Uniform vs. Skewed FIOW ..............cccoiiiiiiiiiiiiieeeeen 3-5
3.4 ESP REDUII ..o 3-5
3.4.1 REDUIII AS-IS ..o 3-5
3.4.2 Rebuild With Wide Plate SPacCiNg.......cccooeeiiiiiieiieeeeeeeeeee e 3-6
3.4.3 Rebuild With Increased Collecting Electrode Area ...........ccccceoiiiiiniiinns 3-6
3.5 Polishing DEVICES IN SEIIES .....ccoviiiiiiiiiiiieeeeee e 3-6
3.5.1 Compact Hybrid Particulate Collector (COHPAC) ...........uuuiiiiiiiiiiiiiiiiiiiiiiiiniiiiinnns 3-6
3.5.2 Wet ElectrostatiC PreCipitator ...........ooooiiiiiiiiiiiii e 3-7
3.5.3 EIleCtroCOrel] SEPAIALON.......ccittiiiiiiiiiiiiiiiiiiiieeie ettt ettt ettt ettt et ee e e e e e eeeeeeeeeeeeeeeeees 3-7
3.5.4 Laminar Flow Fine Particle AGglomeratorl............cuvvvvviiiiiiiiiiiiiiiiiieeiiieeeeeeeeeeeeeee 3-7
3.6 New Primary Collecting SYStEM........ccooiiiiiiiiiiiiieeeeeee e 3-8
3.6.1 Replace With Larger ESP or Add Additional ESP ............ccccoiiiiiieiiiiiiiiiiiieeecen 3-8
3.6.2 Convert Hot-Side ESP t0 Cold-Side ...........ceuiiiiiiiiiiiiiiiiiceeeeee e 3-8
3.6.3 Replace ESP With FabIiC Filter ... 3-8
4 EVALUATION OF EXPECTED PERFORMANCE IMPROVEMENT FROM

TECHNOLOGY OPTIONS ....cettiieiiiiitit ittt e ettt e e e e e e e e s s bbbt e e e e e e s anbbb b e e e e e e e s annnneneees 4-1
4.1 Upgrades to Power SUpply CONMIOIS .........oooiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee e 4-3
4.1.1 Basic Upgrade to Digital CONLrol ............ceviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiviveveeevvveveeeiieeeinees 4-5
4.1.2 High-FrequencCy CONIOIS .............uuuiuiiiiiiiiiiiiiiiiiiieii e 4-6
4.1.3 Intermittent and Pulse ENergization...........cooooeeeeieoeeieeeeeeeeeeeeeeeeee e 4-6
4.1.4 Positive Polarity for HOt-Side ESPS............uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeieeeneeeeneeee 4-9
4.2 Flue Gas/Fly ASN CONITIONING ....vvvrrrirriiiieeiiiiiiiiieeeieeeeeeeeeeneeeeeeenneeeee e 4-13
4.2.1 General ReSIStiVity REAUCTION ..........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieibeeeeeeneaes 4-13
4.2.2 AMMONia CoNAItIONING .......ccoviiiiiiiiiieie e 4-16
G I =T o 18] [0 I @] o] i o] o KSR 4-17
4.3.1 REDUIIA AS-IS ..ottt 4-17
4.3.2 Rebuild With Wide Plate Spacing.........ccoooviiiiiiiiiiiie 4-19
4.3.3 Rebuild With Increased ColleCting Ar€a..............uuvevviiuiiiiieiiiiiiieiiiiiiiiiieieeiinennnnns 4-19

viii



EPRI Licensed Material

4.4 POIISNING DEVICES ......eeeeeiiiiiiiieiieteeee ettt bbb bnnnnnnes 4-20
O R 10 ] o | = OO UTTT PP 4-20
A.4.2 WEEESP ...ttt e e e e e e 4-21
4.4.3 EleCtroCore™ SEPAIaOr........c..ccueiieiuieiriecieecte et eie ettt ere s 4-23
4.4.4 Laminar Flow Fine Particle Agglomerator] .................eeevieimiimimmimiiiiiiiiiiiiiinnnns 4-24

4.5 Add New Primary CONtrol DEVICE ..........uuuuiuueiiiiiieieiiiiiiiiiisiessessesssesssssssssessssessensnnnnnne 4-26
4.5.1 Replace With Larger ESP or Add New ESP Downstream ............ccccceeveevveennnnnnn. 4-26
4.5.2 Convert HOt-Side 10 COlU-SIO .....uuuuriiiiiiieie et 4-27
4.5.3 Replace With FaDrC FIlEr ..........vviiiiiiiieiii e 4-28

4.6 Modeling SO, Control IMPACES ...........ccceeiviiiiiiiiiii e 4-28

5 COST ESTIMATES FOR UPGRADE OPTIONS. ... .o 5-1

5.1 EXaMPIe PIANT ... 5-1

5.2 COSLEIEMENTS ... 5-2

5.3 Balance-of-Plant ConSIAErations ...........coooveierioiiieee e 5-9
5.3.1 Induced Draft FANS .........coooiiiiiiiiiiii e 5-9
5.3.2 Fly Ash Handling SYSEM ........coviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee ettt 5-10
5.3.3 AUXIIIAINY POWET ...ttt ettt ettt ettt e et e e e e e e e e e e e e e e aaaaaaaaaaeas 5-10
5.3.4 Compressed Air EQUIDIMENT .......ooviiiiiiiiiiiiiiiiiiiiiiiiss e e e e e e e e e 5-10
5.3.5 WALET SUPPIY .ottt e e e e e e e e e e e e e et et e et e et e e et e eeeeeeeessnnnnennnne 5-10
5.3.6 WASTE DISPOSAI .....uutuiiiiiiiiiiiiiiiisee ettt ettt e e 5-11
5.3.7 FIUE GAS DUCIWOIK ....evvtitiiiiiiiiiiee s e e e e e e e e e e ettt e e e e eeeeeeseenneanene 5-11
5.3.8 INSIIUMENTATION .....evtiiiiiiiiiiii e e et et ettt e e e e e e e e e eaaesanenenaaae 5-11
5.3.9 Boiler Implosion and Ductwork Stffening ... 5-11

5.4 COSEESHMALES ....eeiiiiiiiiiiiiiiiie e e e e e e e e e e e e et e e e et et e et e et eeeeeessesaeeennennnnnnnne 512
5.4.1 Power SUPPIY UPGrades ........coooiiiiiiiiiiiiiieeeeeee e 5-12
5.4.2 Flue Gas/Fly Ash ConditioNiNg ........ccoeviiiiiiiiiiiiiiiiiiiiiiiiiieeiiieeeeeeeeeeeeeeeeeeeee e 5-12
5.4.3 ESP REDUII ..coooiiiiie e 5-12
5.4.4 POlISNING DEVICES. .....ciiiiiiiiiiiiiiiiiiiieieee ettt eeeeeees 5-13

B5.4.4.1 COHPAC . ... oottt ettt e e e e e e e st e e e e e e e e e e nnneenees 5-13
B5.4.4.2 WELESP .....oeiiiiiiiiii e 5-13
5.4.4.3 EleCtroCore™ SEPArator ...........cceiveiieirieiieeiiecieseestee e sre e ere e saee s 5-13
5.4.4.4 Laminar Flow Fine Particle Agglomerator™ .............cccccceevvevieveeviecciecieenn 5-13
5.4.5 New Particulate Control SYSEM .......ccooeeeieeeeeeeeeeee e 5-14
B5.4.5.1 NEW ESP ...ttt a e e 5-14



EPRI Licensed Material

5.4.5.2 Hot-Side to Cold-Side CONVEISION .......uuuviiiiiiiiiiiiiaear e 5-14
5.4.5.3 Replace ESP With Fabric FIlter ...........uuuuiiiiiiiiiiii e 5-14
5.4.6 SO, CONMIOL.....coiiiiiiiiiiie e 5-14

A POWER SUPPLY CONTROLS ... ..o A-1
AL PC-DASEU CONLIOIS .....eiiiiiiiiiiiiiieiie ettt ebbeeeennnnes A-1
A.2 High-Frequency POWEr SUPPHES ........ouiiiiiiiiiiiiiiiiiiiieieieieteeee ettt aeeeeeennenees A-2
A.3 Pulse and Intermittent ENergization...............ccccvviiiiiiiiiiiiiiieeee e A-3
A.4 Positive Polarity for Hot-Side ESPS..........ouuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeees A-5
ALD ATC SNUDDEITM ettt A-7

B FLUE GAS OR FLY ASH CONDITIONING......cccttiiiiiiiiiiiiiiiiiiiiiieeeeeeeee ettt B-1
B.1 Sulfuric Acid (SO,) ConditioNiNg .........ccccoiiiiiriiiiiiiiie i B-1
B.2 Moisture Conditioning and HUMIdifiCatioN.................uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiieees B-2
B.3 AMMONIA CONUITIONING ...tvttttttiiiiriiiiiieiiiieiebiibeeeebbb bbb eeeanseeneennenne B-4
B.4 Combined SO, and Ammonia Conditioning .............cccceeiiiiiiiiiiiiicic e, B-7
B.5 SOAIUM CONAITIONING ...ttt B-8
B.6 Proprietary CoNditioNiNg AGENTS .......uuuuuuaeaaaaaaee e e e e e e e e e e e e e e ettt e e e et e e eeeeeeeseseeerennanenane B-12

C OPTIMAL GAS FLOW DISTRIBUTION: UNIFORM VS. SKEWED FLOW...........cuuvviiinnnns C-1
D ESP REBUILD .....uetiiiiiiiiiiiee ettt e e e e e e st bbbttt e e e e e e s e nsbbbbreeeeaeeeeaann s D-1
D.1 REDUIIA AS-IS . D-1
D.2 Rebuild With Wide Plate SPaCING.........uuuuuuuuuuuiriiiiiiiiiiiiiiiiiiiiiiieeineeesieeseeneennenneeneeeeneees D-1
D.3 Rebuild With Increased Collecting Plate Area...............uuvvvveviiiiiiviiiiiiiiiiiiiiiiiieiiieiinennns D-2

E POLISHING DEVICES ....ccoiiiiiiiiiitietiti ettt a e e e e et e e e e e e e e s nnbbnneeeaeeas E-1
E.1 Compact Hybrid Particulate Collector (COHPAC) .......ooooiiiiiiieeeeeeee E-1
E.2 Wet EleCtroStatiC PreCipitaltOr ..............uuueiiiriiiiiiiiiiiiiiiiiiiiiieisieiebbeeeeeeeeeeeeeeeeeeeeeeeeenenne E-2
E.3 EIlECIrOCOrE™ SEP@IALON ... .eeeiieeieeeieeiieieeteeeeeteeeeeeeeeeseeese e bbb bbsbbeesssensnnnnes E-3
E.4 Laminar Flow Fine Particle AQgIOmMeErator™ ... E-4
FNEW PRIMARY COLLECTING SYSTEMS ... F-1
F.L1 INSTall @ NEW ESP ... .uiiiiiiiiiiiiiiiiiiiii s F-1
F.2 Convert Hot-Side ESP 10 COld-SITe .........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiievsiieveeeieeseeieeeeeeeeeeeeeeeeeees F-2
F.3 Replace ESP With FaDIC FIlter ............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e F-3

G EFFECTS OF SO, CONTROL TECHNOLOGY ......coiiiiiiiiiiiiiiieiiiin i G-1



EPRI Licensed Material

LIST OF FIGURES

Figure 1-1 Flow Chart of Procedure for ESP Upgrade Study..............ccoovvvivimimiiiiiiiiiiiiiiiiiiinnnns 1-5
Figure 4-1 Performance of Different Modes of Energization (Example Four-Field ESP)......... 4-8
Figure 4-2 Performance of Different Modes of Energization (Example Five-Field ESP) .......... 4-9
Figure 4-3 Collection Efficiency With Polarity Reversal (Model Projections).............cccc..uue.. 4-13
Figure 4-4 Collection Efficiency for Resistivity Changes in Four-Field Unit..................ccc...... 4-16
Figure 4-5 Collection Efficiency for Resistivity Changes in Five-Field Unit ................ccccvveee. 4-16
Figure 4-6 Increasing Efficiency by Improving Gas Flow and Sneakage .............cccccceennnnnee 4-18
Figure 4-7 Model Results for Increasing Collecting Plate Area............coeeeeeeeiiiieeeeieeeeeee, 4-20
Figure 4-8 Efficiency Increase With Wet Field ... 4-23
Figure 4-9 Performance Increases From Adding a Laminar Flow Agglomerator................... 4-26
Figure 4-10 ESP Collection Efficiency for Hot-Side to Cold-Side Conversion....................... 4-28
Figure B-1 Resistivity Change With Moisture ConditioNiNg..............uvvvviiirimiiiimiiinneeeeee e B-4
Figure B-2 Opacity Trace With Large Rapping Reentrainment...............uuvvveeiiiiiiinnnnninneeeennn B-5
Figure B-3 Example Opacity Trace After Ammonia INJECHON ...........uvvvvveiiiiiiiiiiiieeee e B-6
Figure B-4 Bulk Resistivity vs. Temperature for Two Sodium Contents..........cccoevveeeeeeeeeeeeennn. B-9
Figure B-5 Resistivity vs. Temperature for Sodium Conditioning .............ccceeeeeiniieneeeneeeeeeeenn. B-10

Xi






EPRI Licensed Material

LIST OF TABLES

Table 2-1 Matrix of Candidate Solutions for Specific Performance Limitations ....................... 2-5
Table 4-1 Characteristics of EXample ESP...........ooiiiiiiiiiiii e 4-3
Table 4-2 Electrical Readings for Original Analog Power Supply Controls ..............ccevvvviiiinnes 4-4
Table 4-3 Predicted Efficiency for ESPs With Older Analog Controls............cceevvvviviiiiiiiiiinnnns 4-5
Table 4-4 Digital Controls Operated at Back Corona ONSet .........ccuuvveviiiiiieeiiiiiineeeeeeiee e 4-5
Table 4-5 Predicted Efficiency for Digital Controls Operated at Back Corona Onset ............... 4-6
Table 4-6 Predicted Efficiency for Digital Controls Operated With IE.............ccccvvvvviiiiiiiiininnns 4-6
Table 4-7 Predicted Efficiency for Digital Controls With True Pulse Energization.................... 4-7
Table 4-8 Electrical Readings for Negative-Polarity Hot-Side ESP Before Degradation ....... 4-10
Table 4-9 Electrical Readings for Negative-Polarity Hot-Side ESP After Degradation ........... 4-11
Table 4-10 Electrical Readings for Positive-Polarity Hot-Side ESP After Conversion ............ 4-11
Table 4-11 Performance Predicted for Each Condition From the Polarity Reversal

= 1141 ] 4-12
Table 4-12 Electrical Readings for Resistivity = 1 X 10" Q-CM ......covevviiieiieiieceeeeee e 4-14
Table 4-13 Electrical Readings for Resistivity = 1 X 10" Q-CM .......cocvevviiieiiiiieceeeeee e 4-14
Table 4-14 Electrical Readings for Resistivity = 2 X 10" Q-CM.....c..cocveviiiieiiiiieceeee e 4-15
Table 4-15 Improving Performance by Reducing Resistivity in Four-Field ESP (SCA =

(<) OO TPRRRON 4-15
Table 4-16 Improving Performance by Reducing Resistivity in Five-Field ESP (SCA =

(14 TR 4-15
Table 4-17 Increasing Performance by Improving Gas Velocity Distribution During

=] 011 1o S 4-18
Table 4-18 Improving Performance by Rebuild With Taller Plates and Added Field ............. 4-19
Table 4-19 Electrical Readings for Wet ESP Section With 12-Inch Plate Spacing................ 4-21
Table 4-20 Improving Performance With a Wet ESP Field, Resistivity = 10" Q-cm............... 4-22
Table 4-21 Improving Performance With a Wet ESP Field, Resistivity = 10" Q-cm............... 4-22
Table 4-22 ElectroCore Separation Efficiency Requirements.............cccccvvveveeeieiieviviiiinnnnnnns 4-25
Table 4-23 Improving Performance With a Laminar Flow Fine Particle Agglomerator ........... 4-25
Table 4-24 Performance Predicted for a Hot-Side to Cold-Side Conversion................c........ 4-27
Table 5-1 Plant Definition for COSt ESHMALES .........uiiiiiiiiiiiiie e 5-3
Table 5-2 EQUIPMENT COSE ESTIMALES ......uuuiiiiiiiieeee ettt 5-4

Xiii






EPRI Licensed Material

1

INTRODUCTION

1.1. Purpose of This Guide

This guide is th second volumefaa two-volme set 6Guidelines for Upgrading Electrostatic
Precipitator Performance. Thefir st volume, Optimizing an Existing Electrostatic Precipitator,
discuses how to determine:

1. The currenperformance of yar existirg ESP

2. Whether your existing design, when rapd, can meeyour desired level bparticulate
control

3. How to diagnose the cause($)you ESP's under-grformance
4. How to fix your existingESP b restoreits collection fiiciency

Volume 1 is Imited  optimizing the existing precipitate—which entails relativglinexpensive
corrections in tarange ¢ $10 b $20 per kilowatt of generating capacitylf the process in
Volume 1 reveathat yarr existing precipitator even when ojmized, wil still not achieve the
needed emissions reductions, then yolimeékd to takmore extensive measures, such as
rebuilding tre ESP (perhaps wh additional plag area), adding adishing devicepor addirg a
new ES or fabricfilter, eithe in lieu of theoriginal ESP, in paralle| or in series. These nore
extensive approaches are the focus afgbcond volumeCosts may run as Higas $40-
$70/kW if the ESP must le replaced pa fabric filter retrofit isrequired. h addition to these
major upgrade dmns, Volurre 2 also discusses three simpler measures that were touched upon
in Volume 1—qgas flav optimizatian, flue gas conditioning, ahreplacing the powesupply
controls.

This second volume assumes you have followegtbcedures described in Voler—in
particular.that you hae (1) calibrated a comyter ES® model, such as EPRIESPM, to
describe your existingSP, an (2) have conductediagnostic tests to idenyithe facors
limiting the collecting efficieng of the existing uni. Evenif it is obviousfrom the outset that
the exgting precipitato is inadequate to méperiormance god it isimpartant © model and
diagnose the existing unit, as theormhation obtaind will be indispensable in selecting and
designing the best upgrade optidl' his voume does not assume you have ethe corrective
repairs suggested in Volume Tlytha you havefully diagnosed youESP’s shortcomings so
you are m an informed positio to find the best wikable solution.It is possible thioptimizing
the performancef the existing equipment ahadding a polishig device is the most cost-
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effective way of meeting your goal, but a complete analysis of available options is needed to
make this determination.

1.2 Drivers for an ESP Upgrade

Unlike Volume 1, which addresses installations where ESP collection efficiency is only
marginally less than required, this volume addresses situations calling for a significant increase
in collection efficiency. The reasons for needing a substantial performance increase are varied
and include the following:

1.2.1 More Restrictive Emission Limits

In some areas, regulated limits have tightened, such that an ESP that easily met former limits is
now under-designed for the stricter limits. The amount of emissions reduction required will
dictate the appropriate corrective measures to consider for the reduction program. If the
reduction level required is small—say, a 15% reduction—then gas flow optimization and power
supply control upgrades should be investigated. Note that these measures are also discussed in
Volume 1 (Sections 6.8 and 6.6). However, if the required reduction is on the order of 50% or
higher, more aggressive measures are called for. Options include installing a flue gas
conditioning system (if high ash resistivity is limiting performance), rebuilding the ESP with
design improvements, installing a polishing device, substituting a new ESP or adding one in
series or parallel with the old precipitator, or using a new pulse-jet or reverse-gas fabric filter.

1.2.2 Coal Switching

When a power plant changes the type of coal being burned—whether due to spot market
purchases, mine closure, or J€gulations—the new coal may diminish ESP performance.
Typically, this occurs due to increased ash loading, increased fly ash resistivity, or an increased
proportion of fine particles, which are harder to collect.

For example, lower-sulfur coals reduce the amount gffa@irally occurring in the flue gas,

which increases the resistivity of the ash, making it harder for an ESP to collect. If the coal
change is from a medium-sulfur eastern coal to a low-sulfur eastern coal, the only significant
parameter changed will be the ash resistivity. However, if the change is from an eastern
bituminous to a western subbituminous coal, both the ash resistivity and particle size distribution
will likely change to more-difficult-to-collect values.

If the new coal source can be identified with sufficient advance notice, the anticipated increases
in emissions can be estimated prior to a permanent change using either a test burn of the new
coal in the particular boiler, a test conducted at a similar power station burning the candidate
coal, or from test burns of both the current and the proposed coals in a combustion test facility.
Measurements of the critical parameters of ash loading, ash resistivity, and particle size
distribution will provide data to use in the ESP computer model to estimate the influence of the
coal change.

1-2
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If the coal switch wil result n a significant icrease in emissions, arbE upgrae may be in
order.

1.2.3 Installation of SO , Controls

Just as switching to a lower-sulfur coal ¢carpair ES performance, so can S@ortrol
equipment, webr dry.

The most commoglinstalled contrh a we scrubber, is usually installed downstreiom the
ESP, and thefore does nbinfluence ESP performancealirectly. Howeve, scrubbers lowethe
flue gas temperature tvell belov the acid de poirt for SO,, allowing the sulfuic acid to
condense into a fefume tha can create a visible sh plume ouithe stack.This plume can be
eliminated by injecting amamia gas ind the flue gas beforét passes through¢fESP. The
reaction productsfammonium sulfaand bi-sulfaé form aacid fume, which has a particle
size distribution (mass mean diameteabou 0.5 micron)that is difficult to collect. The fume
can be sucasfully collected by a ESP with an appropria¢ SCA; however, the existyESP
may require ugrading b effectively colle¢ this fune.

Dry SQ, contrd processes—sudds spray dryers, sorbemjection, and flulized-bed
combustion processesaffect theESP drectly byincreasing the particulate loadirSpray

dryers can aso lower the resistivity of thefly ash to the poirt where paicle reentrainment
becomes a serious probleMhese and othelry SO, contrd processes are dissasl in EPRI
report TR-104594Guidelines for Particulate Control fokdvanced SOContrd Processes
(December 1994)This document describes the changeyiash characteristics and how they
influence E® ard fabricfilter performance.

1.2.4 Aging Equipment

The ESP installed m a typica coal-fired power statia is expected to rem@afunctiond for

several decades. Over the yedris common ¢ replace internacomponents such as discharge
electrodes many times oveHowever there comea point whemmany collecting plates need
replacement—an expensive proposition—and even the casing itself becomes dvauaes
repair. At this point, a wholesale rebdibr replacement makes sense, given the many advances
in ESP technology since thad installation was designedhe new designs should result in

more reliable ogration.

1.2.5 CAM Compliance

To satisfy compliance assurance monitgi@AM) requirements, powegroducers will

typically be conducting ore frequent mass emissions tests than in the pasare situations, an
ingtallation can meet the opagiimits yet fail to meet tle massemisson limits. Thus, an ESP
upgrade may dédrequired 6 ensure the station passes all mass emission tests.

Note that therés some question as to whgpe d monita is available &r measurig the
emissons, short of mastrain meauremens. An ESP modé, calibrated to tle specific plant and
ESP conditiog may te appropriag for this functian.

1-3
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1.3 Organization of This Guide

The flow chart in Figure 1-1 indicates the procedures to follow in conducting an ESP upgrade
exercise. As stated, begin the upgrade study by characterizing current ESP performance,
calibrating an ESP model, and diagnosing performance problems as described in Volume 1.
Should an extensive upgrade be needed, proceed through the remaining chapters in Volume 2 in
sequence. Namely, identify the factors that are limiting ESP performance; identify appropriate
technologies to address these issues; and project the expected performance improvement from
each appropriate option. For those options that show promise of meeting performance goals,
develop comparative cost estimates to select the final candidate options. Formal quotes can then
be requested to make the final technology selection.

Chapter 2 of this volume discusses the types of problems that limit ESP performance and
provides a matrix to match these problems to potential solutions.

Chapter 3 very briefly describes the available upgrade options. A more detailed discussion of
the options is presented in the appendices.

Chapter 4 provides example upgrade evaluations for a representative power plant to illustrate
the decision process for selecting among upgrade options. The purpose is to provide guidance on
the level of performance improvement that can be expected for the different solutions.

Chapter 5 presents cost estimates for the different upgrade options for a typical 300-MW power
station. Clearly, site-specific variations will influence the final cost for any upgrade; the intent
here is to provide comparative costs for the various options that can be evaluated against the
expected improvement in performance to select the appropriate technology. The costs are
expected to be accurate to approximately +/- 25%.

Appendicesdescribe each of the upgrade options in enough detail to enable evaluation of their
applicability to the power station in question.

1-4
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Determine optimum performance of existing ESP
Volume 1

If optimized performance If optimized performance
satisfactory, STOP NOT satisfactory, use Volume 2

Identify critical performance-limiting factors
Chapter 2, Volume 2

Identify appropriate performance enhancement options
Chapter 2 and 3

Estimate performance impact of selected upgrade options
Chapter 3 and 4

Estimate costs for selected options
Chapter 5

Select most attractive option

Install and verify acceptable performance

Figure 1-1
Flow Chart of Procedure for ESP Upgrade Study
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2

DIFFERENT UPGRADES FOR DIFFERENT
PERFORMANCE LIMITATIONS

Upgrade options range from the relatively simple—adopting flue gas conditioning, for
example—to the complex, such as conversion of a hot-side ESP to cold-side operation, with the
addition of flue gas conditioning. Determining the best upgrade strategy for your situation
depends on why your current ESP is not adequate to meet your emissions target.

This chapter discusses different types of performance limitations. At the end of the chapter is a
“cause”/“solution” matrix to help you decide which upgrade options are most appropriate for
your situation. If you prefer, you can then jump directly to the technical description of those
options in Chapter 3 and the appendices.

2.1 Ash-Related Performance Limitations

2.1.1 High or Low Ash Resistivity

The electrical resistivity of the fly ash entering the ESP is a very significant factor in establishing
the precipitator’s attainable performance. Ash resistivity was discussed in Volume 1 (Sections
4.5.3,5.2,6.9.1, and Appendix D); a brief summary follows.

2.1.1.1 High Ash Resistivity

High ash resistivity restricts ESP collection efficiency by limiting the electrical energization
attainable in each electrical section of the ESP. Ash resistivity limits the maximum allowable
average local current density, which in turn limits the permissible operating voltages, both peak
and average, in each ESP section. A decrease in operating voltage doubly reduces ESP
collection capability, by (1) reducing the electrical charge that resides on the particles to be
collected and (2) reducing the value of the electric field adjacent to the collecting electrode that
serves to remove the particles.

To correct high ash resistivity, the treatment of choice is flue gas conditioning with an agent such
as sulfur trioxide. Power controls can also be modified to cope with high-resistivity ash:
intermittent or pulse energization schemes are helpful in this situation. Naturally, other design
factors that generally improve performance—such as higher specific collecting area (SCA) or
improved gas flow—uwiill also contribute to an ESP’s ability to deal with high-resistivity ash.

2-1



EPRI Licensed Material

Different Upgrades for Different Performance Limitations

2.1.1.2 High Resistivity Due to Sodium Depletion

In hot-side ESPs (and possibly some cold-side units as well), sodium depletion can cause high
fly ash resistivity to develop in the residual ash layer retained on collecting plates. Volume
conduction of electricity in the ash layer occurs via the actual migration of alkali metal ions. The
direction of flow in the ash is from the positive collecting plate towards the negative discharge
electrode. This electrical current flow in negative-corona ESPs depletes the carriers adjacent to
the collecting plates (see Volume 1, Appendix D). The continued flow of electrical charge
carriers through the residual ash deposit creates high resistivity in the remnant layer adjacent to
the collecting electrode.

In such situations, the original collection efficiency can be completely restored by entirely
clearing the ash deposit off the collecting plates, either by water washing ldagting.

However, to reduce shutdown frequency, units with sodium depletion problems should
investigate the same measures that help with high resistivity in general, including fly ash
conditioning with chemical compounds suitable for hot-side ESPs, new controls with IE, and
pulsed power supplies. In addition, a “positive polarity” power supply should also be
considered.

2.1.1.3 Low Ash Resistivity

Very low ash resistivity contributes to the reentrainment of previously collected ash (see
Sections 3.2.7 and 6.9.2 of Volume 1). When the electric field in the ash layer is less than in the
gas space adjacent to the layer, the electrical force in the ash layer is in the direction to assist
reentrainment. This problem is generally not a common concern in conventional utility ESPs,
and is usually associated only with high-sulfur coals, lower operating temperatures, or large
amounts of unburned carbon. (The mechanism of low-resistivity reentrainment applies in a
general way to the reentrainment of carbon particles if there are high levels of unburned carbon
in the fly ash.) Flue gas conditioning can sometimes be used to reduce this reentrainment.

2.1.2 Particle Size Distribution (Excessive Fines)

Fine particles smaller than a few microns in diameter are much more difficult to collect and
usually dictate the design of the ESP (SCA) required to meet a given emission limit (see
Volume 1, Appendix C).

Switching to a low-sulfur coal such as Powder River Basin coal can result in a fly ash with a
greater amount of particles in the smaller size range. These low-sulfur western coals often also
have higher ash resistivity, compounding the collection problem.

Because the proportion of fine particles has such a huge impact on ESP performance, typically
no single remedy is relied upon to solve the problem with excessive fines. Enhancing an ESP’s
overall performance will generally improve fine particle collection, and hence, adopting any of
the technologies described in this report will improve the collection of fines. If excessive fines
are your main problem, you may be interested in a new device entering commercialization called
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a Laminar Flow Fine Particle Agglomerdigrwhich uses reentrainment principles to
agglomerate fines into larger particles that can be more easily captured.

2.1.3 Increased Mass Loading

In the United States, air pollution emission limits are stated in terms of the amount of material
emitted from the stack per unit of heat input to the system (Ib/MBtu). (Other countries state

limits in terms of the particulate concentration in the flue gas, or mi)/N&fectrostatic

precipitators are typically designed to provide a given collection efficiency, and are, at least to a
first approximation, constant-efficiency devices when operating conditions are constant. Thus, if
an ESP was designed to meet a given emission limit based on a coal with a given ash content, a
change to a coal with an increased ash content can cause an increase in emissions. For
significant coal ash increases, the ESP will likely require some modification to maintain the
specified emissions level. Fortunately, the percentage increase in emissions is often less than the
incremental increase in ash content in the coal because higher-ash coals in the United States may
not cause a proportionate increase in the fine particle fraction of the ash. It is this fine particle
fraction that actually dictates the requirements for the ESP design. Again, any of the

performance enhancing technologies that result in an increase in the overall collection efficiency
will help return emission levels to the pre—coal switching level.

2.2 Size-Related Performance Limitations

In some cases, no matter how “well-tuned” your ESP, it may simply be undersized to achieve
your emissions goal. Perhaps regulated emission targets have been ratcheted down, or the coal
being burned has changed. In such cases, the original ESP will not provide the collection
efficiency necessary to meet the permissible emission limit, with the possible exception that the
original design was intended for collecting low-resistivity ash. If the cause limiting the

collection efficiency is higher fly ash resistivity, flue gas conditioning may provide the required
improvement. Otherwise, a complete rebuild or replacement may be necessary.

In other cases, the original design was inadequate to begin with. A marginal original design may
be the result of an overly optimistic evaluation of the fly ash characteristics, a highly competitive
bidding environment, or an outright error by the supplier. In some older plants, the original
design may have been intended to protect plant equipment (e.g., protect the induced draft fans
from erosion) rather than meet air pollution emission requirements—although by and large, such
plants have already had their ESPs upgraded for proper emissions control.

If an overall increase in design capacity is needed, options are numerous, ranging from minor
improvements to adding a larger new ESP or even a fabric filter, in series, in parallel, or in lieu
of the original unit. Chapter 3 summarizes the available options, which are described in greater
detail in the appendices.

Note that even though the existing ESP is not capable of attaining the required collection
efficiency, tests on this ESP can be extremely useful for obtaining data to establish the design of
the new equipment. If you expect your plant to continue using the same coal and do not
anticipate a major boiler redesign, the fly ash into and out of the existing ESP will define the
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characteristics of the ash for the new equipment. The electrical readings from the existing power
supplies can be interpreted to determine the expected conditions for the new ESP as well.

2.3 Choosing an Appropriate Upgrade Solution

The following matrix indicates which upgrade options (vertical axis) are appropriate for different
performance limitations (horizontal axis).

Notice that replacing the existing ESP with a new, larger ESP or a fabric filter is not included in

Table 2-1. This omission is deliberate because these options would solve any of the problems
identified in the top row of the table.
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Table 2-1
Matrix of Candidate Solutions for Specific Performance Limitations
Item Needing Correcti on
High Sodium Low Particle ESP Too Reduced
Corrective Measure | Resistivity | Depletion | Resistivity | Loading & Small Emission
Size Limits
Distribution
Power Supply
PC-based Perhaps Perhaps Perhaps Perhaps Perhaps
Hi Freq. Supply Perhaps Perhaps Perhaps Perhaps Perhaps
Pulse & IE Yes Yes Yes Perhaps Perhaps
Positive Polarity Yes
Arc Snubber( Perhaps Perhaps Perhaps Perhaps
Flue Gas
Conditioning
SO, Yes Only If Only If
Resistivity | Resistivity
Is High Is High
H,O Yes Only If Only If
Resistivity | Resistivity
Is High Is High
NH, Hot-Side Perhaps To Correct
Reentrain-
ment in
Cold-Side
SO, and NH, Yes Yes For
Difficult
Ash
Sodium Probably Yes Some Hot-
Side
Proprietary Yes Yes Perhaps Perhaps
Gas Flow Perhaps Yes Perhaps Perhaps
Optimization
ESP Rebuild
As-Is Perhaps
Wide Plate Perhaps Perhaps Perhaps
Spacing
Increased SCA Yes Yes Perhaps Yes Yes Yes
Polishing Devices
COHPAC Yes Yes Yes Yes Yes Yes
Wet ESP Yes Yes Yes Yes Yes Yes
ElectroCore™ Probably Perhaps Yes Yes Yes Yes
Laminar Flow Perhaps Perhaps Yes Yes Yes
Agglomerator™
Hot-Side to Cold- Yes

Side Conversion
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OVERVIEW OF UPGRADE OPTIONS

This chapter briefly summarizes the various upgrade options. The appendices provide a more
detailed discussion for a better understanding of the technologies.

Note that SQcontrol—whether through coal switching or addition of control equipment such as
scrubbers, spray dryers, or sorbent injection systems—affects the performance of particulate
collection devices. The effects of S€ntrol options are summarized in Appendix G and should
be considered in tandem with particulate upgrade decisions.

3.1 Upgrades for Power Supply Controls

If the ESP has not previously been converted to digital, PC-based controls, this modification
should be made during the upgrade. Modern power supply controls are available from a number
of suppliers, including original equipment manufacturers and power supply specialty companies.

3.1.1 PC-based Controls

There has been a significant amount of progress in the development of power supplies and
controls for ESP use. The analog controls originally installed in U.S. utility applications have
largely been replaced, but a few are still in service. The modern replacement controls are based
on a personal computer (PC), which is connected to various feedback signals that indicate ESP
condition and is programmed to respond accordingly, using silicon-controlled rectifiers to
modulate the energization to the ESP.

These digital controls are superior to their analog predecessors in detecting the effects of changes
in the combustion process that will affect ESP performance (e.g., ash resistivity, ash loading,
particle size distribution, and unburned carbon in ash) and adjusting power levels to compensate
for these fluctuations. Digital controls respond much more quickly to arcing and sparking,

thereby minimizing these effects. Unlike analog controls, they can detect back corona to
minimize back corona operation.

PC-based controls are available from a number of suppliers, with some variation in capabilities
depending upon the interests, understanding, and capability of the suppliers.

3.1.2 High-Frequency Power Supplies

One of the newer approaches to power supplies and controls uses a source power with a much
higher frequency than line frequency. These supplies rectify the 50 or 60 Hz line voltage, filter it
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to DC, then convert the DC power to a much higher frequency (in the 20-kHz range) before it
passing through the high-voltage step-up transformer. This conversion to a higher frequency
allows for a smaller transformer and core, saving weight and size—which could avoid the need
to increase the capability of the foundation during a rebuild.

High-frequency power supplies are presented here for information; whether they improve ESP
performance is yet to be determined. Preliminary tests indicate that in low- to medium-

resistivity applications, they may produce superior performance because the average voltage
approaches the peak voltage; and hence, these supplies may increase the effective power level in
the precipitator.

3.1.3 Pulse and Intermittent Energization

Pulse and intermittent energization (IE) are two related energization methods intended to
improve collection of high-resistivity ash particles. The collection efficiency of an ESP is

related to the product of the peak and average values of the electric field in the interelectrode
space. Pulse and intermittent energization are intended to provide the highest value for the
product of the peak and average value of electric field at the permissible current density allowed
by the ash resistivity when the resistivity is relatively high.

Pulse energization provides for a very uniform current density distribution along the corona
(discharge) electrode. This modification requires an extra power supply for each electrical field
to be pulsed and is thus expensive, but very effective: pulse energization on an ESP operating
with heavy back corona should reduce the outlet emissions by a factor of two or more.

Unlike pulse energization, IE does not provide a more uniform current density distribution;
rather, IE applies one cycle of the input waveform, then skips several cycles on a repetitive basis
to yield a product of peak and average voltages that is greater than for conventional full wave or
double half-wave energization. IE provides only about half the emissions reduction that could be
obtained with pulse energizatiddowever, |IE does not require any extra equipment, since any
PC-based control can be programmed to operate in IE mode.

3.1.4 Positive Polarity for Hot-Side ESPs

Back corona in a hot-side ESP is often caused by sodium depletion, which results in formation of
a high-resistivity ash layer on the collecting electrodes (see discussion in Volume 1, Section 6
and Appendix D). Experiments have shown that reversing the direction of current flow will
reverse the sodium depletion and bring the ash resistivity back down to its initial value.

EPRI pilot studies have shown that reversing ESP operation from the usual negative polarity to
positive polarity can avoid sodium depletion problems. The unit can either be permanently
converted to positive polarity, or can undergo periodic switches between positive and negative
operation. Either way, positive-polarity operation will probably require a rebuild of the high-
voltage distribution system.
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3.1.5 Arc Snubber™

Marketed by Zero Emissions Technologies, the Arc Snubksea filter system designed to
compensate for and control the high-frequency electrical components in the electrode system of
an ESP field. The Arc Snubber is custom-designed for each installation based on site-specific
waveform measurements. The filter is installed between the ESP power supply and the
collecting field to become part of the high-voltage distribution system.

These filter devices have been used in a number of power plant ESP systems with mixed results.
In instances where opacity was reduced, the mechanism for improvement was not clear—
possibly a better impedance match between the high-voltage power supply and the ESP
collecting field in those cases where a significant mismatch existed. The success of this device
appears highly site specific and must be established by trial and error. As of this writing, ZET
was providing a risk-sharing guarantee for evaluating the filters.

3.2 Flue Gas or Fly Ash Conditioning

The primary use of conditioning agents in ESP installations is to reduce the electrical resistivity
of the fly ash to be collected. There are a few instances where conditioning has been used to
minimize reentrainment or eliminate an acid mist plume, but the great majority of instances are
for resistivity reduction. A variety of conditioning agents have been employed for power plant
ESP installations during the past several decades. These include sulfur trioxide, ammonia,
sodium, triethylamine and several proprietary compounds. Of these agents, sulfur trioxide has
become the established agent for cold-side installations and sodium for the hot-side units.

3.2.1 Sulfuric Acid (SO ,) Conditioning

The naturally occurring SOn flue gas reacts with the water vapor to form sulfuric acid vapor

that reduces fly ash resistivity. For those stations burning low-sulfur coals, there may be
insufficient sulfur trioxide produced to effectively reduce the ash resistivity, and the higher-
resistivity ash can impair ESP collection efficiency. In such cases, sulfur trioxide gas can be
injected into the flue gas stream near the ESP to “condition” the ash. A proven technology, these
SQ, conditioning systems are available from a number of suppliers. They provide adequate
resistivity reduction in cold-side ESPs for most fly ash compositions in the United States. SO
conditioning is not appropriate for ESPs with operating temperatures much greater than 300—
325°F (150-163°C).

3.2.2 Moisture Conditioning and Humidification

Moisture conditioning and flue gas humidification are related means to improve the performance
of ESPs collecting high-resistivity fly ash. These technologies only differ in the amount of water
added to the flue gas. Humidification is based on adding enough moisture to increase the flue
gas moisture content by about 0.5%, while moisture conditioning—which requires significantly
more water—necessitates sufficient water addition to reduce the flue gas temperature by several
degrees Fahrenheit.
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Both types of conditioning reduce the electrical resistivity of the ash by increasing the moisture
interaction with the fly ash. They also increase the sparkover voltage within the ESP. Moisture
conditioning also reduces ash resistivity by cooling the flue gas.

Installation costs are low, and the approach is effective for all known fly ashes. The primary
disadvantages are the amount of water required for full moisture conditioning—typically over
1500 gallons of water per hour for a 100-MW power station—and the difficulty of keeping metal
surfaces in the vicinity of the moisture conditioning system clean and dry.

3.2.3 Ammonia Conditioning

Ammonia conditioning is used in the United States for three different purposes: to reduce ash
reentrainment, to avoid sulfuric acid opacity plumes, and to improve performance of hot-side
ESPs with sodium depletion. In cold-side applications, ammonia reacts with the fS@n a
composite ammonium sulfate—ammonium bisulfate material in the flue gas; this sticky composite
chemical is co-precipitated with the fly ash in the ESP. Because ammonia reacts yeitiu SO

forms a particulate that can be collected in an ESP, it can also be used to reduce a sulfuric acid
plume. In hot-side applications, ammonia appears to influence the electrical mobility of the
charge carriers, which may be the mechanism for improvement in ESPs suffering from sodium
depletion.

3.2.4 Combined Sulfuric Acid and Ammonia Conditioning

A few fly ashes—typically those high silica and alumina—do not readily respond to ammonia or
sulfur trioxide as conditioning agents when applied singly. Combined ammonia and sulfuric acid
conditioning is appropriate for these ashes. Theca@ be injected on either the high-

temperature side or the cold-temperature side of the air heater, while the ammonia must be
injected on the cold side, to form an ammonium sulfate—ammonium bisulfate composite. Both
materials must not be injected on the high-temperature side of the heater, else the sticky
composite will be liable to plug the gas flow passages. The composite particles are co-
precipitated with the fly ash particles and serve to bind the ash layer together, as well as to
reduce the resistivity of the resultant fly ash layer.

3.2.5 Sodium Conditioning

Sodium conditioning involves the addition of a compound containing sodium, such as sodium
sulfate or sodium carbonate, to the coal prior to combustion. The sodium becomes a part of the
“glassy” fly ash material, providing a reduction in the ash resistivity by supplying sufficient
electrical carriers to prevent sodium depletion.

Sodium conditioning is typically used in hot-side ESPs that have developed high resistivity due
to sodium depletion. The technology may also be useful for cold-side ESPs for stations burning
coal with very low sulfur coupled with a reasonably high concentration of lime. The lime
effectively removes most of the S@roduced in the combustion process, preventing the
development of any sulfuric admlserve as a conditioning agent. The addition of sodium
compounds can also reduce the resistivity of an ash that has a high enough bulk resistivity to
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interfere with precipitation. The principal drawback of this technology is that sodium addition
tends to increase boiler fouling.

3.2.6 Proprietary Conditioning Agents

A number of suppliers have offered a variety of conditioning agents intended to improve the
collecting efficiency of power plant ESPs. Most proprietary agents have been designed for cold-
side ESPs, but none has proven significantly superior j@@@litioning. These systems do,
however, have the advantage of relatively low capital cost.

In addition, some proprietary agents are now available to treat the high resistivity that develops
in hot-side ESPs. The advantage of such an agent over sodium conditioning is that it is added
just prior to the hot-side ESP rather than on the coal, which means the injection rate can be
modulated to meet the needs for conditioning on a near real-time basis, and there is no risk of
slagging or fouling due to increased sodium levels in the coal

3.3 Optimal Flow Distribution: Uniform vs. Skewed Flow

Gas flow has such a significant effect on ESP collection efficiency that any ESP upgrade should
consider optimizing the gas velocity distribution. At a minimum, the gas flow distribution

should meet the standards set by the Institute of Clean Air Companies for uniformity. However,
experience indicates that many ESPs do not meet these standards and there is plenty of room for
improvement.

Traditionally, it has been believed that a uniform gas velocity distribution provides the highest
collection efficiency (see Volume 1, Appendix C). However, there may be ESPs that could
benefit from a non-uniform gas flow distribution termed “skewed flow.” The skewed flow
distribution aims to minimize reentrainment by adjusting gas flow at the bottom of the plates
close to the hoppers. To date, skewed flow is considered an experimental concept that would
require site-specific evaluation, but in ESPs where reentrainment is significant (as indicated by
rapping puffs and a noisy opacity trace), it could improve performance significantly.

3.4 ESP Rebuild

Most ESPs require rebuilding during the life of the power station. Normal wear and tear in the
somewhat hostile flue gas environment will cause a need to replace various components; once
the collecting plates have reached the end of their useful life, it is time to consider a full-scale
rebuild. Note that gas flow modeling and correction should routinely be included as a part of any
ESP rebuild, as should replacement of antiquated analog power controls with new digital
controls.

3.4.1 Rebuild As-Is

In rare instances, it can make sense for an ESP to be rebuilt according to the original design. If
the precipitator, when new, was able to attain the currently required collection efficiency with
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some degree of safety margin, then a rebuild as-is can be considered. Usually, however, a
rebuild is used as an opportunity to incorporate design upgrades that will improve the unit’s
operation and reliability.

3.4.2 Rebuild With Wide Plate Spacing

An ESP that requires rebuilding will typically have its collecting plates spaced 9 or 10 inches
(about 250 mm) apart. The current norm is to use wider plate spacing, from 12 to 16 inches
(about 300—400 mm). Any rebuild planned for an existing ESP should probably include
upgrading the internals to these new standards. Advantages include reduced weight of the ESP
internals; improved plate alignment because allowable tolerances are greater; more uniform
current density distribution; and possible improvement in collecting high-resistivity particles.

Rebuilding with wider plate spacing does not require replacing the foundation. A design with
12-inch plate spacing built into the same casing originally designed for 10-inch spacing should
attain the same collection efficiency, even though specific collection area (SCA) will be less than
that of the original unit. The high-voltage distribution system must be redesigned and installed.

3.4.3 Rebuild With Increased Collecting Electrode Area

When a rebuild is necessary to improve collection efficiency, it generally requires an increase in
SCA—through installing taller collecting plates and/or adding an extra collecting field. Even
though some original designs included space to install an extra field in the original casing and
accounted for the extra weight this would entail, a rebuild for increased collection efficiency will
usually require a major overhaul—perhaps including a new foundation for the new portion of the
ESP and auxiliary equipment as needed.

3.5 Polishing Devices in Series

It is not always necessary to rebuild the entire ESP to achieve significant performance
improvement. Various new technologies are available as “polishing” devices, to be added
downstream of the last field of an ESP or, if there is not room, to replace the last field. The
technologies discussed below have been tested at either pilot or full scale, and have achieved
emission reductions exceeding 50%.

3.5.1 Compact Hybrid Particulate Collector (COHPAC)

This EPRI-developed technology uses a small pulse-jet baghouse as a polishing unit downstream
of the ESP. The low ash loading to the baghouse allows it to use a higher gas velocity than is
needed for a baghouse operating alone. The lower ash loading should also increase the life of the
fabric filter material.

There are two ways to apply the concept. COHPAC I retains the existing ESP and adds the

baghouse downstream on its own foundation, whereas COHPAC Il replaces the outlet field of
the ESP with the baghouse. The outlet emissions from either version should be comparable to
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those from a conventional pulse-jet fabric filter. Both approaches can achieve collection
efficiencies well over 99%, usually at less cost than building a replacement ESP.

3.5.2 Wet Electrostatic Precipitator

Wet ESP (WESP) uses a flowing sheet of water to entirely cover the collecting plates in the ESP.
Since the film of water serves as the collecting electrode, there is no significant reentrainment
and the detrimental effects of high resistivity are eliminated. The collected material flows down
the plate with the water film to be collected in the drain system. Collection efficiency for a
modestly sized WESP with an SCA on the order of #cfm (9.8 ni per ni/s) is expected to

be greater than 90% (typically more like 95%).

The wet system can be installed either as a conversion of the outlet field of the existing ESP or as
a separate housing downstream from the primary ESP collector. If the wet unit is installed in the
existing housing, the existing dry field will have to be removed and replaced with a field made of
corrosion-resistant materials.

A proven technology in industrial applications, WESP holds promise as a polishing unit for
utility installations with either high resistivity or excessive reentrainment; it is also particularly
applicable to plants with wet scrubbers that are emitting “blue plume” sulfuric acid mists.

3.5.3 ElectroCore [] Separator

The ElectroCore separator is a new EPRI-sponsored technology designed to enhance particle
collection in power plant applications. It consists of an ensemble of electrically enhanced
cyclonic collectors. The inertial force of the cyclone is augmented by an electrical force that
enhances the separation of fine particles about 5 microns and smaller. The device separates the
flue gas into two streams: the outer stream with the heavy concentration of particles (about 10%
of the total gas stream) is extracted and re-injected into the ESP inlet, while the cleaner gas
stream (about 90% of the flow) is sent to the stack. Separation efficiencies of well over 90%
have been measured in large pilot-scale tests.

3.5.4 Laminar Flow Fine Particle Agglomerator [1

This nearly commercial device uses the principle of laminar flow in a special ESP section to
achieve 100% collection of fine particles. The device replaces an inner field of the ESP.
Relying on residual electrical charge from the previous field, it collects the remaining particles in
a static field with no corona flow (i.e., under near—laminar flow conditions). The particles are
then reentrained, but as larger, easier-to-collect clumps larger than 5 microns. These
“agglomerated” particles can then be better collected by the outlet field of the ESP.

The device must be built to close tolerances to maintain near—laminar flow conditions, but
should significantly increase ESP performance.
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3.6 New Primary Collecting System

When the existing ESP requires replacement, the available options expand to include other
technologies. If the existing ESP can be made to function properly, it may remain as part of the
final particle collecting package. Either an additional particle control device can be added in
series or parallel or the old unit can be completely removed, depending on site-specific
conditions.

3.6.1 Replace With Larger ESP or Add Additional ESP

Measurements of the characteristics of the existing ESP will provide valuable information about
the desirability of replacing the existing ESP with an entirely new one or keeping the existing
unit and adding an additional ESP in series or parallel. Space availability and economics
generally dictate one approach over another. The resistivity of the fly ash and the electrical
readings from the power supplies provide the data necessary to determine if a new ESP is the
appropriate upgrade technology. If these readings indicate that the ash is difficult to collect in an
ESP (low power levels), then an alternate technology that is less sensitive to fly ash properties
(such as a fabric filter) should be considered.

3.6.2 Convert Hot-Side ESP to Cold-Side

A hot-side ESP experiencing high resistivity from sodium depletion can be converted to cold-
side operation. The modification requires re-routing the gas flow ductwork so that the input flue
gas comes from the air heater outlet rather from the economizer outlet. This change in effect
“increases” the size of the ESP because of the volumetric change due to temperature reduction.
A reduction in flue gas temperature from 700°F to 300°F (370°C to 150°C) reduces the gas
volume flow rate to about 65% of the previous value—thereby increasing the specific collecting
area by more than 50%. In many instances, conversion to cold side alone is adequate to achieve
performance goals, but in others, resistivity conditioning may also be required.

3.6.3 Replace ESP With Fabric Filter

The ESP is usually the lower-cost option for collecting fly ash when the ash resistivity is less
than 5 x 18 Q-cm. For higher resistivities, a fabric filter generally becomes the lower-cost
option. Fabric filter collection efficiencies are excellent; the main challenge is fitting them into
the existing space.

When adding a fabric filter (baghouse), there is the question of whether or not to retain the ESP
in service, either in series or parallel. If there is room, the ESP should generally be retained
unless it would require an extensive rebuild to operate properly; economics should guide this
decision. If retained in series, the installation becomes similar to COHPAC I. If the fabric filter
is added in parallel, the effective SCA of the ESP will be increased, as a significant portion of the
flue gas will bypass the ESP to the new fabric filter.
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EVALUATION OF EXPECTED PERFORMANCE
IMPROVEMENT FROM TECHNOLOGY OPTIONS

To evaluate which grade technology—or combinati@f technologies—is the best soluticor f
your power statin, you will need a ESP modé calibrated ¢ your site-specific conditions(See
Volume 1,Section3 for instructions on cdbrating themodel.)

This chapter illustrates hoto estimate the expectedrfmmance inprovement &fered ty each
of the vaious upgrade options, using E8#®del projections ahother meansThe next chapte
Chapter 5, presents an exampl how to detemine costs fothe various ptions. Both
chapters illustrate the prapestimation procedures using example 310-MW powrestation,
which is described in Tabl-1.

As shown in Tabld-1, the prmary examp ESP is an olde unit with four fields with an SCA of
138 square feet p¢housand cubic feg@er minute d gas (272 v’ per m’/s); the nlet field is 3.5
feet lorg (1 m) and tle otherfields are6 feet (1.8 m) long. A second EB with an extrafield is
also evaluated to provide guida&for somewhat largeESPs wih an SCA ntherange ¢ 177
ft°’/kacfim (34.8 mi pa m’/s). Excep for the inceased length, therjer ESP has the same design
featues of tle smaller ESP.

The examplgin this chapte are intendd to provide an atimate d therange & periormance
improvements to expeabif the different upgradeslf you need ¢ reduce the outteemissions by
a factorof two, scan the iprovement expectedf each optia and select those appropa#br
your installation for detailal evaluation. This prescreening wilreduce the numbef
alternatives that you must evaluate.

Note that two ugrade technologies discussed in Chapter 3 aré&eatel in this chapterthe Arc
Snubbel] filter andskewed flov gas distribution. Asdiscussed in Chapter 3, prmance
improvements with thérc Snubbell filter are na yet unarstood, so tare is ro way topredict
the estimated change in perhance with tk additionof this device. Rather, pdormance
improvements must be measured disetiitoudh a rial installation. There is similauncertainty
regarding the usef skewed flav. Much of tre test data available werecorded during
improvement prgrams whereseveral variable changedimultaneodly. While theres a logical
basis for the skewed flodesign concept, #data supporting suchnclaim are ot yet suficient
to allow an accurate estimaiethe effects d this technology o collection dficiency.

Throughou this chapter, perfonance improvements are shopnmarily interms é secondary
current density levels and emission levels, Whaie giva in English units 6 measure (auent
density in microamperes psquare foband emissions in poundsrpaillion Btu). Howeve, the
metric equivalerstfor currert dersities in nanoampesepersquare centimetgnA/cnt) and
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emissions in grams per normal cubic meter (g\are approximately the same as the English
values, becauseldA/ft> = 1.076 nA/crhand 0.1 Ib/MBtu is about 0.1 g/Nm(Note that the
relationship between Ib/MBtu and g/Rim not actually constant, but varies with the actual coal
being burned.) Because of this close relationship, the metric equivalents for these two items are
not included at every appearance in the text and tables.
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Characteristics of Example ESP

Evaluation of Expected Performance Improvement from Technology Options

Plant Size 310 MW

Boiler Type Front and Rear Wall Fired, Pulverized Coal
Stack Exit Diameter 1741t (5.3 m)

Cold-Side ESP

Total Collecting Area

142,416 ft (13,231 m?)

SCA

138 ft"/1000 acfm (27.16 m’ per m’/s)

Number of Fields

1x35ft3x6ft (1x1.07m,3x1.83m)

Number of Bus Sections

4 bus sections across flow

Number of TRs

8—each serves 2 bus sections, 4 deep

Vibrator Rappers—Wires

MIGI Rappers—Plates

Collecting Plate Spacing

9 inches plate to plate (229 mm)

Flow Area

2484 ft* (230 m?)

Velocity 6.90 ft/s (2.1 m/s)
Height 27 ft (8.23 m)
Width 92 ft (28 m)
Depth 2151t (6.55m)
Number of Gas Passages 123

Aspect Ratio 0.80

Hot-Side ESP

Total Collecting Area

456,720 ft* (42,430 m?)

SCA

313 ft%1000 acfm (61.6 m* per m’/s)

Number of Fields

4x10ft (4 x3.05m)

Number of Bus Sections

4 bus sections across flow

Number of TRs

8—each serves 2 bus sections, 4 deep

Vibrator Rappers—Wires

MIGI Rappers—Plates

Collecting Plates Spacing

9 inches plate to plate (229 mm)

Flow Area

4282 ft* (397.8 m’)

Velocity 6 ft/s (1.82 m/s)
Height 33ft (10 m)
Width 130 ft (39.6 m)
Depth 40 ft (12.2 m)
Number of Gas Passages 173

Aspect Ratio 1.2

4.1

Upgrades to Power Supply Controls

The installation of an upgraded power supply control may make a small difference in

performance for an ESP collecting intermediate resistivity (¢@.0"* Q-cm) ash particles.
There may be some improvement in energization as well as some power conservation. A more



EPRI Licensed Material

Evaluation of Expected Performance Improvement from Technology Options

significant improvement will occur when the upgrade is applied to an installation collecting
higher-resistivity (>10 Q-cm) ash.

The following discussion is based on the example ESPs described in Table 4-1—namely, a
small, cold-side ESP with four fields and an SCA of 13Rdtfm (27.16 rhper ni/s); a similar
five-field ESP with an SCA of 177°fkacfm (34.8 rhiper ni/s), which is not shown in Table 4-1;
and a hot-side ESP with an SCA of 3f&éicfm (61.6 riper ni/s). For the cold-side units, the
plate area is 23,247 {2160 ) for the inlet fielcand 39,852 ft(3702 ) for the remaining

fields. The plate spacing is 9 inch€230 mm) and the weighted-wire discharge electrode has a
diameter of 0.109 incHR.8 mm). The fly ash has a resistivity of abouf @cm.

The existing ESPs have older analog controls that allow operation in back corona. In our
example, these existing power supplies are assumed to be currently operating with the electrical
readings given below in Table 4-2. (Note that the actual currents could be significantly higher
than reported below, but the useful current where the V-I curve changes shape into a backslant is
used for modeling.) Actual expected secondary voltages and estimated currents are used in the
example for older analog contrasce the actual currents would be expected to be much higher
with severe back corona. In fact, the values used in this example are typical values noted during
several field tests. In your own study, use actual measured values for your ESP, taking care not
to use excessive back corona current in the calculation. See Volume 1, Appendix A for more
information.

Table 4-2
Electrical Readings for Original Analog Power Supply Controls

Electrical Field Secondary Secondary Current Density*,
Voltage, kV Current, mA HA/ft?

Inlet 27.5 85 3.2

Second 25.5 190 4.5

Third 24.0 250 7.5

Fourth 23.0 350 8.0

Outlet 225 450 9.5

* Current density values expressed in *Adfte almost identical to current density values expressed in
nAlcnt, because 1 *Afft= 1.076 nA/crh

The preceding electrical data were used as input data to the ESP model, which was then run to

project the performance for these four- and five-field ESPs. Model projections are summarized
in Table 4-3.
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Table 4-3

Predicte d Efficiency for ESPs With Older An alog Controls
ESP Effici ency, % Opacity, % Emissi ons, Ib/MBtu*
4 Fields, SCA =138 89.6-90.5 76-78 0.502-0.548
5 Fields, SCA =177 93.2-93.8 6567 0.326-0.361

* Emissonsin grams per nomal cubic meter are numerically very close to the emissions & sated abovein
Ib/MBtu. The actual ratio varies samewhet, but for our example plant, the ratio is abaut 1.07.

Without further changes, neitef these installations comes close to meeting an emission limit
of 0.1 Ib/MBtu (~100 mg/Nnj). Thus, t makes sense to model contupgrades, starting
with the simplest options armmloceeding tdhe moe complex.

4.1.1 Basic Upgrade to Digital Control

The first improvemento considersthe conversionotnew PC-based control3hese controls
can be programnto operate eitlr a the onset bback coronar with intermittent
energization.The first evaluation $ at back coroaonset (E will be discussed later along with
pulse energization)When the new cdrols are setdavoid back orona,the electrical readings
will improve from thase in Table4-2 to those in Table 44. These electricaleading were
selected from Volumé. The current densities were selecfedm Figures A-L throughA-3, and
the voltags were traslatedfrom the 10-inch(C250 mn) spacing dataniFigureA-4 by
multiplying the voltage by tle ratio of the plate spacing (80). Plant numbell in Table A-2
has electrical readingisimilar to these data. Note that athe actual operatinguwrent isreduced,
the operating voltagincreases as the operating point mowabé beginnig of back coronalf
the analog controls were allod/& operag with heavy bak coronathe currents woulbe
higher and tavoltages lower.

Table 4-4
Digit al Controls Operated at Back Corona Onset

Electrical Field Secondary Secondary Current
Voltage, kV Current, mA Density, pA/ft’

Inlet 34.2 75 3.2

Second 33.2 175 4.4

Third 33.0 300 7.5

Fourth 30.3 350 8.8

Outlet 29.6 375 9.4

With this upgrade, the exang®#SPs a& now predictd to have tle collection éficiencies shown
in Table4-5.
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Table 4-5

Predicted Eff iciency for Digital Controls Operated at Back Corona Onset

ESP Effici ency, % Opacity, % Emissi ons, Ib/MBtu
4 Fields, SCA =138 92.9-93.6 67—-69 0.340-0.374

5 Fields, SCA =177 95.3-95.9 55-57 0.153-0.175

Although modernizationf the power supplies successfully reduces emissions by about a factor
of two, neithe ESP meets the emissions targetihis upgrad alone.

4.1.2 High-Frequency Controls

The newer hig-frequency powesupplies should provide akidhe same degres performance
improvement as the oth®C-based systems. Howeveg téduction in weighand sizérom
the higherfrequency supplies may be a sigrant consideratiorf ther use can preclude the
need to replace #ESP foundation in a contemplatérebuild.

4.1.3 Intermittent and Pulse Energization

The next evaluatiois for operatimg the digitd controk with intermittert energizatio (1E) to
further reduce therifluence @ the highresistivity ash. The powe supplies will continue to
operate at approximatelhe same average secondary voltage angwgudensities.The
significant difference ithat the peaketaverage secondary voltage Miicrease.Typically, IE
tests have shown that the peak-to-average witageases from a manal valueof 1.2 for
conventional energization to alidu6 for IE. When tle peak-to-average voltagetting is
changed to &.in the ESP mode] thepredicted outleinformation now changesotthat shown in
Table 46.

Table 4-6
Predicted Eff iciency for Digital Controls Operated With IE

ESP Efficiency, % Opacity, % Emissions, Ib/MBtu
4 Fields, SCA =138 95.0-95.6 57-60 0.232-0.262
5 Fields, SCA = 177 97.0-97.4 43-46 0.137-0.158

The next powesupply upgradto be evaluated isyse energization, whiccurrently requires
adding a pulse power supply to bdield. The added powesupply provides fast-rise-time pulse
of voltage to a backgrodrevel d energizatio from the orginal powe supply. Again, the
average secondary voltage remains about the sameglpgéak voltage and #'secondary
current dedty increae. To Smulate the Hect d pulsing, it isrecommended that ¢tlpeak-to-
average voltage be increased to ati@itard the curent increased by abbd0%. This increase

in average currdrdensity is possible because of the gneat&formity of currert flow from
pulsing.

4-6



EPRI Licensed Material

Evaluation of Expected Performance Improvement from Technology Options

The results, as predicted from the ESP model projection using the higher peak-to-average voltage
and the small increase in secondary current, are shown in Table 4-7.

Table 4-7

Predicted Efficiency for Digital Controls With True Pulse Energization
ESP Efficiency % Opacity % Emissions, Ib/MBtu
4 Fields, SCA =138 96.4-96.9 48-51 0.163-0.188
5 Fields, SCA =177 98.0-98.3 34-37 0.091-0.106

Pulsing alone would not bring the four-field ESP into compliance with a 0.1 Ib/MBtu emission
limit, but it does bring the five-field ESP within range. However, neither of these small units
will meet the NSPS limit of 0.03 Ib/MBtu (30 mg/Nhwith pulse energization alone.

Another means of estimating the improvement in performance due to pulsing is knowyas the
enhancement factor method. The enhancement factor is the number by whichujheable

must be multiplied to get a®, value that is appropriate for a specific modification. The Matts-
Ohnfeldt equation forms the basis for this method. The Deutsch-Anderson (DA) equation is
modified from a simple exponential relationship to the following:

_(akAIV)K
e

n=1-

The Matts-Ohnfeldt modification to the D-A equation provides a single-value relationship
between collecting efficiency and SCA, taking into account that the ESP is collecting a wide
range of particle sizes. The exponent k for fly ash ESPs usually has a value of about 0.5. The
value ofw for the ESP with digital controls is about 52 ft/min (26.4 cm/s). For pulse

energization, the enhancement factor is about 1.6. The value of 1.6 for an enhancement factor is
in line with the full-scale results of a pulse energization study reported in EPRI report CS 4717,
An Investigation of Precipitator Pulse Energizati®eptember 1986. However, this is a
conservative estimate, and the actyalmprovement for full scale with fast-rise-time pulses

may exceed this value.

Using this method for the example ESPs, with an exponent in the Matts-Ohnfeldt equation of 0.5
(appropriate for fly ash)y is calculated to be 52 ft/min (26.4 cm/s). Thealue is multiplied

by the factor of 1.6 for pulsing to yield apof 83 ft/min (42 cm/s). The efficiencies calculated
with pulsing are 96.6% for the four-field ESP and 98% for the five-field unit. These numbers are
consistent with the model projections, and either method can be used to evaluate the effect of
pulsing.

The results of the changes to the electrical energization controls are shown in Figures 4-1 and 4-2
for the four- and five-field ESPs, respectively.
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Performance of Different Modes of Energization (Example Four-Field ESP)
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Figure 4-2
Performance of Different Modes of Energization (Example Five-Field ESP)

4.1.4 Positive Polarity for Hot-Side ESPs

In this subsection, we estimate the effect of converting the energization of a hot-side ESP from
negative to positive polarity. This conversion is less costly than the conversion from hot-side to
cold-side operation and may produce satisfactory performance.

The operating voltages and currents for positive- and negative-polarity hot-side units will be
different. For example, a pilot ESP with 12-inch (~300 mm) plate spacing tested at Alabama
Power Company’s Plant Gaston operated at 50 kV aphE? at 755°F (402°C) with negative
polarity and 45 kV and 3jgA/ft* for positive polarity. These values are for clean plate
conditions immediately after reaching operating temperature. After several days of operation,

the voltages and current densities decreased to 43 kV gnél/B0for negative polarity, and 40

kV and 35pA/ft? for positive polarity. These numbers illustrate the types of changes to expect
between positive- and negative-polarity hot-side ESPs.
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The operation with positive polarity can entail either a permanent conversion to positive or
switching between polarities as needed. The permanent conversion will probably be less costly,
but other factors may dictate switching. An ESP operates with a higher collecting efficiency
with negative polarity than positive, when other factors do not limit performance. Both
conditions are discussed.

Three conditions are modeled for the positive polarity evaluation:
1. Negative polarity before degradation

2. Negative polarity seriously degraded

3. Positive polarity

For the purposes of this example, we model a hot-side ESP operating at 750) #@20%an
SCA of just over 300 Htkcfm (59 ni per ni/s) burning a Powder River Basin coal. The same
power station is considered for this hot-side example as was used above in the cold-side
examples. The volume flow rate from the 310-MW station will increase from 1 million to 1.6
million at the hot-side gas temperature.

The ESP is modeled with 12-inch spacing, since the pilot-scale ESP used to establish the
electrical readings for the inlet section has 12-ind00Q mm) spacing. It is recognized that the
hot-side ESPs in service are in actuality units with 9- or 10-il260 mm) plate spacing, but

the differentials in performance will be expected to be the same, regardless of plate size. (In fact,
the current densities are expected to be approximately the same for both plate spacings. The
voltages at different plate spacings would be approximately proportional to the plate spacing.)

The electrical readings for the next three fields are estimated from the inlet readings from the
pilot ESP, and given below in Table 4-8. Again, these estimates are “typical” values based on
experience. Inyour own study, use actual readings from the ESP in question for the negative-
polarity simulation and use the ratio of positive to negative factors in Tables 4-8 and 4-10 to
obtain positive-polarity voltages and current densities to use in the positive-polarity simulation.

Table 4-8
Electrical Readings for Negative-Polarity Hot-Side ESP Before Degradation
Electrical Field Secondary Secondary Current Density,
Voltage, kV Current, mA HA/ft?
Inlet 43.0 5000 42.5
Second 41.0 5600 47.6
Third 39.0 6200 52.7
Outlet 37.0 7000 60.0

Table 4-9 presents electrical readings after heavy sodium depletion has occurred and
performance has seriously degraded. In reality, the ESP would be washed or some other action
would be initiated before performance would be allowed to degrade this much. The numbers in
Table 4-9 are typical for a hot-side unit operating with sodium depletion; naturally, however, you
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should use your actual degraded voltage and current readings in the model for comparison to the
positive-polarity performance calculation.

Table 4-9
Electrical Readings for Negative-Polarity Hot-Side ESP After Degradation

Electrical Field Secondary Secondary Current Density,
Voltage, kV Current, mA HA/ft?

Inlet 32.0 1750 14.9

Second 30.5 2300 19.6

Third 28.5 2900 24.7

Outlet 27.5 3500 29.8

When the polarity is reversed, the positive-polarity electrical readings would be degraded as
well. However, as the charge carriers are replaced through the ionic migration, the electrical
readings would recover more quickly than the depletion formed. With positive polarity, a
combination of diffusion and conduction forces work together to replenish the thin depleted layer
that remains on the collecting electrodes. Laboratory data confirm the recovery of electrical
conditions when the polarity is reversed. The polarity reversal recovery has been demonstrated
in the EPRI pilot-scale program currently active. There is a distinct recovery in electrical
conditions in the currently operating pilot ESP with reversible polarity, but the specific sequence
of weekly polarity reversals has not been verified at this time. The polarity reversal is expected
to be needed on perhaps a weekly basis for stations that would develop back corona in a four- to
six-week period.

The expected power supply values are reported in Table 4-10.

Table 4-10
Electrical Readings for Positive-Polarity Hot-Side ESP After Conversion

Electrical Field Secondary Secondary Current Density,
Voltage, kV Current, mA HA/ft?

Inlet 40.0 3750 31.9

Second 38.5 4000 34.0

Third 36.5 4750 40.4

Outlet 33.0 5000 42.5

The electrical readings before degradation are significantly better for the negative-polarity
operation than for positive polarity. However, the electrical readings for the positive-polarity
condition are much better than that for the degraded negative-polarity case. If the SCA of the
ESP is large enough, it may be possible to operate continuously in the positive-polarity mode.

On the other hand, if the station operates on load dispatch rather than baseload, the ESP polarity
can be reversed to positive during the low-load periods at night and during weekends to reverse
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the electrical degradation, and can then operate with negative polarity during full-load periods.
The results of the ESP model projections are shown in Table 4-11.

Table 4-11
Performance Predicted for Each Condition From the Polarity Reversal Example

Operating Mode C ollection Outlet Opacity, % [Emissions, Ib/MBtu
Efficiency, %

Good Negative 99.50-99.35 8-10 0.026-0.033

Degraded Negative 97.50-97.10 33-37 0.129-0.149

Positive Polarity 99.13-98.90 13-16 0.045-0.055

The preferred mode of operation for a small, non-baseloaded station may be to have reversible-
polarity power supplies and controls installed. The ESP can be normally operated with negative
polarity. The system can be switched to positive polarity at intervals appropriate for the rate of
degradation from sodium depletion. Preliminary data suggest that polarity reversals on each
weekend could be adequate to prevent the development of high-resistivity-limited performance.
The ESP should maintain electrical readings and collecting efficiencies near those for fresh-start
conditions except for extreme cases.

The results of the model simulation for polarity reversal are shown below in Figure 4-3
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Figure 4-3
Collection Efficiency With Polarity Reversal (Model Projections)

4.2 Flue Gas/Fly Ash Conditioning

This section illustrates the effect of modifying ash resistivity using flue gas conditioning.
Conditioning can be achieved by a number of agents, includigga8tonia, and proprietary
agents, among others.

4.2.1 General Resistivity Reduction

The performance impacts of flue gas conditioning are illustrated for the same two cold-side ESPs
used throughout this chapter: an installation with an inlet field 3.5 feet (1 m) long followed by
three fields 6 feet (1.8 m) long and an SCA of 138dtfm (27.2 rper ni/s); and a larger

installation with an extra 6-foot field and an SCA of 17/kéicfm (34.8 rhper ni/s).

The various approaches to resistivity modification will have to be evaluated from a cost
standpoint in addition to a performance standpoint since they should all succeed in lowering ash
resistivity to the levels shown in this section. The following tables compare the net result of
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conditioning to a resistivity of either 1 x't@-cm or 2 x 16 Q-cm. The difference, of course,
is the allowable secondary voltages and current densities that can be applied to the ESP.

The electrical readings for the five-field ESP are given in Tables 4-12 through 4-14 for each
resistivity condition. The four-field ESP unit should have the same readings as the first four
fields of the five-field unit. These voltage and current readings are typical for small ESPs with
9-inch (~230 mm) plate spacing. For a given resistivity, the current densities would be the same;
but for wider plate spacing, the voltages should be multiplied by the ratio of the plate spacing
divided by 9.

Table 4-12
Electrical Readings for Resistivity = 1 x 10  ** Q-cm

Electrical Field Secondary Secondary Current Density,
Voltage, kV Current, mA HA/fE

Inlet 34.5 75 3.2

Second 33.2 175 4.4

Third 33.0 300 75

Fourth 30.3 350 8.8

Outlet 29.6 375 9.4

Table 4-13

Electrical Readings for Resistivity = 1 x 10 " Q-cm

Electrical Field Secondary Secondary Current Density,
Voltage, kV Current, mA HA/f

Inlet 39.5 140 6.2

Second 38.2 400 10.0

Third 38.0 600 15.1

Fourth 35.0 700 17.6

Outlet 34.0 800 20.0
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Table 4-14

Electrical Readings for Resistivity =2 x 10 ' Q-cm

Electrical Field Secondary Secondary Current Density,
Voltage, kV Current, mA HA/ft?

Inlet 46.0 500 215

Second 44.0 1100 27.6

Third 43.0 1500 37.6

Fourth 41.5 1900 47.7

Outlet 39.0 2000 50.0

The model projections are reported in Table 4-15 for the four-field example. Similar
improvements result from conditioning a five-field ESP, as indicated in Table 4-16. The model
results for the four- and five-field examples are also shown in Figures 4-4 and 4-5.

Table 4-15

Improving Performance by Reducing Resistivity in Four-Field ESP (SCA = 138)

Resistivity, Q-cm Collecting Outlet Opacity, % Emissions, Ib/MBtu
Efficiency, %

1x 10* 92.90-93.60 67-69 0.340-0.374

1x 10" 96.90-97.30 43-46 0.143-0.164

2 x 10* 98.80-99.06 20-23 0.050-0.062

Table 4-16

Improving Performance by Reducing Resistivity in Five-Field ESP (SCA = 177)

Resistivity, Q-cm

Collecting
Efficiency, %

Outlet Opacity, %

Emissions, Ib/MBtu

1x 10" 95.30-95.90 55-57 0.218-0.246
1x10" 98.20-98.50 30-32 0.079-0.093
2 x 10" 99.61-99.50 10-12 0.020-0.027
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Figure 4-5
Collection Efficiency for Resistivity Changes in Five-Field Unit

4.2.2 Ammonia Conditioning

Ammonia conditioning warrants additional discussion, as it is difficult to accurately estimate the
performance effects of ammonia conditioning for some situations. In applications where
ammonia is added to S@onditioning to make S@onditioning effective, the estimates for
resistivity reduction just illustrated should provide a good estimate for combinegh80

ammonia conditioning. For example, a fly ash with very high silica plus alumina content (over
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80%) can be difficult to condition with S@lone, but if SQis combined with ammonia

conditioning, the resistivity can be lowered to the 1 X ®3cm range or even the 2 x'4@-cm
range.

It is more difficult to quantify the effect of ammonia conditioning for the case where the fly ash
resistivity is already low and ammonia is added to reduce reentrainment. Reentrainment is
sensitive to fly ash properties, the gas velocity distribution, the aspect ratio of the ESP, and
rapping system design. Nevertheless, field test data indicate that rapping losses account for
roughly half of the total emissions from a small ESP and that ammonia addition will eliminate
about half of the rapping emissions. These numbers suggest that ammonia addition will reduce
emissions from a typical small precipitator by around 25%. A test with a temporary ammonia
conditioning system is the best way to accurately determine the effect of ammonia addition for
this application.

There is one additional situation where ammonia conditioning can be used to good advantage. If
a boiler produces an ash with high carbon content (high LOI), it is possible that carbon makes a
significant contribution to ESP outlet emissions because ESPs collect carbon with low

efficiency. A combined ammonia- S€onditioning system should significantly reduce carbon
emissions. For example, if conversion to low-Nfdrners increases ash LOI to over 10%, there

will likely be an increase in outlet emissions. For this case, a combined ammania-SO
conditioning system should return emissions to their pre-low{@ner level.

4.3 Rebuild Options

An ESP can be rebuilt with the original plate spacing (rebuilt as-is) or with wider plate spacing.
In either case, the expected performance improvement is the same.

4.3.1 Rebuild As-Is

The first rebuild option considered is to rebuild as-is, with the same plate and discharge electrode
designs. If the existing unit originally met the required emission limits and the rebuild is
triggered by only the condition of the equipment, rebuilding as-is may be the appropriate choice.
Even rebuilding as-is may improve performance for the following reasons. First, there is likely
to be an improved gas velocity distribution. Next, there will be improved power supply controls,
and finally, there is an opportunity to reduce rapping reentrainment. (Changes from rapping and
power supply controls are too site-specific to evaluate in a general example.) Naturally, the
rebuild would also be expected to correct any plate warping or other misalignment within the
ESP that had developed over time. Correcting misalignment will improve the electrical
operating conditions. An ESP that requires rebuilding because of age will likely be 20 or more
years old. The gas velocity distribution and sneakage factors can be in the rang® &f to

0.25and S = 0.10to 0.13. These factors should decreage=t6.12and S = 0.08 after a careful
rebuild, since a gas flow model study should be an integral part of any rebuild project.

The four- and five-field ESPs with SCAs of 138Kacfm (27.2 raper ni/s) and 177 ftkacfm

(34.8 ni per ni/s), respectively, are evaluated for the improved flow conditions, when high
resistivity is not limiting the performance. Itis assumed that the baseline ESP is equipped with
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modern electrical controls for the following sets of model comparisons. Two examples of poor
gas flow distribution and sneakage are illustrated.

Table 4-17
Increasing Performance by Improving Gas Velocity Distribution During Rebuild

Four Fields, SCA = 138 | Collecting Outlet Opacity, % Emissions, Ib/MBtu
Efficiency, %

1. 0,=0.255S=0.13 98.60 25 0.072
2.04=02,5=0.1 99.00 21 0.054
3.04=0.125=0.08 99.27 17 0.038

Five Fields, SCA = 177

4.04=0.25,5=0.13 99.40 13 0.032
5.0,=0.2,5=0.1 99.57 11 0.023
6.04=0.125=0.08 99.71 8 0.015

The improvement from very bad to very good gas flow reduces the emissions by about a factor
of 2, with a significant reduction in opacity as well. The conditions modeled were for a

resistivity of 2 x 16 Q-cm, but similar improvements are expected for higher-resistivity ash as
well.

Figure 4-6 shows the ESP model projections for the improvement in gas flow distribution.

99.8%

99.6% -

99.4% —

99.2% -

iency

99.0% -

98.8% -

98.6% -

Collecting Effic

98.4% —

98.2% -

980% T T T T T
sg =0.25, sg=0.2, sg=0.12,sg=0.25, sg=0.2, sg=0.12,
S=0.13 S=01 S=.081 S=0.13 S=01 S=.081

Four Field Five Field

Figure 4-6
Increasing Efficiency by Improving Gas Flow and Sneakage
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4.3.2 Rebuild With Wide Plate Spacing

Rebuilding with wider spacing will provide about the same outlet emissions and opacity as
rebuilding as-is. The principal benefit offered by wide plate spacing is the weight reduction from
the reduced number of collecting plates and associated equipment.

4.3.3 Rebuild With Increased Collecting Area

Rebuilding with increased collecting plate area can be accomplished by either increasing the
plate height, adding a collecting field in series, or both. The older installations with plate heights
on the order of 27 to 36 feet (8.2 to 11 m) can be rebuilt with 42 to 45 foot (12.8 to 13.7 m)
plates. Itis not advisable to rebuild three-field ESPs with plate heights too great as the aspect
ratio (L/H) becomes too small, tending to increase the percentage of material reentrained during

rapping.

The example used to illustrate collecting area increase is a four-field ESP with an SCA of 138
collecting intermediate-resistivity ash £ 1 x 10' Q-cm). Table 4-18 reports the range of

collecting efficiencies for several example configurations. In the first example modification, a
single field is added in series; in the next, plate height is increased from 27 to 42 feet (8.2 to 12.8
m). The final example shows the combination of taller plates and the extra field. In each case,
the plate spacing is increased from 9 inches to 12 inches (228 to 300 mm) for the rebuild. The
new aspect ratio is considered to be too great when only the plate height is increased. However,
there may be cases where this is the only option.

Table 4-18
Improving Performance by Rebuild With Taller Plates and Added Field

Configuration Collection Opacity, % |Emissions, Ib/MBtu
Efficiency, %

Original Four Fields, SCA = 138 96.90-97.3 43-46 0.143-0.164

Add Fifth Field, SCA = 177 98.20-98.50 29-32 0.079-0.093

Add Plate Height, SCA = 215 99.01-9.18 18-21 0.043-0.052

Field & High Plates, SCA = 275 99.59-99.68 9-10 0.017-0.022

The addition of the extra field increases the SCA by about 28.5% and the increased plate height
boosts the SCA by 55%. The combination of adding a field and increasing height essentially
doubles the original SCA. The addition of an extra field also provides an additional stage of
mixing and reduces the amount of material collected on the outlet field, thereby decreasing the
rapping reentrainment.

All modifications bring the station into compliance with a 0.1 Ib/MBtu (~100 md)ymission

limit. The combination of an added field and increased plate height is required to meet the NSPS
limit of 0.03 Ib/MBtu (~30 mg/Nri). There is a question about the absolute opacity, as the
projections must also be calibrated, but the relative changes should be accurate. The results of
the model projections are shown in Figure 4-7.
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Model Results for Increasing Collecting Plate Area

4.4 Polishing Devices

4.4.1 COHPAC

The installation of a small pulse-jet fabric filter in series with the original ESP will meet a 0.03
Ib/MBtu emissions limit with less than 20% opacity. The small fabric filter addition is expected
to provide the same outlet loading as when a fabric filter is used as the only particle collecting
device. However, the size and cost of the COHPAC installation should be considerably less,
because this approach takes advantage of the collection that has already occurred in the ESP.

The pulse-jet fabric filter installed for COHPAC will operate with a gas-to-cloth ratio of about 8

to 1 ft/min (2.44 to 1 m/min), while a pulse-jet fabric filter operating alone would have a design
gas-to cloth ratio of perhaps 4 to 1 ft/min (1.22 to 1 m/min). The expected inlet ash loading to
the COHPAC unit would be less than 0.2 grains per actual cubic foot of gas or about 0.6 Ib/MBtu
(0.6 g/Nn), depending upon the collection efficiency of the ESP that COHPAC is being added
to. The ESP efficiency will decrease significantly if COHPAC is installed in place of the last

field in an existing ESP. If the mass loading is significantly greater than 0.2 grains/acf (0.6
g/Nn?’), a more conservative COHPAC design (lower gas-to-cloth ratio) may be necessary.
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4.4.2 Wet ESP

There are two options for adding a wet collecting electrode ESP to an existing installation. An
entirely new structure can be added downstream from the existing ESP or an outlet field can be
converted from a dry to a wet system. As with COHPAC, the advantage of adding a new
structure is again that the total collecting efficiency of the original ESP is retained, while the
advantage of converting an existing electrical section from wet to dry operation means that no
new external structural foundation or building is required.

The rebuild to convert from a dry to a wet system requires removal of an existing dry field;
consequently, the new wet field may be rebuilt with different plate spacing and perhaps extended
in length. The weight of a wide-spaced ESP is less than that for a narrow-spaced unit in the same
structure; therefore, additional foundation can be avoided.

The decision of whether to build within the existing ESP housing, extending the existing
structure to accommodate longer or taller collecting electrodes, or whether to add a new
structure, depends on both technical and economic issues. If the existing ESP can be converted
without the additional structure and meet the emission limits with adequate margin, this will be
the low-cost option.

Again, the example ESP evaluated for the addition of a wet collecting section is the same four-
field unit with an inlet field 3.5 feet long, followed by three 6-foot-long fields with collecting
plates 27 feet high (SCA of 138/kacfm). The comparisons include meeting either 0.1 or 0.03
Ib/MBtu for ash resistivities of 1tand 16' Q-cm. The only difference in the examples for high

and low resistivity is the inlet loading to the wet field, as the electrical readings in the wet section
will be independent of ash resistivity. The higher-resistivity ash will present a greater ash
loading to the wet section than the lower-resistivity ash.

The electrical readings for the baseline ESP are the same as shown previously in Tables 4-12
through 4-14. The electrical readings for the wet section modifications represent an ESP with
good mechanical alignment and no resistivity limitation. The readings for this field are given in
Table 4-19.

Table 4-19
Electrical Readings for Wet ESP Section With 12-Inch Plate Spacing

Electrical Field Secondary Voltage  Secondary Current  Cyrrent Density

Wet Section 60 kV 2000 mA 67 pa/ft’

The wet section was modeled singly, with the outlet loading and particle size distribution from
the inlet three fields used as input data to that section. To simulate the very low (virtually zero)
reentrainment from the wet field, the reentrainment factor in ESPM can be set equal to zero, or a
very large reentrainment particle size can be selected in ESPert. The gas sneakage values
selected for the wet ESP were 1% and 3%, while the gas velocity distribution standard deviation
ranged from 8% to 10%. The sneakage values were set very low because the wet collector can
be built with a shallow pan under the collecting plates rather than a deep hopper.
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The results from the example for higher-resistivity comparisons are given in the Table 4-20.
Table 4-21 provides the comparisons for the lower-resistivity case.

Table 4-20
Improving Performance With a Wet ESP Field, Resistivity =10 " Q-cm

ESP Description C ollection Opacity, % Emissions, Ib/MBtu
Efficiency, %
Original SCA = 138 96.90 43 0.143
Convert Outlet to Wet 98.54 33 0.074
Convert to Wet 10-ft, SCA= 157 | 99.25 20 0.037
Table 4-21

Improving Performance With a Wet ESP Field, Resistivity =10  *° Q-cm

ESP Description C ollection Opacity, % |Emissions, Ib/MBtu
Efficiency, %

Original SCA =138 98.80 20-23 0.050

Convert Outlet to Wet 99.36 16 0.0326

Convert to Wet 10-ft, SCA =157 | 99.66 9 0.0166

The conversion of the outlet field to a wet collecting system will bring the small ESP into
compliance with an emission limit of 0.1 Ib/MBtu for either ash resistivity. If the emission goal
is 0.03 Ib/MBtu, it will be necessary to extend the outlet field from the existing 6 feet to 10 feet
for the low-resistivity ash and even more for the higher-resistivity ash.

The ESP model predicts a collection efficiency of 85-95% for a stand-alone wet ESP added
downstream from a dry ESP that has a collection efficiency of around Bbése projections

are for SCAs ranging from 30 to 5@kacfm (5.9 to 9.8 fiper ni/s) in the stand-alone WESP.
Experiments with a pilot-scale wet ESP operating downstream from a dry pilot ESP actually
achieved collecting efficiencies in the mid-90% range for similar specific collecting areas. The
pilot-scale WESP also collected condensed sulfuric acid mist with an efficiency greater than

50%. The measured performance for the WESP was somewhat greater than that predicted by the
ESP model. Figure 4-8 shows the projected efficiencies for converting to a wet collector.
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Efficiency Increase With Wet Field

4.4.3 ElectroCore ™ Separator

The ElectroCor€ separator is an electrically augmented mechanical separator based on an
entirely mechanical design from the same supplier, termed a core separator. The addition of an
electric field in the core separating zone and the charging of the particles prior to their
introduction into the separator increases the separation of the smaller particles. The individual
devices are installed in an array much like a multiclone collector.

The ElectroCore device does not actually collect particles. They are concentrated into a gas
stream comprising about 10% of the total flow and either reintroduced into the ESP or routed to
an independent collector, either an ESP or fabric filter.

The experiments to date indicate that the addition of an ElectroCore separator to the example 138
SCA ESP would allow the station to meet the NSPS limit of 0.03 Ib/MBtu. The projected
separation efficiency of the ElectroCore is in the high 90% range. Since this technology is very
new, the operating characteristics and influence on collection efficiency for the overall particle
control system should be carefully evaluated. Note that the gas flow in the original ESP will
increase by about 10% with the addition of the ElectroCore separator, unless an auxiliary
collector is added. The collecting efficiency of the original ESP will decrease somewhat with the
reintroduction of 10% of the flow from the ElectroCore separator.
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It is possible to determine the ElectroCore separation efficiency needed to achieve a given outlet
emission level if the collection efficiency of the ESP is known. The following equation can be
used for this purpose:

Et = Ees,![l'SE(l_EeSF)]

where Eequals overall collection efficiency needed to achieve the required outlet emission limit,
E..,equals the collection efficiency of the ESP, apeduials the required separation efficiency
of the ElectroCore.

Table 4-22 contains typical numbers that could apply to the example plant in this chapter.

Notice that the required separation efficiencies for all cases are within the measured efficiency
(high 90%) from large pilot-scale tests of the technology. For a given plant, it is necessary to
estimate the collection efficiency for the existing ESP with 10% additional gas flow. This
calculation is needed because the bleed flow from the ElectroCore will be recirculated back to
the inlet of the ESP for final collection of the ash in the bleed flow. The estimate can be made by
increasing the gas flow in a calibrated ESP model (either ESPM or ESPert) to 110% of the unit’s
full-load gas flow rate.

4.4.4 Laminar Flow Fine Particle Agglomerator [1

The Laminar Flow Fine Particle Agglomerdibis intended to improve the performance of an

ESP by increasing the effective particle size distribution of the particles collected in the latter
fields of the ESP. Experimental results from studies conducted and reported by the supplier on a
salt cake ESP indicated an increase in the modified Deutsch migration velgchy @bout

50%. This is equivalent to increasing the ESP SCA by about the same amount. The example
ESP with an SCA of 138 is expected to behave as if the SCA is 207. If this improvement is
indeed realized, the collecting efficiency for low and moderate ash resistivities would increase as
indicated in Table 4-23.
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Table 4-22
ElectroCore Separation Efficiency Requirements
Inlet Concentration, |Target Outlet Required Net  |Calculated ESP Required ElectroCore
Ib/MBtu Concentration, Efficiency, % Efficiency, % Efficiency, %
Ib/MBtu
5.00 0.10 98.00 80.00 91.84
5.00 0.10 98.00 85.00 88.44
5.00 0.10 98.00 90.00 81.63
5.00 0.10 98.00 92.00 76.53
5.00 0.10 98.00 94.00 68.03
5.00 0.10 98.00 95.00 61.22
5.00 0.10 98.00 96.00 51.02
5.00 0.10 98.00 97.00 34.01
5.00 0.10 98.00 98.00 0.00
5.00 0.03 99.40 80.00 97.59
5.00 0.03 99.40 85.00 96.58
5.00 0.03 99.40 90.00 94.57
5.00 0.03 99.40 92.00 93.06
5.00 0.03 99.40 94.00 90.54
5.00 0.03 99.40 95.00 88.53
5.00 0.03 99.40 96.00 85.51
5.00 0.03 99.40 97.00 80.48
5.00 0.03 99.40 98.00 70.42
Table 4-23

Improving Performance With a Laminar Flow Fine Particle Agglomerator

ESP with p = 10" Q-cm Collection Opacity, % | Emissions, Ib/MBtu
Efficiency, %

Original SCA =138 98.80-99.06 20-23 0.050-0.062

Add Fine Particle Agglomerator 99.61-99.72 7-8 0.0148-0.021

ESP with p = 10" Q-cm 96.90-97.3 43-46 0.143-0.164

Add Agglomerator 98.80-99.02 21-24 0.052-0.063
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The Lamina Flow Agglomerato is expected toring the low-resistiviy ESP up b meet NS
standards, while the highegesistivity will be belev the 01 Ib/MBtu limit. Figure 49 shows the
performance changesrftwo values bresistivity.
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Figure 4-9
Performance Increases From Adding a Laminar Flow Agglomerat or

4.5 Add New Pr imary Contro | Device

4.5.1 Replace With Larger ESP or Add New ESP Downstream

When adding a me ESP, t must be decided whethi® refurbish ad retain tke existingESPor
completely removeti The decision depends grin economics and whethibere is adequate
real estate to retathe ol and buitl a new one Both options must éevaluated in consideration
of plant outag timerequirel for the rebuild. This decsion of whethe to retan does not

influence the finkcollecting éficiency far the replacement, as smebuild can b brougt to

meet either th@.1 Ib/MBtu limit or NSPSIlimit of 0.03 Ib/MBtu. Howeve, thee is a concer

for opacity limits when the @.Ib/MBtu emission limit applies.

If the old ESP is retainedthere & also the decsion of whether ¢ install the nev control devicen
series or in paralle The decision depends site-specific factorslf the gas velocity is hilgand
rapping reentrainmeis a significahcontributa to the emissions, a pardllarrangement nyabe
better. If rappirg is notamaja contributa, in series may be @popriate.
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The perbrmance 6the nev ESP will, of course, dependnats SCA Tables 4-15 ah4-16 show
performancedr representative four andfive-field ESFs. More comprehesive estimates are
given in Volumel, Figures 23 throudh 2-8, which show expected germane for agiven SCA.
Finally, the procedures outlircein EPRIreport CS5040, Precipitator Performance Estimation
Procedure,can be used to make sipecfic ESP size selections.

4.5.2 Convert Hot-Side to Cold-Side

The conversionfoa hd-side unit b cold-side operatiowill provide an increase in the specific
collecting area because of the decreagdiengas volure flow rate as the flue gas cools in the
air heater. When conved#o cold-side operationthe example heside unit describediTable
4-1 will experience a reduction gas volune flow ratefrom 1,458 kacn (6838 m’/s) at 650F
(343°C)to 1029 kacin (486 m’/s) at 300F (150°C) Thisreduction in gas vome increases the
SCA by about @%.

The example ESP usedlthe modéprojectian is for a unt with 9-inch plae spacing and an
original SCAof 313 under ht-side conditions.This station represents one that slibmleet an
NSPS limt of 0.03 Ib/MBtu unde hotside conditiors in the alsence of hgh resistivity caused
by sodium depletiomithe residual dust cake layeA unit with this design S& represents one
of the nore conservatively designed hot-side unitstalled in tle 1970s. The ESP for this
example is similarathe ore used fo the negativea positive polaity conversion described
earlier, except #hplate spacing ithat example was 12 inchesrhatch tle pilot plart data used.
The gas temperaturefore the air heateis 650F (°C), ard following the air heater the gas
temperature drop® B00°F. Theresistivity under cold-side cortitins is expected toed 0" Q-
cm for the frst case and 10for the second case. The mbuoksults follow.

Table 4-24
Performance Predicted for a Hot-Side to Cold-Side Conversion

Operating Mode Collecting Efficiency, % Opacity, % Emissions, Ib/MBtu
Good Negative Polarity 99.35-99.50 8-10 0.026-0.033
Degraded Negative 97.10-97.50 33-37 0.129-0.149
Cold Side, p = 10" Q-cm 99.94-99.96 1-2 0.002-0.003
Cold Side, p = 10” Q-cm 99.73-99.79 7-9 0.011-0.015

For eithe resistivity level, the conversioo told-side operatiowill bring the station into
compliance with NSBwith asignificant safety magin. There may b instances where the sh
resistivity is so high thaa hd to cold conversion will ot meet NSPS. In such situations, eién
resistivity conditioning notheg measures may be requdreThe costs for each optioshould be
combined to determéthe actual cost imultiple modificationsare to ke implemented Figure 4-
10 shows the results ofdlieSP modé projections ér the hot © cold conversion.
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Figure 4-10

ESP Collection Efficiency for Hot-Side to Cold-Side Con  version

4.5.3 Replace With Fabric Filter

When the ash resistivity is greater tharf @cm, it may be appropriate to replace the ESP with

a fabric filter system. The fabric filter is expected to provide sufficient particle removal to meet
NSPS with almost any fly ash. There are a few fly ashes that are extremely fine and with such a
smooth surface that they “bleed” through a conventional fabric. The ash should be adequately
characterized to ensure that the fabric filter is appropriate for the new installation.

4.6 Modeling SO ,Control Impacts

Flue gas desulfurization as such is not an upgrade option for particle collection. However, sulfur
oxide control technologies do influence the particulate control equipment through modifications
that they introduce to the particle characteristics, and thus the impacts afri@| systems—

those already installed or being contemplated for future installation—should be taken into
account when determining the particulate control upgrade strategy.

The addition of a wet scrubber, either upstream or downstream, with a pressure drop in the range
of a few inches of water will not appreciably reduce the particle emissions. The low-pressure-
drop scrubber is expected to have a D-50 (particle size with 50% removal) in the 5 to 10 micron
range. A scrubber would not likely be installed in a high-resistivity situation, since most high-
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sulfur coals produce low-resistivity ash. A wet scrubber installed before the ESP would reduce
the gas volume flow rate because of the temperature reduction. This reduction in gas volume
would increase the ESP SCA and improve collection.

However, a wet scrubber is typically installed downstream from the ESP. Given that the station
is probably burning high-sulfur coal, the scrubber will usually condense enough sulfuric acid
mist to create an opacity violation. In this case, it may be necessary to install a wet ESP
downstream from the wet scrubber to control these emissions. Alternatively, ammonia
conditioning can be used to reduce theg &@ncentrations reaching the scrubber.

Other SQ control options—such as a spray dryer—may be installed upstream from the ESP. In
this case, there may be increased ash loading to the ESP, but the ash resistivity will also likely be
reduced. Corrective measures may be required, depending upon what changesdmér&O
equipment makes to the particles required to be collected in the ESP. Refer to EPRI’s
Guidelines for Particulate Control for Advanced Stontrol Processe§TR-104594).
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COST ESTIMATES FOR UPGRADE OPTIONS

This chapter provides comparative cost estimates for the various upgrade alternatives. Making a
general cost estimate is a difficult task, especially in a retrofit situation, because these costs are
by nature highly site specific. But although the cost estimates in this chapter may not be accurate
for your particular site, they are valuable for comparative purposes to demonstrate the relative
expense of the alternative upgrade options.

These analyses cover capital costs only; they do not consider operating costs for any of the
options. However, most alternatives will share operating costs on the same order of magnitude.
A lifetime cost estimate for the options is beyond the scope of this work, as the site-specific
staffing, salary, benefits, and overhead costs would have a significant effect and these values
would be different for nearly every power plant.

The particular size and arrangement of the installed equipment may make some alternatives
infeasible, while other schemes that might appear higher cost on first look could actually be the
most advantageous when all of the problems are considered. Schemes with very similar costs
should be considered equivalent; the site-specific nature of a retrofit could easily compensate for
the perceived small cost difference. In general, the cost estimates presented in this chapter
should be within the +/- 25% range.

There is a distinct possibility that the cost and performance estimates will indicate that a
combination of alternatives is the best option. For example, there are a number of plants that
have converted from hot-side to cold-side operation and have added fly ash conditioning
equipment as well. If multiple options are used in the upgrade, add the costs for independent
options. For example, if the ESP internals are to be rebuilt and sulfur trioxide conditioning is to
be added, simply add the costs for both. For other combinations, there may be some redundancy
in the costs; simply eliminate the redundant cost element.

5.1 Example Plant

The plant used as the basis for these cost estimates is the same fictitious 310-MW unit used in
the Chapter 4 performance estimates; additional design parameters are listed in Table 5-1.
Because plants with larger ESPs are not likely to suffer the severe performance problems and
therefore would not need the replacement alternatives described in this report, the example plant
has a very small ESP. For information purposes, design data are provided for both hot-side and
cold-side ESPs, even though a real plant would not have both installed as original equipment.
Note that a possible upgrade option would be to add a cold-side ESP after the hot-side ESP
originally installed on the unit. The hot-side ESP would help keep the air heater from fouling
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and protect the ID fans from a high particulate concentration, while the new cold-side ESP would
act as a polishing device and ensure particulate emission compliance.

In our example, the existing ESP was designed for a high particulate emission rate of 0.10
Ib/MBtu (about 100 mg/Ny and 20% opacity. The unit had been operating in compliance with
emission limits, but there has been a fuel switch and the particulate emissions are now higher
than allowed without derating the boiler. Lowering the electrical output from the unit is not
acceptable, so the utility finds that a significant upgrade of the particulate removal equipment is
required.

5.2 Cost Elements

The costs for each upgrade option are provided as separate entries in the multi-page Table 5-2 at
the end of this chapter. For each upgrade, costs are provided for four basic categories:

1. Price of new equipment/componentsThis is the first line item in Table 5-2.

2. Installation costs for new equipment/componentsCosts assume the work will be
performed by union labor with a good productivity rate. Labor unions and “Right to Work”
rules will affect the construction costs. Different productivity rates for labor in different
areas will also have a large effect on the construction costs. Many utilities have agreements
with selected contractors at pre-arranged pricing based on preferred use of the contractor’s
services for maintenance work. These agreements could have a significant effect on the
construction costs for any alternative. The installation costs are provided for relative
positioning of the alternatives and not for absolute value accuracy.

3. Installation costs include incidental demolition and relocation of existing equipment (i.e.,
ESP internals, fan housings, ash pipes, ash system blowers, and ductwork). However, none
of the estimates include costs for demolition of large equipment. The assumption was made
that all new equipment would be located in areas where there was no existing equipment in
the way.

4. Costs to satisfy balance-of-plant impactsThese costs account for most of the line items in
Table 5-2 and will be discussed in greater detail in the next section. Costs have been
tabulated separately so that a line item can be easily omitted if it will not be needed.

5. Contingency. The contingency was based on the level of uncertainty in one or more
elements in the cost estimate. Fifteen percent (15%) was used for cases where the
uncertainties were minimal. Twenty percent (20%) was used if the technology was very new
or if it required extensive new construction.
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Table 5-1

Plant Definition for Cost Estimates

Plant Size
Boiler Type

Stack Exit Diameter

Coal Analysis (wt%)
Moisture
Carbon
Hydrogen
Nitrogen
Chilorine
Sulfur
Ash
Oxygen (diff)

Heat Value, Btu/lb

Ash Analysis (Wt%)
Silica
Alumina
Titania
Ferric Oxide
Lime
Magnesia
Sodium Oxide
Potassium Oxide
Sulfur Trioxide
Phosphorus Pentoxide
Unknown

Boiler Heat input, MBtwhr

Emission Rate, Ib/MBtu
Opacity Limit, %

Flue Gas Flow, acfm@ 300f
Flue Gas Flow, acfm@650F
Flue Gas Temperature,
Economizer Outlet, F

Flue Gas Temperature, Air
Heater Outlet, F

310 MW
Front and Rear Wall Fired,
Pulverized-Coal Fuel, Oil Startup
17.4 ft

Original Design New Projected

14 27.6
63.4 50.9
3.1 3.6
0.5 0.6
0 0
2.5 0.3
7 5
9.5 12
100 100
10,500 8,802
30.4

15.8

1.3

54

22.9

4.9

1.2

0.3

14.6

1

2.2

2,947 3,206
0.10 0.02
20 10

974,000 1,029,000

1,397,000 1,458,000
650 650
300 300

ESP, Cold Side

Total Collecting Area, ft
SCA, ft%1000 acfm
Number of Fields
Number of Bus Sections
Number of TRs

Collecting Plate Spacing, inches
Flow Area, ft?

Velocity, ft/s

Height, ft

Width, ft

Depth, ft

Number of Gas Passages
Aspect Ratio

ESP, Hot Side

Total Collecting Area, ft2
SCA, %1000 acfm
Number of Fields
Number of Bus Sections
Number of TRs

Collecting Plates Spacing, inches

Flow Area, ft?

Velocity, fi/s

Height, ft

Width, ft

Depth, ft

Number of Gas Passages
Aspect Ratio

194,304
199
4x6 ft
8

8

9
3036
53

33
92
24
123
0.73

456,720
327

4x 10 ft
8

8

9
4290
54

33
130
40
173
1.21

Cost Estimates for Upgrade Options

Original Design New Projected

194,304
189
4x6ft
8 bus sections across flow - 2
8 Each serves 1 bus section, 4 deep

Vibrator Rappers - Wires
MIGI Rappers - Plates

3036
5.6
33
92
24
123
0.73

456,720
313
4x10 ft
8 bus sections across flow - 2
8 Each serves 1 bus section, 4 deep

Vibrator Rappers - Wires
MIGI Rappers - Plates

4290
5.7
33
130
40
173
1.21
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Table 5-2
Equipment Cost Estimates

Basic Equipment
Installation
ID Fans
Rotor
Motor
Installation
Ash Removal System
Installation
Auxiliary Power
Wiring
Switchgear
Installation
Compressed Air Equipment
Installation
Water Supply Equipment
Installation
Waste Disposal Equipment
Installation
Ductwork
Installation
Instrumentation
Installation

Boiler Implosion and Ductwork Stiffening

Installation
Contingency

TOTAL

5-4

Upgrades for Power Supply Controls

Install PC Based

&4 €

P PP PP D P B PPN P PP DD N PP PH P

£

Controls (with
Intermittent
Energization)

40,000 §$
16,000 §$

64,400 §$

High-Frequency
Power Supplies

240,000
80,000

48,000

368,000

Pulse Energization

$
$
$
$
$
$
$

P PP PO PO DD PO PP

$
$

280,000
80,000

54,000

414,000

Positive Polarity for

Hot-Side ESPs  Arc Snubber™
$ 1,240,000 $
$ 930,000 $

80,000
40,000

&P PP P
L}

PP PP
L}

PP POD DL DN PO PP PP
1

PP PP PP PO PP PP PP
L]

$ 325,500 $ 18,000

$ 2,495,500 $ 138,000
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Cost Estimates for Upgrade Options

Flue Gas or Fly Ash Conditioning

Moisture Combined SO; Sodium Proprietary
Sulfuric Acid (SO3) Conditioning and Ammonia and Ammonia  Conditioning (Hot-  Conditioning
Conditioning Humidification Conditioning Conditioning Side ESP Only) Agents
Basic Equipment $ 436,000 $ 261,000 $ 85,000 $ 544,000 $ 290,000 $ 300,000
Installation $ 356,000 $ 356,000 $ 35,000 $ 445,000 $ 65,000 $ 240,000
ID Fans
Rotor $ - $ - $ - $ - $ - $ -
Motor $ - 8 - 3 - 8 - 8 - $ -
Installation $ - $ - $ - $ - $ - $ -
Ash Removal System $ - $ - $ - $ - $ - $ -
Installation $ - $ - $ - $ - $ - $ -
Auxiliary Power
Wiring $ 50,000 $ 50,000 $ 50,000 $ 50,000 $ 50,000 $ 50,000
Switchgear Incl Above Incl Above Incl Above Incl Above incl Above Incl Above
Installation $ 20,000 $ 20,000 $ 20,000 $ 20,000 $ 20,000 $ 20,000
Compressed Air Equipment $ - $ - $ - $ - $ - Incl Basic Equip
Installation $ - $ - $ - $ - $ - Incl Basic Equip
Water Supply Equipment $ - $ - $ - $ - $ - $ -
Installation $ - $ - $ - $ - $ - $ -
Waste Disposal Equipment $ - $ - $ - $ - $ - $ -
Installation $ - 8 - 3 - $ - $ - $ -
Ductwork $ - $ - $ - $ - $ - $ -
Installation $ - $ - $ - $ - $ - $ -
Instrumentation $ - $ - $ - $ - $ - $ -
Installation $ - 3 - 3 - 3 - 8 - 8 -
Boiler Implosion and Ductwork Stiffening $ - $ - $ - $ - $ - $ -
Installation $ - $ - $ - $ - $ - $ -
Contingency $ 129,000 $ 103,000 $ 29,000 $ 159,000 $ 64,000 $ 92,000
TOTAL $ 991,000 $ 790,000 $ 219,000 $ 1,218,000 $ 489,000 $ 702,000
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Cost Estimates for Upgrade Options

Basic Equipment
Installation
ID Fans
Rotor
Motor
Installation
Ash Removal System
Installation
Auxiliary Power
Wiring
Switchgear
Installation
Compressed Air Equipment
Installation
Water Supply Equipment
Installation
Waste Disposal Equipment
Installation
Ductwork
Installation
Instrumentation
Installation

Boiler Implosion and Ductwork Stiffening

Installation
Contingency

TOTAL

5-6

PP PP

R4 PAPNDPADPADNDD DD PP D P g P

ESP Rebuild
Rebuild Taller and Modify Flow

Rebuild With Wide ~ With Additional Distribution to

Rebuild As-Is

2,526,000
3,497,000

$
$
$
$
$
$
$
$
$
$
$
- %
$
$
$
$
$
$
$
$
$
$

904,000 $

6,927,000 $

Plate Spacing Field Skewed Flow
2,186,000 $ 2,893,000 $ 200,000
2,915,000 $ 2,600,000 $ 150,000

. $ - $ -
- $ - $ -
- $ - $ -
- $ 66,000 $ -
- $ 48,000 $ -
- $ 60,000 $ -
- Inct Above § -
- $ 24,000 $ -
- $ - $ -
- $ - $ -
- $ - $ .
- $ - $ -
- $ - $ -
- $ - $ -
- $ - $ -
- $ - $ -
- $ - $ -
- $ - $ -
- $ - $ -
- $ - $ -
765,000 $ 854,000 $ 53,000
5,866,000 $ 6,545,000 $ 403,000

Add Extra Field,
Separate Casing

$
$

P PO PP

PP PO DO PP PP PP PP ©*

$
$

2,600,000
2,600,000

295,000
195,000
350,000
99,000
72,000

90,000
Incl Above
36,000

186,000
242,000

256,000
244,000
1,090,000

8,355,000
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Basic Equipment
Installation

ID Fans
Rotor
Motor
Installation

Ash Removal System
Installation

Auxiliary Power
Wiring and Switchgear
Installation

Compressed Air Equipment
Installation

Water Supply Equipment
Installation

Waste Disposal Equipment
Installation

Ductwork
Installation

Instrumentation
Installation

Boiler Implosion and Ductwork Stiffening
Installation

Contingency

TOTAL

Compact Hybrid
Particulate
Collector
(COHPAC |)

3,400,000
2,640,000

432,000
286,000
350,000
33,000
24,000

25,000

25,000
cl Basic Equip
cl Basic Equip

Incl Basic Equip

Incl Basic Equip
25,000
25,000
458,000
435,000
1,632,000

P PP

$ 9,790,000

Polishing Devices in Series

Compact Hybrid
Particulate
Collector Within
the Casing
(COHPAC II)
$ 2,224,000
$ 1,716,000
$ 432,000
$ 286,000
$ 350,000
$ 16,500
$ 12,000
$ 25,000
$ 25,000

Incl Basic Equip
Incl Basic Equip
Incl Basic Equip
Incl Basic Equip
$ 25,000
$ 25,000
$ 458,000
$ 435,000
$ 1,206,000

$ 7,235,500

Wet Electrostatic
Precipitator
(WESP)

4,600,000
1,300,000

& &+

295,000
195,000
350,000

25,000
25,000

100,000
50,000
200,000
75,000
372,000
483,000
25,000
25,000
458,000
435,000
1,803,000

P RN DBPDLOPP P DN PP 9P hH P

$ 10,816,000

Wet Electrostatic
Precipitator Within
Casing (last field)

2,717,000
3,321,000

@« &4

143,000
114,000

20,000
8,000

$

$

$

$

$

$

$

$

$ .

$ 40,000
$ 20,000
$ 80,000
$ 40,000
$

$

$

$

$

$

$

25,000
25,000

1,311,000

$ 7,864,000

P PO PDPLPDPDPDOY PPN DL

Cost Estimates for Upgrade Options

Laminar Flow Fine

ElectroCore™ Particle

Separator Agglomerator™
964,000 $ 2,592,000
793,000 $ 3,133,000

33,000 $ -
cl Above $ -
43,000 $ -

-8 .

- $ -
44,000 $ 44,000
83,000 $ 83,000

- $ -

-8 .

- $ -

Y )

- % ]

Y .

1,493,000 $ 186,000
792,000 $ 242,000
25,000 § -
25,000 $ -
- $ -
-8 .
859,000 $ 1,256,000
5,154,000 $ 7,536,000

Note: ElectroCore™ does not require ID fan changes but does require a bleed fan installation
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Cost Estimates for Upgrade Options

New Collecting Systems

Replace ESP With Replace ESP With
Add New ESP in  Convert Hot-Side Fabric Filter (within  Fabric Filter (new Add Sulfur Dioxide

Series ESP to Cold-Side casing) casing) Removal System
Basic Equipment $ 3,100,000 $ 3,328,000 $ 1,791,000 $ 5,140,000 $ 26,925,000
Installation $ 2,700,000 $ 2,956,000 $ 1,612,000 $ 2,410,000 $ 23,460,000
ID Fans
Rotor $ 295,000 $ 295,000 $ 432,000 $ 432,000 $ 432,000
Motor $ 195,000 §$ 195,000 $ 286,000 $ 286,000 $ 286,000
Installation $ 350,000 $ 350,000 §$ 350,000 $ 350,000 $ 350,000
Ash Removal System $ 176,000 $ 66,000 $ - $ 66,000 $ -
Installation $ 128,000 $ 48,000 $ - $ 48,000 $ -
Auxiliary Power
Wiring and Switchgear $ 160,000 $ 60,000 $ 25,000 $ 25,000 $ 25,000
Installation $ 64,000 $ 24,000 $ 25,000 $ 25,000 $ 25,000
Compressed Air Equipment $ - $ - $ 40,000 $ - $ -
Installation $ - $ - $ 20,000 $ - $ -
Water Supply Equipment $ - $ - $ - $ - $ 100,000
Installation $ - $ - $ - $ - $ 50,000
Waste Disposal Equipment $ - $ - $ - $ - $ 200,000
Installation $ - $ - $ - $ - $ 75,000
Ductwork $ 279,000 $ 743,000 $ - $ 279,000 $ 372,000
Installation $ 362,000 $ 966,000 $ - $ 362,000 $ 483,000
Instrumentation $ 25,000 $ 25,000 $ 25,000 $ 25,000 $ -
Installation $ 25,000 $ 25,000 $ 25,000 $ 25,000 $ -
Boiler Implosion and Ductwork Stiffening $ 256,000 $ 256,000 $ 458,000 $ 458,000 $ 458,000
Installation $ 244,000 $ 244,000 $ 435,000 $ 435,000 $ 435,000
Contingency $ 1,672,000 $ 1,917,000 $ 1,105,000 $ 2,073,000 $ 10,735,000
TOTAL $ 10,031,000 $ 11,498,000 $ 6,629,000 $ 12,439,000 $ 64,411,000
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5.3 Balance-of-Plant Considerations

The balance-of-plant (BOP) cost items are components of the plant auxiliary equipment that will
be affected by the change in particulate removal equipment.

5.3.1 Induced Draft Fans

One obvious change will be to the draft system. Depending on the upgrade scheme selected, the
ID fans may need to be upgraded for additional pressure capability and possibly additional gas
flow capability. Unless the motor wiring and switchgear were oversized when originally

installed, particulate control modifications could require a new fan rotor, motor, power supply
wiring, and even switchgear for electrical power supply to the ID fan motors.

The upgrades to the ID fans may be possible without replacing the fans. The speed and/or the
wheel size may be increased to achieve both an increase in mass flow capability and an increase
in pressure rise capacity. For certain wheel designs, when the fan speed is increased the wheel
may actually decrease in diameter while the capability increases for flow and pressure rise. This
should allow the reuse of the ID fan housings and foundations. The foundations can be saved if
the new vibration levels expected are the same or less and the weight of the fan has not
increased. The bearings will probably require replacement for any scheme because the fan wheel
shaft will be changed. If the fan housings can be reused, the inlet and outlet ductwork and
possibly instrument locations may remain satisfactory. The alternative is replacement of the
entire fan, which would require new foundations, bearings, inlet and outlet ductwork, and
consideration of location since it may not be possible to add the new fans without removing the
old ones first.

The ID fan cost includes the cost for changing the ID fan wheels and motors. The assumption is
made that this will allow the draft capability to be increased to 1,050,000 acfm {A9&nu 30

inches (762 mm) of pressure rise (additional 10 inches WQ) in the ID fans. Not all fans can
accommodate this capability increase and this estimate may be about 2/3 of the cost of new fans.

Another cost was calculated when the pressure rise increase would be above the negligible level
but not more than 10 inches Wg, since there are some options that will cause modest increases in
the capacity requirements for the ID fans. These options will not require the higher pressure
capability and the cost for these schemes is less because the rotor and motor would be less costly.

For most upgrade options, the ID fan cost estimates assume the existing foundation is re-used.
This cost element has been added to those schemes where the pressure loss in the new equipment
significantly exceeds the pressure loss in the existing equipment. These options include a fabric
filter, hot-side to cold-side conversion, and wet FGD (scrubber).

Installation costs run about the same for any ID fan modification. The flue gas flow rate with the
new coal is slightly different (5% increase) over that from the old fuel. This value was not
considered significant enough to warrant fan changes for all the alternatives if the pressure
requirement did not change.
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5.3.2 Fly Ash Handling System

The fly ash removal system requires review. A system designed with extra capacity (removing
ash at twice the rate of collection) to allow maintenance will probably not require a capacity
upgrade but could require a different piping and valve scheme. Even with new hoppers, the total
amount of fly ash collected (Ib/hr) will not be much different, if at all, than is presently collected.

If the ash content of the coal selected is greatly different, a change in capacity may be required,
but that change should be rare. New piping and valve layouts with consideration of the number
of hoppers will be needed. It is possible that relocation of the ash silos could be required but that
would occur only if the new particulate removal equipment is placed where the silos already sit.

The cost for modifying the ash removal system is for the re-design of the piping and valves for
the ash system. The capacity will not be increased and the only change required is the increase
in the number of pickup points for those options with new collectors and a change in piping
arrangement for those options that keep the existing precipitator. The COHPAC | option
maintains the existing ESP and adds additional ash hoppers for the COHPAC unit. The capacity
of the system does not change and so the modification is for extensive pipe and valve changes
and additions. Relocation of the ash silo and replacement of the blowers or vacuum source will
not be required for implementation of these options.

5.3.3 Auxiliary Power

The auxiliary power changes will include new wiring to the components of each option that adds
additional power consumption devices. The switchgear changes include the new equipment for
the new ID fan motors as well as for other new devices. For upgrade options that re-use the ESP,
all additional capacity and wiring is included. For options that eliminate the existing ESP, the
power is available since it will no longer be needed for the ESP, but wiring and switchgear
changes will be required because of the different users. Many of the ESP options will include

use of the existing TRs and add new TRs. This cost for additional power supply wiring and
switchgear is included here.

5.3.4 Compressed Air Equipment

Upgrades using pulse-jet fabric filters will require additional air compressors (although the
potential for the existing air system to supply compressed air for short times should also be
investigated). The schemes use both a primary and a secondary compressor. The necessary
controls for a lead/lag situation will be included with the secondary compressor coming on for
failure of the primary or low cleaning header pressure. These compressors will be located within
100 feet (pipe length) of the pulse-jet fabric filter.

5.3.5 Water Supply

The wet ESP and humidification alternatives will need water addition. A wet scrubber would
require added water supply as well.
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5.3.6 Waste Disposal

Only the wé ESP and wet scrublveoptions regire new waste disposal equipmeitte other
schemes do noteate a new wastersam(i.e., slury form rather than d/ solidg. The existing
disposal system is assumed to be adequate. Cost estimates gigdirior fly ash sales. The
use of somefahe flue gas conditioning schemes may change the chemical npadfetiie ash
and make it unusabley/lzertain ash purchasers depending oir theeds. This does not mean
that ash sales are not possible witlke fijas conditioning, duanother purchaser witan use the
conditioned ash may have te identified.

5.3.7 Flue Gas Ductwork

A change in teflue gas dutrouting may ke required dependingnahe alternatie selected, the
amount ofroom for new equipment, the ease with whexisting equipment carelelocated if
necesary), and tle capability ¢ thedraft system component#y model study dthe flow in the
revised duct should be fermed b minimize pressure loss and optimidew distributian. Flue
gas distributiond the new equipmeémmay be citical to satisfactor perfamance. Some 6 the
schemes may require multiple componentstestt gas distributioto eachof these components
is important. Anotheconsideration isurndown capability. Multipt, parallé operating
components may require shiftto achieve satisfactory turndownesgtion. These costs are
included in the basic equipnterost ifthey aerequired.

5.3.8 Instrumentation

It may ke necessary to relocate egiing instrumentatio in order o correcty meaure the fle gas
temperature and pressure as well asrqgtheameters. nimany cases the rearradgguctwork
will rende some of tle instrumentatia inappropriatelyplaced. The nev locations should
consider the control schemar the new equipment as wels the needs oféloperatorsd have
reliable infamationfrom the instrumentation Additional instrumentatio may berequired
depending on the scheme selected &otiqulate removh New instrumentsdr pressure,
temperature, poweise, conwl, vibration sensing, and component statud Wwé neededor new
equipment.

5.3.9 Boiler Implosion and Ductwork Stiffening

A change in thelraft capacityof the ID fans will &fect the boilerimplosion potential ahcould
lead to the nefor additional sfifening d the boikr, flue gas duc and possibly thair supply
ducts or pressure refipanels. The ar heaters could alsequire changesr stiffening. A
careful reviewof the toiler implosion potential wih the ircressed fan capabilityd important to
maintaining the safetgf the plant and tle insurability of the components A study b determine
the capability bthe existing equipméibased on design is imagant but equaly importart is a
review of the currert conditionof the components.

Determination, evenybobservation, ofhe conditionof the components compared @an “as
installed” condition will veify the design strength values$t may ke necessary to reduce the
capacity of the steel due torrosion or weld problems dio review the implosin analysis with
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these reduced values. Stiffening the boiler will require removing the insulation and adding
reinforcement steel to the structure. This is not as daunting an undertaking as might be
perceived. However, problems with the existing components may discount or eliminate the use
of certain upgrade options that would require added draft capability.

5.4 Cost Estimates

As stated, Table 5-2 at the end of this chapter presents the cost estimates for the different
upgrade options, following the same categorization scheme and sequence used throughout the
rest of this report.

5.4.1 Power Supply Upgrades

Upgrade of the power supplies and ESP controls requires installation of the particular equipment
for enhancing the controls. This includes new TR sets, wiring, and control cabinets. Other BOP
items and auxiliary system upgrades are not required with these options and the cost is therefore
shown as zero.

5.4.2 Flue Gas/Fly Ash Conditioning

Flue gas/fly ash conditioning options do not have significant BOP costs. The cost to provide
electrical power to the auxiliaries such as the burner, heater, and injection skid has been
included. This is a general cost and does not account for slight differences between schemes.
All will require some power at various times during operation and this will provide that power.
The particular type of conditioning selected should be determined based upon the conditions of
the coal and plant. Compressor costs are included in the cost estimates for the proprietary
systems.

5.4.3 ESP Rebuild

The ESP rebuild options each incur different BOP costs. Both options to make the system
larger—either by adding height and additional collecting area (one or two additional fields) or by
adding an additional field (with extra height) downstream in its own casing—will require more
ash pick-up points. System capacity will not require expansion, but the pipe and hopper valves
will require modification for the additional hoppers. A new field in a separate casing will require
additional ID fan capacity. The costs will be less than for a fabric filter retrofit but the additional
duct will cause additional flow losses. New ductwork will be needed for this separate-casing
option, and since the ID fan capability will be increased, boiler stiffening will probably be
required. Whenever an extra field is added, additional wiring will be required since new TRs
will be added. Still, adding an extra field, within the existing casing or in its own new housing,
may cost less than the construction of a completely new ESP.
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5.4.4 Polishing Devices

5.4.4.1 COHPAC

The COHPAC options effairly involved. COHPACI, which adds aadditional féric filter
collector inseries behind tke existing ESP, requires tha theESP remain operatioa Rebuilding
to minimize tle potentid for equipmenfailure and ® maximize tke perfaomance may be
required. The cost presented does not inaibis requiremen If rebuildirg is neededthe cost
for rebuilding as-is pwith wide plate spacing should be adde

The COHPAC I alternative uses the exiggiE SP casing to hal the polishing pulse-jdabric
filter. The ESP (especially in the examptase) may have be changed in size accommodate
sufficient bags and equipmewtdllow the scheme to provielthe emission ratrequired. Thus
there could bavery economic solutioby increasing the existing ESP casing sizempio
installing the COHPACII This wout requre modifyirg the ID fans, adding exa ash hoppers,
and adding mapower supply wing for the new equipmen

5.4.4.2 Wet ESP

A very goa method or additiona particulae removal, wet ESPs are availaflom most ¢ the
OEM ES suppliers. The additionof a we ESP mg require extensive BOP rdifications.
Since SQand possibly heavy metal emissions wélrbduced wit this equipmentthe extra
investment may resulbithe abiliiy to me¢ some othe moe restrictiveproposed emission
standads.

5.4.4.3 ElectroCore™ Separator

TheElecroCae™ separato requires thatthe exgting ESP remain fundonal. Since no
particulate removal occurs the ElectroCore, the particularemoval mustake place eithen
the exsting ESP or in aspecial collectolfabricfilter or ESP) sized for high-efficiencyremoval
from the bleed streamThis bleed stream is abbi0% of the inle flue gadlow. It is very
possble that retrofi of theElectroCore a an exsting ESP wil also includea rebuild of the ESP
for properfunctioning. The cost presented does not indtite rebuiting of the ESP. If tha is
needed the “Rebuild As-Is” or “Rebuild with Wide Plate Spacing” cost should be added.

5.4.4.4 Laminar Flow Fine Particle Agglomerator™

A proprietay technology &fered ty a single supplie the Lamina Flow Fine Paticle
Agglomeratol" replaces some of ¢fexistingESP internals vith a near—lamiar flow section.
This alternative reqgiues that the existing ESP be completglfunctional The cat for the rebuild
is included in tle basic equipment cost since pairtize nev internals is te laminarflow section.
The ESP will requile modification and perhaps ancrease in size so the cost fductwork
modification isprovided fr this gotion. Depending mthe size bthe ESP casing where the
Agglomerator isd be installed, the ductwkmodification may na be requred.
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5.4.5 New Particulate Control System

5.4.5.1 New ESP

The cost estimate for a new precipitator assumes it will be installed in series with the existing
precipitator, which will be retained. (The decision to build in series or parallel depends on site-
specific considerations.) The existing hopper connections would remain functional and the new
ESP would have new ash pipe and valves connected to the existing system.

5.4.5.2 Hot-Side to Cold-Side Conversion

Conversion to cold-side operation will be a choice for some plants when the fuel changes. The
conversion amounts to a change in the duct routing. The basic equipment cost estimate includes
these items. After conversion, an SI9 ash conditioning system may have to be added in some
instances to provide an acceptable emission rate.

5.4.5.3 Replace ESP With Fabric Filter

Replacement of the ESP with a fabric filter would not require the existing ESP to remain in
service. The casing could be left and the gas could just pass through. In this case, the ash
removal system for the existing ESP should still remain in service. The revised ash system
would have the same capacity but with additional pick-up points for the new fabric filter. This
estimate assumes the new fabric filter would be added in an area where no other equipment was
located. This would allow the fabric filter to be constructed while the ESP remained on-line.

The outage required would then be only for changing the ductwork, minimizing the outage time.

5.4.6 SO, Control

It may be that flue gas desulfurization (FGD) is being considered at the same time as a
particulate control upgrade. If so, its collecting characteristics and influence upon particulate
control should be considered when determining the best particulate control upgrade strategy.
Table 5-2 also shows the most commonly installed FGD system, a wet scrubber, to give an idea
of its relative cost.
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POWER SUPPLY CONTROLS

There has been a significant amount of progress in the development of power supplies and
controls for ESP use. The modern energization era has its roots in the development of the
synchronous mechanical rectifier in the early 1900s, selenium rectifiers in the mid-1940s, silicon
diodes in the 1950s, and thyristor controls in the 1960s. Modern microprocessor-based controls
use a personal computer (PC), which is connected to various feedback signals that indicate ESP
condition and is programmed to respond accordingly, using silicon-controlled rectifiers to
modulate the energization to the ESP.

Today’s PC-based controls are superior to their analog predecessors. Digital controls can
monitor changes in the combustion process that will affect ESP performance (e.g., ash resistivity,
ash loading, and particle size distribution) and adjust power levels to compensate for these
fluctuations. Digital controls respond much more quickly to arcing and sparking, thereby
minimizing these effects. Unlike analog controls, they can detect back corona to minimize back
corona operation.

Digital controls are available from a number of suppliers, with some variation in operational
modes depending upon the interests, understanding, and capability of the suppliers.

A.1 PC-based Controls

Modern power supply controls use digital circuits to control the gating signals to the silicon
control rectifiers. The gating is modulated to provide the appropriate energization to the
operating characteristics of the ESP, depending upon the ash loading, particle size distribution,
and resistivity. In addition, the new control systems use a computer to provide overall
supervision of the controls. These computers also make possible much more sophisticated
control algorithms. The computer is programmed to recognize various characteristics of the ESP
and to adjust the energization algorithm to match the current needs of the ESP. For example, if
the ash resistivity is in the mid-£@-cm range, the control will select the ESP spark rate as the
appropriate control algorithm. However, if the resistivity is in the high(l@m range, the

computer will detect a change in the shape of the voltage waveform or V-I curve and change to
an appropriate new algorithm to avoid back corona.

Some of the microprocessor controls are programmable to coordinate the operation of all the
power supplies to provide the best overall collection efficiency for the ESP. Such input
parameters as opacity meter signals, flue gas volume flow rates, and flue gas temperature are the
primary factors considered. Some of the controls can centrally control the rapping program to
avoid rapping two fields concurrently, thus avoiding generating multiple rapping puffs that may
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exceed allowable opacity limits. Combined rapping and ESP controls make it possible to use
power off or reduced power rapping to improve plate cleaning.

For more information on controls, seeecipitator Control System Upgrade Specifications,
EPRI report RP-2819.

Advantages: Advantages exist only if the controls have not been previously upgraded; there is
little, if any, benefit to be gained by upgrading one type of digital control to another. Converting
from analog controls to the PC-based controls will usually increase ESP collection efficiency.
The degree of improvement depends on the ash characteristics.

Disadvantages: Some new controls are sensitive to electronic noise, and careful grounding is
required. Itis sometimes necessary to replace transformer/rectifier (TR) sets with ones with
higher voltage and current ratings to take full advantage of the new controls.

A.2 High-Frequency Power Supplies

Another development in power supply operation and control is the use of higher-frequency input
power to the power supply. Conventional energization uses the standard line frequency as the
input to the high-voltage step-up transformer: 60 Hz in the United States and 50 Hz in most of
the rest of the world. Some suppliers are now providing power supplies with the step-up
transformer operating at several kilohertz or higher. The input line voltage is rectified, filtered to
DC, and then converted to a much higher frequency by one of several types of switching circuits.
This allows for a smaller transformer and core, saving weight and size.

There is also a claim that the high-frequency control can respond more quickly to changes in
internal ESP conditions. Typically, one expects a few cycles of input waveform to be required
for a control system to respond to changing conditions. This means several intervals of 16 2/3 to
20 milliseconds are needed for the conventional system to respond, compared with fractions of a
millisecond for the high-frequency system to respond. This time difference may or may not be
significant.

High-frequency supplies originated in Europe, and although they are now widely available
throughout the world, they are not yet used extensively in the United States, so there is not yet a
U.S. field history for evaluating advantages and disadvantages.

Advantages: One clear advantage is that conversion to a higher frequency allows the use of a
much smaller, lighter-weight high-voltage step-up transformer. Lighter-weight components may
allow a rebuild and upgrade without rebuilding the ESP foundation. The higher frequency also
allows quicker response to changes in operation. These controls may provide higher power
levels than conventional digital controls in medium-to-low resistivity applications.

Disadvantages: This type of control generally is more complex than a control operating at line

frequency because of the additional rectification and switching circuitry. Other disadvantages
may surface with experience in the U. S.
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A.3 Pulse and Intermittent Energization

Pulse and intermittent energization (IE) are two related energization methods intended to
improve collection of high-resistivity ash particles. These methods are based on the fact that the
collection efficiency of an ESP is related to the product of the peak and average values of the
electric field in the interelectrode space.

The electrical charge that resides on the particles due to field charging (the dominant charging
mechanism for particles with a size greater than abput ih diameter) is proportional to the

peak value of the electric field where the particles are charged: the greater the electric field, the
greater the charge on the patrticles.

The electrical force that actually removes a particle from the gas stream is proportional to the
average value of the electric field adjacent to the collecting plate where the particle is to be
collected. The actual collecting force is the product of the electrical charge on the particle times
the electric field where collection occurs. Thus, the peak and average electric fields are the
primary factors governing collection. On the other hand, the current flow through the collected
ash layer establishes an electric field in the layer proportional to the current density and
resistivity of the ash. Therefore, the ash resistivity establishes the maximum allowable value of
average current density that can flow through the ash layer without forming back corona (see
Volume 1, Appendix C). However, the electric field in an ESP is determined by the voltage in
the precipitator. Since the maximum voltage level is controlled by the maximum allowable
current level, this level ultimately controls the maximum sustainable electric fields in the
precipitator.

Pulse energizationis the superposition of a fast-rise-time voltage pulse on top of the voltage
provided by a conventional power supply. This technology was originally investigated by Dr.
Harry J. White while Director of Research at Research Cottrell. This investigation made use of
the electrical pulse technology developed for radar use at the MIT Research Laboratory of
Electronics during World War Il. Investigations of pulse energization in full-scale ESP
installations were conducted in the 1970s. These studies showed that the primary improvement
in collection efficiency was the ability to operate with a much more nearly uniform current
density distribution on the collecting electrodes. There was also some increase in the level to
which the larger particles could be charged with pulse energization, but the primary
improvement was associated with the more uniform current density distribution. (Even though
the larger particles are charging toward the peak value of the pulse-established electric field, the
pulse duration is so short that the actual incremental difference in field charging is small.) The
more nearly the current density approaches uniformity, the greater the applied voltage can be,
without forming back corona. Thus, pulse energization allows the ESP to operate at higher peak
and, to some degree, higher average voltages than conventional energization.

Pulse energization currently requires the installation of a separate power supply on each
electrical section. This new power supply provides the fast-rise-time pulses of voltage needed to
cause the current density distribution to be much more uniform. The conventional power supply
is retained and operated with a background voltage at or near corona start, to maintain a
collecting electric field on the ESP between pulses. The new power supply provides pulses of
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voltage to the ESP with rise times on the order of a few microseconds, with pulse duration
ranging up to several tens of microseconds.

The pulse power supply requires a significantly higher peak current capability than the
conventional one. The higher current capability is required to charge the distributed capacitance
of the ESP field to a peak voltage on the order of 70 kilovolts in a few microseconds, in order to
provide the very short rise times on the pulses. The average value of current needed is
approximately the same as for a conventional power supply.

Using pulse energization for collecting particles that produced back corona reduces outlet
emissions by about a factor of two or more. Since the formation of back corona is related to the
average local value of the current flowing through the ash layer, reducing areas of high current
density while distributing current to the previous “dead” spots allows operation at a higher
overall current density, with a concurrent increase in voltage. The increase in voltage improves
the collection efficiency.

For more information on pulse energization, Aednvestigation of Pulse EnergizatidePRI
report CS-4717.

Intermittent energization (IE) was developed as a lower-cost option to pulse energization for
collecting high-resistivity particles. The concept, as introduced by Mitsubishi in Japan, is to
increase the product of the peak and average values of operating voltage on the ESP, at the
allowable current density established by the ash resistivity. This increase in voltage is achieved
by passing one cycle of the input waveform and blocking the next several cycles, producing a
higher peak value of voltage during the energization cycle and allowing the voltage to decay
over several cycles before the next energization period. The optimum number of cycles on
versus cycles off is established by trial and error. After Mitsubishi introduced the concept, it was
recognized that any modern PC-based power supply control could be programmed to operate
with IE.

IE provides some improvement in collecting high-resistivity particles. The degree of
improvement is approximately half that provided by true pulse energization, but the cost is
significantly less. The actual cost is essentially zero if the ESP is already equipped with PC-
based controls. The only change required is to program the controller to recognize the back
corona voltage waveform and initiate IE when back corona is present. The reason that IE
provides less improvement than pulsing is the limited degree to which the average current
density can approach uniformity. Pulse energization causes the corona pattern from the corona
electrode to approach that for positive polarity operation, while IE retains the tufted appearance
of negative corona.

Generally, IE works best (produces the most improvement) when it is used in the inner fields of
an ESP. Reducing the average current in the front field of an ESP can slow particle charging,
and hence, IE is only beneficial in this field if there is severe sparking or back corona. Reducing
the average current density in the outlet field can increase reentrainment and rapping losses, and
hence, IE is only useful in an outlet field if there is severe sparking or back corona.

Advantages: Both pulse energization and IE improve the performance of an ESP collecting
high-resistivity particles where conventional energization would produce back corona. (Neither
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method improves the performance of an ESP collecting low-resistivity particles. Conventional
controls provide optimum collection efficiencies for ESPs when the performance is not limited

by high resistivity.) IE also provides the opportunity to reduce the power consumption in an ESP
collecting lower-resistivity particles while retaining the collection efficiency; the power savings
are on the order of 10-20%.

Disadvantages: The disadvantage of the IE system is that the improvement in collecting

efficiency is considerably less than would be provided by true pulse energiZgtien.

disadvantage of the true pulse system is the added cost and complexity, as the current designs for
pulse energization require the addition of a pulse power supply with interconnections to the
existing energization equipment; in some instances the high-voltage distribution system may also
require redesign.

A.4 Positive Polarity for Hot-Side ESPs

The formation of back corona in a hot-side ESP is caused by the depletion of electrical charge
carriers in the ash deposit that resides on the collecting electrodes. The sodium-depleted, high-
resistivity layer develops because the electrical conduction mechanism in the ash layer for hot-
side ESPs is the physical migration of alkali metal ions—principally sodium and lithium—
through the fly ash material. The conventional utility ESP operates with negative polarity on the
corona electrode. This negative energization produces negative ions that flow across the
interelectrode space and deposit on the surface of the ash layer. The conduction in a high-
temperature ash layer, however, is provided by the migration of positive sodium ions. These
ions move in a direction opposite to the negative ions from the corona electrode. Electrical
charge transfer occurs at the surface of the ash layer. Itis conjectured that the negative oxygen
ions associated with the sodium ions in the fly ash glassy structure migrate to the collecting
electrode and combine to be liberated as oxygen gas. (For more discussion, see Volume 1,
Appendix D.)

Converting the electrical energization to the ESP from negative to positive polarity can prevent
the formation of the sodium-depleted, high-resistivity layer. When the ESP is operated with
positive polarity, the corona system produces positive ions that flow across the interelectrode
space. This reversal of polarity changes the direction of migration of the sodium ions in the ash
deposit. The sodium ions now migrate from the surface of the ash deposit towards the collecting
electrode.

Under these positive-polarity conditions, the ash layer does not develop a sodium-depleted zone.
The newly deposited ash provides an adequate amount of charge carriers to effectively conduct
the electrical current through the ash layer. The ash layer builds up to an appropriate thickness,
the plate rappers are activated to remove the deposit, and the collecting process continues.
Through this process, the newly collected ash provides the necessary charge carriers and a high-
resistivity region is never formed.

Conversion to positive polarity will probably require a rebuild of the high-voltage distribution
system. The operating voltage in an ESP is typically set to a value that produces some amount of
electrical sparking. Sparks always develop through the formation of small flares that originate

on a region of the positive-polarity portion of the ESP and grow progressively until a sparkover
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occurs. The initial flare develops when the local value of the electric field (in the positive
region) reaches a value on the order of 5 to 10 kilovolts per centimeter. Conventional negative-
corona ESPs have the positive polarity of the supply on the ground side of the electrical circuit.
This region is in the low electric field region of the system.

If an attempt is made to convert the existing ESP to positive polarity, the small pipes and other
structural shapes in the high-voltage distribution system now operate with positive polarity. The
electric field near these members exceeds the initiating value, which is in the range from 5 to 10
kV/cm, before the ESP has sufficient voltage on the discharge (corona) electrodes to operate
effectively. An entirely redesigned high-voltage distribution system is required to allow
operation at reasonable positive-polarity voltage levels.

The power supplies can be either permanently converted to positive polarity or provided with the
ability to be polarity-reversed at intervals of time. The reason to allow polarity switching is that
the negative-polarity operation provides greater collection efficiency than positive polarity
before sodium-depleted high resistivity limits the operating voltage. The station can be
programmed to operate with negative polarity until back corona develops and then switched to
operate with positive polarity until the back corona is eliminated. Since reversing the polarity of
a TR set requires that the TR set be de-energized during the switching process, power stations
that operate at low load during nights and weekends should have the polarity switching
coordinated with the load variations to maximize collecting efficiency and to avoid possible
opacity and emissions violations. Baseloaded plants may require some modification to the ESP
to be able to operate with a permanent polarity reversal.

EPRI is conducting a pilot-scale evaluation of the conversion of a hot-side ESP to positive
polarity. This pilot ESP was installed at an operating power station burning low-sodium Powder
River Basin coal. Operation with negative polarity for extended periods of time developed the
characteristics of high resistivity, indicating the development of a sodium-depleted ash layer.

The pilot ESP was then converted to positive-polarity operation. The system operated for several
weeks without any indication of the formation of high resistivity, confirming the earlier

laboratory work. The ESP was next converted back to negative polarity, allowing high

resistivity to develop, after which a polarity reversal to positive immediately indicated a

reduction in resistivity and continued until the resistivity was reduced to approximately the
original conditions. This ongoing pilot study will provide a conceptual design for the high-
voltage distribution system appropriate for positive polarity operation.

For more information on positive polarity, deesitive Polarity for Hot-Side Electrostatic
Precipitators,EPRI report GC-111877.

Advantages: The primary advantage of polarity reversal for hot-side ESPs with sodium
depletion is that no conditioning equipment or material must be purchased. There is a one-time
cost of modification, which should permanently eliminate the problem. If the ESP meets the
required collection efficiency when operating without back corona, conversion to positive
polarity should eliminate the problem.

Disadvantages: The primary disadvantages are the need to completely redesign the high-
voltage distribution system and to provide for the capability to reverse polarities as needed. The
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power supplies must be equipped with a dual diode rectification stack and dual polarity controls.
These power supplies are more complicated and may require more attention than conventional
power supplies.

A.5 Arc Snubber™

A patented device marketed by Zero Emissions Technologies (ZET), the Arc Snubber

described as a filter system designed to compensate for high-frequency electrical components
present in the electrode system of an ESP field. Each filter is custom-designed based on
measurements of the secondary voltage waveforms. The filter is then installed in the high-
voltage distribution system, replacing a section of the center pipe electrode connecting the power
supply to the ESP collecting field.

The filter system has produced mixed results in utility field trials. In some instances the supplier
and user have agreed that there was a significant reduction in opacity, while in others, there was
no significant change in performance as indicated by an opacity meter. When improvement did
occur, it was not obvious what actually changed after installation, i.e., what was the mechanism
for improvement. It is possible that the filter provided a much better impedance match between
the high-voltage power supply and the ESP collecting field in those cases where a significant
mismatch existed.

The filters should provide an increase in the isolation between the power supply and the ESP.
They may also improve the impedance match between the ESP collecting fields and the power
supply while the thyristors are in the conduction mode. Their installation may or may not
provide an improvement in opacity for any given ESP system. As of this writing, ZET is
providing a risk-sharing guarantee for evaluating the filters.

Advantages: The Arc Snubbér can be designed from measurements conducted while the
power plant is operating and can be installed during a very short shutdown. The expected costs
are low and there is little financial risk associated with its evaluation.

Disadvantages: The success or failure of the device seems to be very site-specific, and it is not
clear what condition the filter will correct. Determination of its usefulness can only be
established on a “trial and error” basis. Installation of the Arc Snubisanot expected to

provide a sufficient reduction in emissions to avoid a complete rebuild. If installed, the filter
system would only be used as a part of an upgrade program.
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High electrical resistivity is recognized as a fundamental factor limiting the collection efficiency

of ESPs. Indeed, one of the first attempts to use an ESP to control particulate emissions resulted
in failure due to high electrical resistivity. The installation was a lead smelter in North Wales,
which produced a lead oxide fume with particles that were very small in diameter and very high

in resistivity. Not surprisingly, test results were disappointing.

Early fly ash resistivity conditioning experiments were conducted in Kincardine, Scotland, by
Lodge-Cottrell of England (now owned by FLS miljo of Denmark). Sulfur trioxide was used
effectively to reduce the ash resistivity. Fly ash conditioning studies continued through much of
the latter part of the twentieth century, and were brought to maturity in the 1970s and 1980s. A
variety of conditioning agents, proprietary as well as generic, were used in this period of
experimentation and development.

B.1 Sulfuric Acid (SO ) Conditioning

The burning of coal containing sulfur produces sulfur dioxide in the combustion process. As the
flue gas progresses through the ductwork and heat exchange surfaces to the inlet of the ESP, a
small fraction of the SOs further oxidized to SQ At the lower temperatures encountered in the
air heater, SQreacts with the water vapor in the flue gas to form a sulfuric acid vapor that
reduces the resistivity of the ash for ESPs operating in the 300°F (150°C) temperature range.

For those stations burning low-sulfur coals, there may be insufficient sulfur trioxide produced to
effectively reduce the ash resistivity. In such situations,c8@® be injected into the flue gas
stream near the ESP to provide additional “conditioning.”

These SQconditioning systems are considered a proven technology and are available from a
number of suppliers. They provide adequate resistivity reduction in cold-side ESPs for most fly
ash compositions in the United States., 8@hditioning is not appropriate for ESPs with

nominal operating temperatures much greater than 300—-325°F (180)-160

William Archer of WAHLCO was one of the pioneers that worked to establish the technology in
the United States. Drs. Roy E. Bickelhaupt and Edward B. Dismukes of Southern Research
Institute also contributed significantly to the understanding of this technology.

Bickelhaupt identified the electrical conduction mechanisms in fly ash materials for both bulk

and surface conduction (see Volume 1, Appendix D). Surface conduction, which is the dominant
mechanism for cold-side ESP installations, depends on the interaction of moisture and/or sulfuric
acid with the fly ash material. The combustion of medium- to high-sulfur (1.5-3%) coal

B-1



EPRI Licensed Material

Flue Gas or Fly Ash Conditioning

produces sulfur dioxide in the combustion process of approximately 1000 to 3000 ppm (by
volume). Some portion of this SQypically 0.1-0.4%) is further oxidized to $&s the flue gas
traverses the ductwork through the air heater to the cold-side ESP. ThisggMer with the

water vapor in the flue gas, interacts with the fly ash material to effectively reduce the ash
resistivity to somewhere in the range of°I®-cm at the normal cold-side ESP operating
temperature. This resistivity value is in the optimum range for collection in a conventional ESP.

The trend toward using lower-sulfur coals in the U.S. power industry has led to an increase in the
electrical resistivity of the fly ash. ESP systems designed to operate with ash and flue gas from
high-sulfur coals no longer provide the degree of particle control desired or required. The need
to correct this particulate collection problem provided the impetus to develop commetgcial SO
conditioning systems. Injecting quantities of,%0a range of a few ppm to as high as 20 ppm
usually restores ESP collection efficiency to that when collecting ash from a similar high-sulfur
coal. An extensive manual for S€bnditioning is found in EPRI report CS-4146Manual for

the Use of Flue Gas Conditioningublished in August 1985.

The SQ conditioning systems for utility boilers usually operate with a source piv&h is

oxidized to SQin a catalytic converter system. The source of theiS@enerally from burning
sulfur on site, but systems based on liquid 8ad stabilize®QO, (Sulfan) have been used. The
catalytic converter is usually a single-pass system with an je@®ersion efficiency in the

low 90% range. The process is exothermic with the gas stream flowing from the converter with
a temperature in the 700°F (370°C) range. The acid dew point for very high concentrations of
sulfuric acid vapor is such that the injection manifolds and distribution system must be
maintained in the above temperature range to avoid condensing sulfuric acid droplets in the
injection manifold system.

Advantages: For most fly ashes, S©@onditioning restores the collection efficiency of an ESP

to the level expected when collecting ash from high-sulfur coals. The systems have been
developed to the point that they operate almost automatically with the capability to load-follow
and to adjust injection rates to maintain acceptable opacity. Their costs have been reduced
considerably, thanks to competitive pressures and improvements in equipment.

Disadvantages: Disadvantages include installation costs and the cost of raw materials. SO
conditioning systems require maintenance and some degree of monitoring. The distribution
manifolds are quite complex and require heating to maintain the injected gas stream temperature
well above the acid dew point until injection. There is also concern about sulfuric acid emissions
in some localities, even though the S0p can be kept quite low.

B.2 Moisture Conditioning and Humidification

Both flue gas temperature and moisture content influence fly ash resistivity. Figure B-1
illustrates an example of fly ash resistivity as a function of temperature for flue gas streams
containing different amounts of moisture and,S@dding a sufficient quantity of water to

reduce the temperature in a cold-side ESP will reduce ash resistivity. Adding water also reduces
resistivity by encouraging the chemical intersection between the fly ash surface constituents and
the water vapor in the flue gas. This interaction produces an increase in the number of charge
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carriers for surface conduction, thereby reducing the ash resistivity. (For more detail, see
Volume 1, Appendix D.)

In addition, increased moisture content improves ESP collection efficiency by increasing the
electrical sparkover voltage. The water molecule is a somewhat lower-mobility electrical carrier
than oxygen and other electronegative components of the flue gas. An increase in the number of
moisture molecules causes an increase in the water vapor ions participating in the conduction
process. This has been reported to increase the voltage for a given current density and to increase
sparkover voltage.

Moisture conditioning and flue gas humidification are related conditioning mechanisms that
boost flue gas water content to improve the performance of ESPs collecting high-resistivity fly
ash. These technologies differ only in the amount of water added to the flue gas. Humidification
is based on adding enough water to increase the flue gas moisture content by about 0.5%, while
moisture conditioning—which requires significantly more water—is defined as adding sufficient
water to reduce the flue gas temperature by several degrees Fahrenheit.

Moisture conditioning reduces the electrical resistivity of the ash in three ways: (1) by cooling
the gas, (2) by increasing the moisture interaction with the fly ash, and (3) by increasing the
sparkover voltage within the ESP. Humidification provides only two out of three benefits,
namely, increased interaction between the flue gas moisture and the fly ash surface, and
increased sparkover voltage.

Both methods use the same injection equipment: dual fluid nozzles with steam or high-pressure
air to atomize the water into a fine spray of droplets with a mass mean diameter in the 10 to 50
micron range. Frequently, the injection nozzles are placed in the duct leading to the ESP, but a
better (though more costly) approach would be to add an evaporation chamber similar to that
used in a spray dryer to ensure complete evaporation of the droplets, so as to avoid any
deposition of droplets on ductwork surfaces. Newer nozzles under development may eliminate
the requirement for high-pressure atomization gas.

Advantages: Compared with SGconditioning, moisture conditioning and humidificatiawvoid

the need for a high-temperature distribution manifold as well as the need to handle somewhat
hazardous chemicals. The mechanism for moisture conditioning/humidification operation is
understood and applies to all known fly ashes. Installation costs are quite low.

Disadvantages: The primary disadvantages are (1) the quantity of water required to effectively
reduce the resistivity and (2) either the high-pressure air or steam to provide the atomization
force. The moisture content of flue gas is typically about 8-12%. Moisture conditioning usually
requires increasing this moisture content by at least 2—3%, which requires a significant amount
of water. For example, a 100-MW power station requires over 1500 gallons of water per hour to
raise the flue gas moisture content by 2%.

B-3



EPRI Licensed Material

Flue Gas or Fly Ash Conditioning

MODEL 1A PREDICTED DUST RESISTIVITY
Example Resistivity For Guidelines Manual Western Coal
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Figure B-1

Resistivity Change With Moisture Conditioning

B.3 Ammonia Conditioning

Ammonia conditioning is used on fly ash for three purposes: to reduce ash reentrainment, to

avoid sulfuric acid opacity plumes, and to improve performance of hot-side ESPs experiencing
back corona.
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Ammonia serves to reduce the rapping reentrainment from ESPs collecting ash from high-sulfur
coals. If the ash resistivity is less than about 1'k¥Q@&m, the applied electric field and current

flow conditions in the ESP cause an electrical force on the fly ash layer that is in the direction to
cause particle reentrainment. If the adhesive and cohesive forces holding the fly ash together are
quite small, this electrical force can cause reentrainment of the fly ash. Stations operating under
these conditions typically exhibit severe opacity spikes when the rappers are activated. Figure
B-2 illustrates an example of such an opacity monitor output record.

To reduce this excessive ash reentrainment, ammonia is injected into the flue gas downstream of
the air heaterFlue gas from the combustion of high-sulfur coal usually contains sulfuric acid
vapor in the 10 ppm range. Injecting ammonia into this flue gas stream will cause the formation
of ammonium sulfate and ammonium bisulfate in a ratio established by the relative
concentrations of ammonia and sulfuric acid. The ammonia and sulfuric acid gas-phase reaction
produces a particle composite that is quite sticky; the product can be either solid particles or
liquid droplets, depending on the temperature of the carrier gas. Ammonium bisulfate remains as
a liquid in the 300°F temperature range in which cold-side ESPs operate. This material serves to
increase the cohesivity of the ash deposit on the collecting electrodes so that the ash rapped from
the plates tends to fall into the hoppers as clumps with a minimum of reentrainment. In this way,
ammonia modifies the opacity trace in Figure B-2 to appear more like that in Figure B-3.
Generally, it is desirable to inject ammonia at a rate that produces a one-to-one stoichiometric
ratio with the SQin flue gas. This level encourages the formation of ammonium bisulfate, the
“sticky compound.”

100
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Figure B-2
Opacity Trace With Large Rapping Reentrainment

B-5



EPRI Licensed Material

Flue Gas or Fly Ash Conditioning

100

il AnNeoll Y -Ne)

Figure B-3
Example Opacity Trace After Ammonia Injection

A station burning high-sulfur coal that also has a wet scrubber foc@@ol can sometimes

produce a sulfuric acid opacity plume. The acid vapor in the flue gas condenses in the scrubber
to form the acid mist. The scrubber will not collect the acid mist because of its extremely small
particle size. Ammonia injection upstream of the ESP converts the sulfuric acid vapor to an
ammonium sulfate—bisulfate composite similar to the situation described above to reduce low-
resistivity reentrainment. The newly formed compounds are collected in the ESP before the flue
gas is introduced into the scrubber, avoiding the condensation of the acid in the scrubber.

In this application, it may be desirable to inject ammonia at a higher rate to encourage the
formation of ammonium sulfate. The higher proportion of ammonium sulfate will keep the ash
from becoming too sticky, making the ash hard to remove from the plates. In general, the rate of
ammonia addition that provides optimum performance is determined by trial and error. There is
no analytical procedure that can be used to calculate the rate of addition that will produce the
optimum level of “stickiness.”

Ammonia conditioning is also used to improve the performance of hot-side ESPs suffering from
high resistivity, whether the resistivity problem is inherent in the ash or a result of sodium
depletion. For ammonia conditioning to make a measurable improvement, the ESP must have
developed back corona; if back corona is not present, ammonia will not improve collection
efficiency.

The mechanism by which ammonia assists these hot-side ESPs is not yet understood, but the
ammonia causes an immediate increase in the secondary voltage of the ESP, with a concurrent
increase in collection efficiency. Since the response to ammonia conditioning is almost
instantaneous, the mechanism is not likely because of resistivity modification. It is more likely
influencing the electrical mobility of the charge carriers. There is some conjecture that the
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ammonia gas molecule, which is electropositive, tends to attach to the positive ions formed in the
back corona to reduce their electrical mobility in the flue gas stream. Reducing the mobility of
these charge carriers causes a decrease in the electrical current at a given voltage, allowing the
operating voltage for the system to increase, thereby improving the collection efficiency of the
unit. The operating voltage of a hot-side ESP with back corona immediately increases by about
five kilovolts when ammonia is injected.

Advantages: The advantages of ammonia conditioning include the quick response of the ash
and flue gas to the injected material and the ability to adjust injection rates as needed.

Disadvantages: Ammonia does not directly modify resistivity but works secondarily in the hot-
side ESP application. If the fly ash is used to make cement, the ammonia may be detrimental to
the curing process; it can also lend an objectionable odor to cement and concrete.

B.4 Combined SO , and Ammonia Conditioning

Some fly ashes do not readily respond to eitherd8®H, conditioning applied singly. These
ashes are usually high in silica and alumina content; under reasonably high magnification, their
surfaces appear very smooth, in contrast to typical fly ashes, which have a very rough
appearance. A combination of both ammonia and sulfuric acid is sometimes necessary to
effectively condition these ashes.

As discussed above, ammonia and sulfuric acid gases react to form ammonium sulfate and
ammonium bisulfate. Since these gases readily react at temperatures up to about 550-600°F, it is
important that they not be injected together before the flue gas passes through the air heater. If
so injected, the material will be deposited on the heat exchanger surfaces and plug the air heater
(which requires a plant shutdown to repair). The preferred arrangement is to inject the SO

before the air heater and the ammonia downstream from the air heater; this injection sequence
avoids the tendency to plug the air heater. However, in some installations, hathdSO

ammonia are injected downstream of the air heater.

The conditioning mechanism for combined ammonia andSthe co-precipitation of the

reaction products and fly ash, with perhaps some resistivity reduction by th&@ s

ammonium sulfate—ammonium bisulfate particles are small and dispersed in the flue gas. Even
though there may be some deposition on the ash surface while suspended in the flue gas, the co-
precipitation is considered to be the means for bringing the fly ash and chemical reaction
products together. This co-precipitation provides for the intimate mixing of the two materials as
they are collected.

The ammonium sulfate compounds provide two mechanisms for improving ESP collection
efficiency: (1) the fly ash rapping reentrainment is reduced because of the stickiness of the
sulfate material and (2) the electrical resistivity of the ash layer including the co-precipitated
materials is lower than that of the fly ash alone.

Advantages: Combined conditioning can improve capture of very-difficult-to-collect fly ashes
that do not respond to single conditioning agents.
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Disadvantages: Use of two chemicals increases storage and handling issues. The operation of
both injection systems must be coordinated, and two systems must be maintained instead of just
one.

B.5 Sodium Conditioning

Sodium conditioning is typically used in hot-side ESPs that have developed high resistivity due
to sodium depletion. In some hot-side ESPs collecting fly ash from low-sodium coal, sodium
depletion in the ash layer remaining on the collecting electrode produces a high-resistivity layer
where back corona develops (see Volume 1, Appendix D).

Sodium depletion is readily recognizable in a hot-side ESP. The collection efficiency of the ESP
is very good after a clean electrode startup, with good electrical conditions and very low
emissions. However, as the plant operates over a several week period, the secondary operating
voltage begins to be reduced by the power supply controls, as sparking begins to develop at
lower voltages. The performance degradation continues when the development of back corona
further decreases the collection efficiency, until the plant is forced to shut down for cleaning the
collecting electrodes.

The relationship between sodium and ash resistivity results from the fact that electrical
conduction in the bulk of the fly ash material consists of the physical migration of alkali metal
ions, principally sodium. Thus, the amount of sodium contained in the fly ash material
establishes the bulk resistivity of the material, if all other chemical constituents remain constant.
Figure B-4 shows the bulk resistivity of a given ash with two levels of sodium, 0.24% and
1.74%, reported as NMa. The bulk resistivity is the linear portion of the resistivity vs.
temperature plot that decreases with increasing temperature. Note that the higher sodium
concentration reduces the bulk resistivity.

Adding sodium changes only the bulk resistivity of fly ash. Figure B-5 shows the decrease in
ash resistivity from changing the surface conduction characteristics, by adding moisture alone
and by adding SQfor the two different ash sodium concentrations illustrated above. Modifying
the surface conduction yields a lower composite resistivity. The surface and bulk conduction
modes are thought of as parallel resistors. This suggests that sodium can be useful for
conditioning fly ash in either hot-side or cold-side installations.
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MODEL 1A PREDICTED DUST RESISTIVITY
Example Resistivity For Guidelines Manual Western Coal

1'\'|'|'!-7'|

14

10 ¥

13

107 ¥

ll —t i Ll!

Na;O = 1.74% Nay0 = 0.24%

\_
Q

12 |

10" ¢

!Hl

11

10 F

10

10

T I‘I_PIWTI* T 17T

9

10

RESISTIVITY, ohm-cm

1 !’_.LHILL N

8

I-II T f_’_ilﬂil

10

] L!lHl

7

10 F

IIJ'H’

1

10° .

1 | 1 A | | ] | |

30 28 26 24 22 20 18 16 1.4 1000/K
141 183 233 291 359 441 541 666 826 DegF

TEMPERATURE

Figure B-4
Bulk Resistivity vs. Temperature for Two Sodium Contents
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MODEL 1A PREDICTED DUST RESISTIVITY
Example Resistivity For Guidelines Manual Western Coal
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Figure B-5

Resistivity vs. Temperature for Sodium Conditioning

Sodium conditioning was first commercially verified at Gulf Power’s Lansing Smith Station,
which burned a South African coal and employed a Buell hot-side ESP. The station routinely
shut down to water-wash the ESP internals at about six week intervals to remove the sodium-
depleted ash layer. This washing was necessary to restore ESP collection efficiency.

Although sodium conditioning is generally used for correcting hot-side sodium depletion
problems, it also has applications for cold-side units. As shown in Figure B-5, increasing the
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sodium concentration in the fly ash reduces the resistivity of the ash even for cold-sidénunits.
fact, the first experiment with sodium conditioning was at the Wabamun Station near Edmonton,
Canada (of what is now Transalta Utilities), using a pilot ESP operating at about 325°F. In situ
resistivity measurements confirmed the success of sodium conditioning.

Additional sodium conditioning tests have been completed (1999) at the Balco Power Station of
the National Thermal Power Corporation in India. The coal burned in this station is very high in
ash and very low in sulfur. Early results show that sodium conditioning is reducing ash
resistivity and improving collection efficiency of a cold-side ESP operating in the 325°F
temperature range. The addition of sodium sulfate to increase the ash sodium oxide
concentration by about 0.5% resulted in a completely clear stack.

Another cold-side application of sodium conditioning is at power plants burning coals that are
very low in sulfur and high in lime. The lime removes most of thefB@luced in the

combustion process, preventing the usual formation of sulfuric acid, which serves as a naturally
occurring flue gas conditioning agent.

Sodium conditioning requires that the sodium-containing compound, either sodium carbonate or
sodium sulfate, be added to the coal prior to combustion. Both laboratory and full-scale tests
have verified that it is necessary for the sodium to actually become a part of the fly ash material,
rather than a material to be co-precipitated with the original ash, to be most effective. Tests with
sodium-containing material dispersed into the ductwork prior to the ESP show only a small
improvement in collection efficiency. Laboratory measurements of resistivity also confirm the
failure of mixed ash and conditioning materials to effectively reduce the resistivity of the
composite material.

Consequently, the sodium-containing compound should be metered onto the coal before it is
loaded into the station coal bunkers. A subsequent water spray ensures that the sodium adheres
to the coal. The conditioning material and the coal pass through the coal mills where they are
intimately mixed. Once in the combustion zone of the furnace, the sodium is vaporized to
recondense and become a constituent of the fly ash. Note that the combustion temperature must
be sufficiently highto allow the added material and fly ash to become somewhat homogeneous.
The combustion temperatures in U.S. pulverized coal and cyclone boilers are typically high
enough to melt the ash; however, in some units firing high-moisture lignites, the combustion
temperatures may be borderline.

The amount of additive required is the amount needed to bring the total sodium content of the fly
ash up to the range of 1-1.5% when reported as sodium oxide. The amount usually is in the
range of 5—-8 pounds of additive per ton of coal (2.5-4 kg/tonne) for most coals burned in the
United States. Of course, higher-ash coals would require more conditioning material. For more
information on the technology, s&edium Conditioning for Improved Hot-side Precipitator
PerformanceEPRI report CS-3711, Volumes 1 and 2.

Advantages: Sodium conditioning is an effective technique for restoring the collection
efficiency of a hot-side ESP to its original level. The injection system is quite simple, requiring
only a metering system for dry powder and a small amount of water spray to retain the powder
on the coal. It has also been shown to work on cold-side units with very high-ash, low-sulfur
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coal, and may well be an attractive alternative to the combingdNBQOnjection system for
those cases where the difficult-to-condition ash is low in sodium.

Disadvantages: Sodium conditioning presents a potential problem for some power stations.

The addition of alkali metal compounds to fly ash usually reduces the temperature that causes the
ash to begin to melt; thus, sodium can exacerbate slagging or fouling problems. The furnace
system should be closely monitored during the experimental stages of sodium conditioning
evaluation tests.

B.6 Proprietary Conditioning Agents

A number of proprietary conditioning agents have been marketed to the electric power industry
over the years. The majority of these agents were intended for use on cold-side ESPs for
resistivity modification. Some compounds were stated to promote particle agglomeration while
particles were suspended in the flue gas stream, but this mechanism was never experimentally
verified. Solutions of ammonium sulfate were used briefly but are no longer used. At this point,
proprietary agents for cold-side ESPs have been fundamentally supplanted by the widespread
acceptance of the more effective sulfur trioxide as the appropriate agent for conditioning cold-
side ESPs collecting high-resistivity ash. For more information on proprietary conditioning
agents, seElue Gas Conditioning at Rochester Gas and Electric’'s Russell St&fRiRI, report
TR-109011.

In contrast, hot-side ESPs experiencing high resistivity due to sodium depletion are important
candidates for proprietary conditioning agents. Sodium conditioning may not be appropriate for
stations with a tendency to develop slagging and fouling or for stations burning coal from a wide
variety of sources (to establish the correct injection rate, it would be necessary to determine the
chemical composition of the particular coal in use). Proprietary conditioning agents can be
employed on an as-needed basis for these specific installations.

One such agent for these hot-side units has been tested extensively at pilot scale and verified by
full-scale operation. Selection of this proprietary agent vs. sodium injection should be based on
economic and feasibility considerations. The proprietary agent has the advantage of being easily
brought into service when needed, rather than requiring addition to the coal as the bunkers are
loaded. The agent is injected downstream from the furnace just before the ESP, thus avoiding
slagging and fouling problems in the boiler. For more information on proprietary agents for hot-
side ESPs, sdeull-Scale Demonstration of a New Flue Gas Conditioning Technology for Hot-
Side ESPH:PRI report TR-109012.

Advantages: Unlike sodium, the proprietary agent for hot-side units can be injected after the
boiler, and therefore avoid potential slagging and fouling problems. Moreover, its injection rate
can be adjusted in real time, whereas the sodium must be added to the coal as the bunkers are
loaded. It may be possible to have an automatic injection system that uses a signal proportional
to opacity to adjust the usage rate.

Disadvantages: Proprietary conditioning agents are usually more expensive than off-the-shelf
chemicals. Also, the use of an unknown chemical compound leaves some uncertainty about

B-12



EPRI Licensed Material

Flue Gas or Fly Ash Conditioning

potential detrimental effects on the system. Careful monitoring of the system during trials is
strongly recommended.
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OPTIMAL GAS FLOW DISTRIBUTION: UNIFORM VS.
SKEWED FLOW

Gas flow distribution has a significant impact on ESP collection efficiency. Over time, the flow
distribution in an ESP often deteriorates due to degradation of the flow control devices, ash
deposits in ducts and on turning vanes, and others factors, thereby compromising unit
performance. Indeed, many older ESPs were never optimized for gas velocity distribution in the
original design. Gas flow model studies and flow corrective measures have improved
significantly in recent years, and gas flow optimization should be considered as part of any
significant rebuild or upgrade project.

The first step in a gas flow study is to measure the actual gas flow distribution using thermal or
vaned anemometers (see Volume 1, Section 5.7). Compare these measurements to the standards
set by the Institute of Clean Air Companies (formerly IGCI): 85% of the measurement points

should have velocities less than 1.15 times the average velocity, and 99% of the measured
velocities should not be more than 1.4 times the average velocity. If the gas velocity distribution

in an ESP meets these criteria, further improvement in the uniformity of the gas flow distribution
will provide very little incremental performance improvement, if any at all. Itis, however, likely

that the gas flow does not meet these criteria, and the next step will be to contract for a good gas
modeling study (see Volume 1, Section 6.8.3). This study should determine, among other things,
whether flow patterns should be modified to be uniform or skewed.

When considered from first principles, ESP collection efficiency is best when the gas velocity
distribution within the collecting zone is uniform. This is because the collecting characteristics
of the device are exponential in nature. If the collection efficiency for any part of the ESP is
90%, then adding an equal amount of collecting surface will increase the collection efficiency to
approximately 99%, removing only 9% more particles than the initial unit. Therefore, if there is
an uneven gas velocity distribution in the collecting zone, the regions with the high velocity flow
will have an SCA smaller than the average while the low velocity regions have a higher SCA,
analogous to the example given above. Thus, following the above example, there will be a
greater amount of particles lost in the high-velocity regions than will be collected in the regions
with lower velocity. (A more detailed discussion is provided in Volume 1, Appendix C.)

Thus, one expects ESP performance to be better with a uniform gas velocity distribution. This is
clearly true until the factor for rapping reentrainment is added to the equation.

When the collecting plates are rapped, the ash collected near the top of the collecting plates must
fall the entire plate height before reaching the hoppers. The greater the fall distance, the greater
the velocity attained during the fall. Higher falling velocities tend to cause a greater break-up of
ash agglomerates, both during the free fall and when the ash hits the hoppers and discharge wire
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and plate support structure. Therefore, it is advantageous to have a greater percentage of the ash
collected near the bottom of the plates close to the hoppers, in order to minimize reentrainment.

This consideration favors having a higher gas velocity (which means a higher gas volume
carrying a greater portion of the total ash particles) near the bottom of the plates. However, ash
reentrainment is expected to be greater in regions of higher gas velocity—a particular concern
for particles reentrained near the exit of the ESP, which would be immediately carried to the
outlet ductwork, since there are no more downstream collecting sections to recollect the
particles. This second consideration favors a lower gas velocity near the bottom of the collecting
electrodes near the outlet of the ESP.

Combining these two considerations leads to a conjecture that the overall collecting efficiency
may actually be better, because of reduced reentrainment, if the gas velocity is skewed to provide
higher gas velocities in the lower part of the inlet fietcsforming to a flow with higher gas
velocities near the top of the outlet fields. There is a second school of thought that recommends
keeping the gas velocity at the bottom of the plate low throughout the ESP. This approach is
defended by arguing that hopper reentrainment, even in the inlet fields, overwhelms the
collection effect.

Some data have been presented to support both concepts, but questions remain, and several
successful full-scale installations will be required to establish either approach. At this point,
adopting the skewed flow approach would necessitate installation-specific evaluation.
Fortunately, the concept can be evaluated inexpensively, as only changes to the gas flow control
devices are required.

Advantages: The cost for flow modification is quite nominal in comparison to a rebuild, and
requires only a short outage. If flow correction provides the needed performance improvement
needed, it is an elegant solution.

Disadvantages: The skewed flow approach remains to be definitively field-proven, and except

in unusual situations, is likely to provide only a minor incremental improvement in collection
efficiency over uniform flow.
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ESP REBUILD

Through normal aging or perhaps for other reasons such as fire or corrosion, an ESP may require
rebuilding at intervals during its lifetime. Several alternatives should be considered: rebuild as

is, rebuild with the same footprint but with wider plate spacing, rebuild with taller collecting
electrodes, add a field in series, or a combination of these.

Whatever course you choose, gas flow should be optimized, and power controls should be
replaced with digital systems (unless you have already made the upgrade to digital controls). If
the auxiliary equipment has not been recently upgraded, it is almost always best to replace it.

D.1 Rebuild As-Is

Most rebuild situations involve an older ESP with collecting plates spaced 9 or 10 inches (about
250 mm) apart and with a weighted-wire discharge electrode system. Rebuilding to such an
original design is an unusual situation that will only occur if the original equipment was over-
designed or the coal characteristics have changed drastically from high to intermediate
resistivity. Under some circumstances, however, this approach to rebuilding can be a good
option. If the required collecting efficiency is easily attained by the existing design, if a large
guantity of spare parts is available, or if economics dictate low investment, rebuilding to the
current design may be appropriate.

Advantages: If the original design can achieve emissions goals with a sufficient safety margin,
rebuilding to this design is probably the least-expensive long-term option. In addition, any spare
parts can be retained or used in the project. Note that cost estimates in Chapter 5 (Table 5-2)
indicate that rebuilding with wider plate spacing may be a lower-cost option. Site-specific
conditions will dictate the selection. If some of the internals or power supplies can be reused, the
rebuild as-is may be the correct choice.

Disadvantages: There will be no significant reductions in outlet emissions. The expense of the
rebuild as-is should be carefully weighed against the cost of a rebuild that includes some
decrease in emissions.

D.2 Rebuild With Wide Plate Spacing

If the internals are to be refurbished, you will probably want to upgrade to wider plate spacing,
i.e., 12-16 inch[{(B00—400 mm) spacing rather than 9-10 in@B80—250 mm) spacing. This
upgrade calls for new power supplies and controls, because the wide plate design operates at
higher secondary voltages.
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Rebuilding with wide plate spacing provides about the same collection efficiency as the original
design, even though the specific collecting area is reduced (by about 17% in going from a 9-inch
to a 12-inch design, for example). This is because the operating voltages are higher and the
space charge contribution to the collecting electric field is proportional to the wire-to-plate

spacing (at a given mass loading and current density). This increase in the electric field near the
collecting plate improves the collection efficiency to compensate for the reduction in SCA.
Rebuilding to wider plate spacing is almost always an appropriate decision due to the advantages
listed below.

Rebuilding with wider plate spacing does not require replacing the foundation. A design with
12-inch plate spacing built into the same casing originally designed for 10-inch spacing should
attain the same collection efficiency. However, wider plate spacing does require rebuilding the
high-voltage distribution system and purchasing new power supplies and controls, as the wider-
spaced units operate at higher voltages.

In this rebuild, it also makes sense to upgrade weighted-wire discharge electrodes to a design
with support frames, or to use rigid discharge electrodes (RDE), which do not need frames.

For more information on the effect of plate spacing on ESP performand seeestigation of
Precipitator Wide Plate SpacingPRI report GS-6711, and the paper, “Performance of the Dale
Station Precipitators With Increased Plate Spacing, publisheeoeedings: 7Particulate

Control SymposiunVol. 1, EPRI report GS-6280.

Advantages: Rebuilding with wider plate spacing offers several advantages. The weight of the
internals will be reduced because the total plate area is reduced (naturally, the amount of weight
reduction depends on plate thickness). Relative plate alignment is expected to be better because
the allowable tolerances are greater for the wide-spaced rebuild. The wider plate spacing makes
it easier to use the newer discharge electrode designs, which are more reliable than weighted
wires. Current density distribution tends to be more uniform for the wide spacing situation.
Moreover, there is the possibility for some improvement in collecting high-resistivity particles,

as the electric field adjacent to the collecting electrode is increased from the added space charge.

Disadvantages: New power supplies will be required, and frequently the high-voltage
distribution system must be rebuilt to avoid sparking.

D.3 Rebuild With Increased Collecting Plate Area

If the rebuilt ESP must attain a higher collection efficiency, then it is appropriate to increase the
specific collection area (SCA). This is accomplished by increasing the plate height, adding a
field in series, or both.

Rebuilding with wider plate spacing and with taller plates can increase the collecting efficiency
even though the actual plate area may not be increased over the original design. The rebuild with
wide plate spacing and taller plates allows the use of the original foundation, since there is a
weight reduction with the wide plate design . Of course, the original plate thickness or weight

per unit area must be preserved for the weight reduction to occur. The allowable amount of plate
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height increase is limited to approximately the proportional increase in plate spkxireases
above this ratio may require a rebuild of the foundation.

Adding a collecting field in series will also increase the collecting plate area. Some original
designs included space within the existing ESP casing for adding an extra field. These units
were also built with the foundation to withstand the added weight from an additional field. The
added field should be built with 12-inch or wider spacing, even if the original collecting fields
are not rebuilt. If the casing doesn’'t have room for an extra field, then it may be possible to
enlarge the casing to make room for one or more extra fields. This option is only practical if
there is space for the additional casing length. It is possible to make estimates of the increased
collection the added fields will produce using the computer models ESPM or ESPert. This
improvement in performance can be used with the cost data in Chapter 5 of this report to
determine if this option is more cost-effective than others (like COHPACLourse, rebuilds

with taller plates and added fields can be considered together, if both are needed.

Advantages: A rebuild with increased collecting plate area improves the collection efficiency
and allows the electrode structures to be modernized. If the increase involves adding a field, the
sectionalization will increase and the rapping reentrainment can be reduced.

Disadvantages: Compared to less extensive rebuilds, increasing the SCA costs more and
usually requires a longer outage for the rebuild.
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POLISHING DEVICES

If the installation of taller collecting electrodes or another field in series is not an economical
approach to increasing ESP collection efficiency, or if it is insufficient to achieve performance
goals, then it may be appropriate to add a polishing device in series with the ESP. It may also be
necessary to rebuild the existing ESP in addition to adding the polishing device, depending upon
the amount of collection efficiency increase required.

The following technologies have been tested at either pilot or full scale, and have achieved
emissions reductions exceeding 50%.

E.1 Compact Hybrid Particulate Collector (COHPAC)

COHPAC is an EPRI-developed technology that will provide emission levels of less than 0.03
Ib/MBtu (about 30 mg/Nri depending on the coal) when added downstream from an ESP that is
either under-performing or designed to meet much lower emission standards. The concept is to
add a pulse-jet fabric filter (baghouse) in series with an ESP currently operating with a collection
efficiency in the range of 95% or higher.

Because the mass loading into the baghouse is very low, it can be operated at twice the gas-to-
cloth ratio, gas-to-cloth ratio of 8 to 1 (2.4 m/min) instead of 4 to 1 (1.2 m/min) of the pulse-jet
baghouse that would be needed if there were no ESP upstream; the reduced mass loading also
allows less frequent cleanings. This ESP/baghouse combination produces very low outlet
emissions at the cost of a relatively small increase in pressure drop through the baghouse (the
typical pressure drop is about 4 to 6 inches @8 H.0-1.5 kPa). All existing COHPAC units

use bags made of a needled felt, Ryton, although they could easily use other filtering media such
as pleated filter cartridges or ceramic filters.

There are two approaches to applying COHPAC technology. COHPAC I is based on the
installation of an entirely separate pulse-jet baghouse downstream from the existing ESP, while
COHPAC Il replaces the outlet field of the ESP with the baghouse. COHPAC | thus has a larger
footprint and requires a new foundation, but it takes advantage of the full collection efficiency of
the original ESP. For COHPAC Il, no new structures are required, but the collection in the outlet
ESP field is lost, increasing the ash loading into the pulse-jet baghouse; the pressure drop is also
greater than for COHPAC I. Given the new foundation, COHPAC | usually costs more to install
than COHPAC Il. Performance of both COHPAC units should be comparable to that of a
conventional pulse-jet baghouse. The appropriate selection depends on site-specific factors, such
as space, economics, and emissions limits.
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There are two full-scale utility COHPAC installations in the United States. Both employ the first
approach, a fabric filter in a separate casing. COHPAC Il has only been tested at pilot scale, but
results have been promising. For more information on pulse-jet fabric filters and COHPAC, see
Pulse-Jet Fabric Filters for Utility Application&PRI report TR-102978, Vols. 1 and 2, and the
paper “COHPAC: The Next Generation in Particulate Control Technology, Alabama Power,

E.C. Gaston Units 2 and 3,” EPRI-DOE-EPA Combined Utility Air Pollution Control

Symposium: The Mega-SymposiliR;113187, Vol. 3.

Advantages: COHPAC can achieve higher performance standards at lower cost (usually) than
an ESP rebuild. COHPAC | is expected to operate with a lower pressure drop across the
collector, and COHPAC Il requires no additional real estate.

Disadvantages: For both COHPAC | and Il, the added pressure drop across the baghouse may
require replacement of the induced draft fan to maintain full-load gas flow. An extended
shutdown may be required for installation of either approach, with COHPAC II likely requiring a
longer shutdown.

E.2 Wet Electrostatic Precipitator

Wet ESP (WESP) uses a flowing sheet of water to entirely cover the collecting plates in the ESP.
Since the film of water serves as the collecting electrode, there is no significant reentrainment
and the detrimental effects of high resistivity are eliminated. The collected material flows down
the plate with the water film to be collected in the drain system.

The wet system can either be installed as a conversion of the outlet field of the existing ESP or in
a separate housing downstream from the primary ESP collector. If the wet unit is installed in the
existing housing, the last field of the ESP will have to be removed and replaced with equipment
suitable for wet operation. This, of course, is not the case if the WESP is installed as a separate
unit downstream of the dry ESP. Note that installation after the ESP rather than in lieu of the last
field retains the collection capability of the last dry section and thus reduces the particulate
loading into the WESP—and hence, reduces the amount of wet ash material.

WESP technology has been used for many decades in industrial applications and has been tested
for power plants at pilot scale. It holds promise as a polishing unit for installations with either

high resistivity or excessive reentrainment; it is also particularly applicable to plants with wet
scrubbers that are emitting “blue plume” sulfuric acid mists.

Blue plume results from the condensation of sulfuric acid in a wes&Gbber system. Coal
combustion produces about 700 ppm of 8Qhe flue gas for each percentage of sulfur

contained in the coal. Approximately 0.4% of the, 8@onverted to S(as the flue gas

progresses from the furnace to the stack. Thec8@verts to sulfuric acid vapor in the presence

of the moisture in the flue gas, remaining as a vapor until the flue gas temperature is reduced to
the acid dew point.

The flue gas temperature drops below the acid dew point either in the ESP following the air
heater or more probably in the wet scrubber. When the acid condenses, it forms a very fine
liquid aerosol of sulfuric acid droplets with a mass mean diameter probably less than 0.5
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microns. Droplets of this diameter are not collected in the wet scrubber, but pass through to be
emitted to the atmosphere.

WESP will effectively collect this fine acid fume. Experiments with a modestly sized wet ESP
with an SCA of about 50%kcfm (9.8 ni per mi/s)—operating downstream from a dry ESP with

a collection efficiency in the high 90% range—attained a collection efficiency of 90 to 95%. In
addition to removing over 90% of the remaining ash, the ESP field removed approximately 20%
of the SQand over 50% of the SO

The installation of a WESP adds to the complexity of the ESP system, as the water from the plate
irrigation system requires disposal. If the ESP uses a sluice system for ash disposal, the WESP
could probably be connected to the existing ash disposal system. If not, a new disposal system
would be required. More details about this technology can be fouvdtier Treatment for Wet
Electrostatic PrecipitatorsEPRI report TR-108926.

Advantages: A wet ESP system downstream from a dry ESP will significantly reduce
emissions, eliminate rapping reentrainment, and effectively remove any condensed acid fume
formed in the duct system. Acid plumes are more prevalent in plants with wet scrubbers.

Disadvantages: Although this option is relatively cost-effective, it is new to the utility industry

and hence there is not a large body of data on which to base reliability projections. Water source
and water disposal issues have to be carefully addressed. If there is a wet scrubber currently in
use, WESP effluent can probably be added to the sludge.

E.3 ElectroCore™ Separator

This EPRI-sponsored technology from LSR Technologies is an electrical augmentation to a
special cyclonic separator device known as a Core Separator. The Core Separator is a non-
collecting cyclone intended to enrich the particle concentration in a recirculated gas stream from
the portion of the exhaust gas passing to the atmosphere. Separation is achieved by inertial
forces on the particles, the same as in conventional cyclonic collectors.

Cyclonic collectors typically provide high removal efficiencies for particles larger than 5 to 10
microns, but very poor collection for submicron particles. The ElectroCore™ separator adds an
electrical force to the inertial force to increase separation efficiency for submicron particles.

An ElectroCore installation operates by passing flue gas from the existing ESP through a
precharger to electrically charge the particles in the gas stream. The gas then passes into the
ElectroCore separation chamber where an electrode system placed in the center of the Core
Separator is energized with a high voltage to establish an electric field to drive the charged
particles towards the outer portion of the ElectroCore Separator. The outer portion of the gas
stream becomes enriched with particles, while the central portion has the majority of the particles
removed. The flow through the separator is divided into a high dust loading stream (about 10%
of the flow) and a low dust loading stream that is exhausted to the plant’s existing stack. The
high-load stream is recycled into the inlet of the primary particulate collector, where the particles
are again collected for removal.
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Pilot-scale tests suggest collection efficiencies in the high 90% range for particles from a power
station ESP. Full-scale tests are planned. For more information on this technology, see the
paper, “Electrostatically Enhanced Core Separator SysteraPiRi-DOE-EPA Combined

Utility Air Pollution Control Symposium: The Mega-SympositiR;108683, Vol. 3.

Advantages: The ElectroCore device shows promise to be a competitively priced device to
install downstream from an ESP that is not providing the removal efficiency required. The
device operates with a pressure drop of less than 1 inch (2.5 cm) of water column. The electrical
power consumption is expected to also be low.

Disadvantages: A portion of the exhaust gas from the separator is re-introduced into the inlet of
the ESP. This recirculation of gas reduces the effective specific collecting electrode area of the
ESP, typically by about 10%.

E.4 Laminar Flow Fine Particle Agglomerator™

As a result of fundamental differences in operation, a laminar flow ESP could attain a collection
efficiency of 100% where a turbulent flow ESP of the same size would only attain a collection
efficiency of about 63%. Therefore, it would be highly desirable to construct industrial ESPs
with laminar flow, if practical. A laminar flow ESP requires a gas flow Reynolds Number in the
low thousands, which demands very uniform gas flow inside very narrow gas passages. These
conditions essentially preclude the flow of corona current and the irregularities in the boundary
caused by particle collection. Thus, a truly laminar flow ESP big enough to use to collect fly ash
from a power plant is probably not practical.

The Laminar Flow Fine Particle Agglomerator™ was developed from attempts to develop a
laminar flow ESP. The limitations discussed above prevented this development, but the
experimental results suggested that a similar device could be used to agglomerate particles,
making them much more easy to collect. Even fine particles—the limiting factor for ESP
collection efficiency—can be collected in a near laminar flow device with close to 100%
efficiency. Once collected, the particles are reentrained, but upon reentrainment, they do not
break up into their original particle size distribution. Rather, the reentrained particles stick
together in clumps with mass mean diameters in the 5 to 10 micron range, which are a size range
that is collected with a much higher efficiency than the original fine particles.

The installation requires the use of a particle charger ahead of the laminar flow collecting device.
Hence, the device is installed in place of an inner field of the ESP, e.g., the second of a three-
field ESP or the third of a four-field ESP. The previously charged patrticles (i.e., bearing residual
electrical charge from the upstream field) are collected in a static electric field, with no corona
flow (i.e., under near laminar flow conditions). The collected particles are reentrained and flow
into the outlet field, where they are captured and fall into the ash hopper.

This new technology has undergone significant testing and is approaching commercial maturity.

Advantages: A successful installation of the Laminar Flow Fine Particle Agglomerator should
significantly increase the collection efficiency of a marginally designed ESP.
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Disadvantages: The disadvantages are that the device must be built to close tolerances, which
must be maintained to preserve laminar flow conditions. The experimental database is also quite
limited.
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NEW PRIMARY COLLECTING SYSTEMS

The expected useful &fof the plam will guide selection of th best upgrade optiofor paticle
control. If the expected lifeof the generatig system is sufficiengllong, replacementfdahe
existingESP may be necessarylhis approachsicorrect wha the requird collection eficiency
is much greater timthe existing equipmeris capable bproviding.

If the collection efficiency othe existing ESBs much lower than desireml if the mechanical
condition is very por, a completeeplacement othe existing ESP witanothe particle-
collecting device should be considereilternatively, f the existig ESP is a ha-side uni, the
choice may be to conwet to cold-side operation A broal range & options is availablé a
complete replacement is planned.

Naturally, tre general conditio of the exsting ESPplays a pat in theselectionof options. If the
ESP s merely t@ small b provide tle level d contrd requirel but isin goad mechanical and
electrical conditionthe origind ESP mg be retainedn service wih an additional collector
added, eithemiseries or grallel. The design selection study should prawitie nformation
needed to make this determinatio

F.1 Install a New ESP

A prime opton for improved collectiorefficiency isto install a nev ESP. This could bealarger
ESPreplacing the @ one or an additional oit installed wih the existingorecipitator,

either in paralleor downstreamWhatever the desideconfiguratio, the existingeSP can

provide valuable datauide tle design fo the new urt. The electrical operatgiconditions,
rapping characteristics, and fly ash parameterseadily detemined from measurements
conducted on the existing aniThese data, along withe use ban ESP computer mode will
provide design data thatrche used with agidence in establishing the design characteristics for
the new E®.

If the electrical conditionsnithe existig ESP were god and the pgormanceof the existing

unit was neardthe expected pasfmance when thiESP was in good ograting conditia, then

a new E® may ke a good ugrade choice.This set of arcumstances makes it possible to design
the new E® with confidence and mimizes the risk associated with this optio

Retaining the esting ESP in service with tle new unt added irseries (or paralle) is also a
possible approach. €mew uni can be essentially completed while gower statia remains in
service. Tk new contrbdevice can thendput in service durig arelatively short shutdown
period, avoidig the costs ban extensive outagélaking advantage of thcollection dficiency
of the existiig ESP, assuming the exisgrESP is stil in goal physical condition, makes it
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possible to reduce the size of the added ESP. The location for the new ESP will depend upon the
available real estate and the conditions within the existing ESP that are limiting performance and
cost. If the existing ESP was built with gas velocity exceeding about 6 ft/min (1.8 m/s), there is

a reasonable probability of excessive reentrainment. This condition would suggest a parallel
configuration. If there is little evidence of reentrainment, the series unit will probably attain a
somewhat greater collection efficiency because of sectionalization considerations.

For more information on new ESPs, &ectrostatic Precipitator Guidelines, Vol. 1: Design
SpecificationsEPRI report CS-5198; see aBrecipitator Performance Estimation Procedure,
EPRI report CS-5040.

Advantages: The new system can be assured of proper design thanks to directly relevant data
from the existing ESP. The measured performance from the operating unit together with an ESP
computer model will yield a new design that will have a very high probability of meeting the
performance requirements.

Disadvantages: A complete replacement may require an extended outage for construction and
tie in. If the fly ash from the station has very high resistivity, an extremely large ESP will be
required, unless the replacement also incorporates flue gas conditioning.

F.2 Convert Hot-Side ESP to Cold-Side

Conversion of a hot-side ESP to cold-side operation is an option for units experiencing high
resistivity caused by sodium depletion. A hot-side ESP typically operates with a flue gas
temperature in the range of 700°F (370°C). The fly ash is removed from the flue gas stream
before passing through the air heater. Hot-side ESPs were usually built with an SCA of about
300 ft/kcfm (60 nf per ni/s) at the normal operating temperature.

If the flue gas ductwork is modified to have the flue gas pass through the air heater before

passing through the ESP, the gas temperature will be reduced to about 300°F (150°C). The
reduction in gas temperature decreases the gas volume by the ratio of the absolute temperature of
the flue gas. A reduction in flue gas temperature from 700° to 300°F (370° to 150°C) decreases
the gas volume to about 65% of the original volume. Since the original collecting electrode area

is retained in the conversion, the SCA increases from the original 300 (& ni/s) to about

460 (~90 rmper ni/s). The actual flue gas volume will be somewhat greater than expected

because of some air in leakage across the seals in the air heater, and perhaps others.

In some instances, the simple conversion from hot to cold-side operation will not provide the
required increase in collecting efficiency. If the ash resistivity is very high at the cold-side
temperature, flue gas conditioning may also be required. Laboratory measurements of resistivity
during the study phase of the project can provide the information to evaluate this need, prior to
conversion.

Advantages: The advantage of converting from hot side to cold side is that the ESP can be

retained essentially as-is with only the gas flow redirected. Conversion costs should be
significantly less than for constructing a new ESP.
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Disadvantages: If the ash resistivity is very high, the converted ESP may still require resistivity
conditioning. The original design likely had 9-inch (~230 mm) plate spacing and weighted
wires, so an internal rebuild may also be needed.

F.3 Replace ESP With Fabric Filter

When the ash resistivity is in the range from@@m to something less than'iQ®-cm, the ESP
will usually be the less expensive option. However, as the ash resistivity increases beyond these
values, the fabric filter (baghouse) will likely become the more economical option.

Reverse-gas or shake-deflate fabric filter designs (sometimes referred to as low-ratio baghouses)
are proven technologies for coal-fired power stations. These baghouses were installed in the
United States starting in the 1970s for power stations anticipating high-resistivity fly ash. These
fabric filters require a significant amount of area for construction, as the gas-to-cloth ratio is
typically about 2 ft/min (0.6 m/min) to minimize the pressure drop across the filter.

Pulse-jet fabric filters are now considered an appropriate technology for U.S. utility installations.
They have been in use in Australia and perhaps other locations for several years prior to their
introduction in the U.S. The pulse-jet filter is typically built with a gas-to-cloth ratio of 4 ft/min
(2.2 m/min) or greater.

Selection of fabric filter technology should be based on cost considerations, as both designs
should provide very good collection efficiencies.

When adding a fabric filter (baghouse), there is the question of whether or not to retain the ESP
in service, either in series or parallel. Generally, the ESP should be retained unless it would
require an extensive rebuild to operate properly; economics should guide this decision. If
retained in series, the installation becomes similar to COHPAC I, with either a pulse-jet or
reverse-gas type of fabric filter. If the fabric filter is added in parallel, the effective SCA of the
ESP will be increased, as a significant portion of the flue gas will bypass the ESP to the new
fabric filter.

Another option is to gut the existing ESP internals and use the existing casing to house a pulse-
jet fabric filter. A pulse-jet fabric filter usually has somewhat higher operating costs than either
an ESP or reverse-gas fabric filter system, because of the greater pressure drop across the filter.
The savings in construction costs, from using the ESP foundation and casing to house the pulse-
jet baghouse, may more than compensate for the increased operating costs. For more
information on pulse-jet fabric filters, sPelse-Jet Fabric Filters for Utility Application&PRI

report TR-102978, Volumes 1 and 2, &abric Filters for the Electric Utility IndustryiPRI

report CS-5161, Volumes 1 through 5.

Advantages: Fabric filters achieve extremely high collection efficiencies regardless of ash
resistivity. The outlet loading and opacity will almost always be lower than legal limits. Since
the system is usually insensitive to ash properties, a variety of coals can be burned without
emissions problems.
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Disadvantages: The increased pressure drop across the fabric filter sometimes requires
upgrading the induced draft fan. The fabric filter will also cost more than an ESP for most
installations where the ash resistivity is less than about 5 Q1€m. Fabric filters have not
provided reliable operation in applications where operation below the acid dew point is
experienced on a regular basis.

F-4



EPRI Licensed Material

G

EFFECTS OF SO, CONTROL TECHNOLOGY

The adoption of a new sulfur oxide removal technology can modify the ash loading and ash
characteristics into an ESP. EPRI has conducted extensive studies of the useenfdal

equipment and the influence each technology had on the operation of either an ESP or fabric
filter. The results of this study are reportedsmidelines for Particulate Control for Advanced

SQ Control ProcessesR-104594, December 1994. This report discusses the effects of
converting a conventional boiler to fluidized-bed combustion (AFBC or CFBC) operation,

sorbent injection in the furnace or in the ducts ahead of an ESP, and the addition of a spray dryer
ahead of the ESP. If S@ontrol equipment is installed at the power plant, it is strongly
recommended that these guidelines be consulted for the expected influence on the fly ash
mixture that will be collected in the upgraded particulate collector.

Either a wet or dry scrubber will collect some portion of the fly ash particles, but the collecting
efficiency for particles passing through the ESP will be very small, except possibly for the
reentrained agglomerates. This low collection efficiency results from the small size of the
particles that escape an ESP and the relatively low collection efficiencies that a mechanical
collector, in this case a scrubber, has for fine particles.

When a wet scrubber is installed on a station burning intermediate to high sulfur coals (S = 1.5%
or more), an S(rH,SO, plume will probably be formed. The scrubber will likely condense any
sulfuric acid vapor present in the gas stream as the flue gas temperature falls below the acid dew
point while passing through the scrubber. The particle size distribution of the acid mist has a
mass mean diameter of less than 1 micron. Particles or droplets of this small size are not
collected with any significant percentage in a scrubber.

If the scrubber is installed before the ESP, some flue gas reheating is required to avoid ash
deposit formation in the ESP. Reheat can be accomplished by either bypassing a portion of the
flue gas around the scrubber to remix or by actual heating the flue gas. Bypassing and remixing
is probably the low-cost choice.

However, the wet scrubber is typically installed downstream of the ESP. The sulfuric acid vapor
passes through the ESP without collection (since it is still a vapor at the ESP operating
temperature). As the ESP is a particle collecting device, it is ineffective for collecting vapors.
One solution to the acid mist problem is to inject ammonia into the gas stream ahead of the ESP
to react with the acid vapor to form ammonium sulfate and ammonium bisulfate. These particles
can usually be collected reasonably well in the ESP. However, the fairly high concentration of
fine particles poses a challenge to the ESP. The ammonium sulfate—bisulfate fume becomes
electrically charged upon entry into the ESP. These charged particles represent a space charge
that tends to quench the current in the inlet section of the ESP.
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Effects of SO2 Control Technology

An ESP upgrade may be necessary to maintain particle emissions below allowable values if a
wet scrubber is added to an existing ESP system. Sometimes installing a very aggressive
discharge electrode with high-current, low-voltage characteristics makes it possible to “push
through” the space charge (i.e., operate at reasonable voltage and current levels in spite of the
space charge).

With the exception of furnace sorbent injection, installation of @@trols upstream of the ESP

will reduce the fly ash resistivity. A wet scrubber may reduce the ash resistivity to the point that
electrical reentrainment will occur in the ESP, reducing the ESP collecting efficiency. A dry
scrubber will also add to the mass loading into the ESP, because of the carry-over of sorbent
particles from the spray dryer evaporation tower. The ESP will be required to collect these
particles in addition to the original fly ash.

Sorbent injection into the furnace—though not a likely choice farc®@trol—has an extreme
adverse effect on the ESP, unless water activation is used in conjunction. Injection of hydrated
lime or limestone into the furnace produces a very high-resistivity ash, which is difficult to
collect in an ESP.

Coal switching and blending will also present a challenge to the ESP. Plants switching or
blending coals typically will have an ESP designed for high-sulfur, low-resistivity fly ash.
Changing to burning a much lower-sulfur coal, either a blend or an entirely new coal, will almost
certainly produce an ash that is much higher in resistivity than that from the original high-sulfur
coal. If the ESP was performing well enough to maintain emissions below the allowable limits,
gas conditioning is probably an appropriate solution to this emissions problem. Other upgrade
technologies may also apply, but if the only change was in the ash resistivity, conditioning is a
probable solution. All of these effects are discussed in detail in EPRI report TR-104594.

Advantages of Wet Scrubber: The advantages of adding wet scrubbers are that the existing
coal can continue to be burned, the plant personnel are familiar with the fuel characteristics and
the supply is established. The plant ESP people are familiar with the collecting characteristics
and have a historical record of the ESP behavior.

Disadvantages of Wet Scrubber:The primary disadvantage is the probability of generating a
sulfuric acid plume when the scrubber is commissioned. Even though the same amount of
sulfuric acid vapor was present in the gas stream before the addition of the scrubber, the flue gas
exited the stack at a temperature above the acid dew point. The sulfuric acid vapor had some
time to disperse before condensation, likely avoiding the formation of the “blue plume” formed

in the scrubber.

Advantages of Coal Switching: The advantage of switching or blending coal is that np SO
control equipment must be purchased. The trade-off is the cost of the expected ESP upgrade in
comparison with the cost of SControl equipment. Another advantage is the opportunity to
upgrade the ESP, if there were some problems before.

Disadvantages of Coal Switching:The disadvantages include the requirement to upgrade the
ESP to handle the higher resistivity ash and to lose the historical data pertinent to the ESP
behavior. The ESP staff will have to start over in developing the background information on the
ESP.
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ABSTRACT

Fine partices are a mgor hedth issue as they remain suspended in the amosphere for
extended periods, are able to penetrate deep into the human lung and contain sgnificant
concentrations of heavy metas, such as Arsenic. They are dso a sgnificant component of the
anog tha limits the vighility in many dties and even in some nationd parks plus scientigs
believe they have an effect on globd weether patterns. The Indigo Agglomerator enhances
fine paticde collection by ataching the fine particles to the larger particles. These large
agglomerated particles are easly collected in existing control devices, such as dectrogatic
precipitator, fabric filters, scrubbers and cyclones. This paper concentrated on PM25
particles, that is partices less than 2.5um in diameter, including data that was collected on
paticles down to 50nm in diameter. It was found that the reduction in fine particle emisson
from an eectrodatic precipitator provided by ingaling an Indigo Agglomerator increases
with reducing particle sze from a factor of 5 a 2um to a factor of 10 at 100nm. Reductions of
this megnitude will have a dgnificant effect on the impact of fine patices on both vishility
and hedth. It will dso result in areduction in heavy metal emissons.
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THE FINE PARTICLE PROBLEM.

Extensve research has been carried out on the hedth effects of Paticulate Matter and it is
universaly accepted that the main cause of hedth problems are the PM25 paticles with a
dianeter less than 2.5um, by current convention known as fine particles. The EU Working
Group on Particulate Matter in its Second Postion Paper on Particulate Matter recommended
that PM25 should be used “as the principd metric for assessng exposure to particulate
matter”. This was based on a report by the World Hedth Organization identifying PM2.5 as
the key component of particulate that impacts on health issues.

Although smdl in terms of mass, the sub-micron fraction contains a very high proportion of
the heavy metds which are initidly volatilized in the furnace area and then condense in the
cooler region of the plant. This condensation will coat the surface of exising particles and
form some fine paticles. Because mogt of the surface area is in the fine particles, this is where
most of the heavy metds condense. Also the surface area to volume is high in fine particles,
0 the concentration of the condensed heavy metas will be higher in the fine particles. The
sub-micron particles are respirable and in passing into the lungs can be retained in the aveal,
which are smdl sacks through which oxygen is extracted by the blood stream and carbon
dioxide released. Any heavy metds paticles reaching the aveoli can eventudly become
absorbed by the blood stream and being accumulative can lead to various hedlth problems.

The US EPA has carried out a number of studies that identify the following hedth issues, (see
www.epa.gov/ttn/oar pg/naagsfin/pmhealth.html ):

Premature desth;

Respiratory related hospital admissions and emergency room visits,

Aggravated asthma;

Acute respiraory symptoms, including aggravated coughing and difficult or panful
breething;

Chronic bronchitis

Decreased lung function that can be experienced as shortness of breeth;

Work and school absences.

VVYV VVYVYV

The EPA bdievesthat reducing fine particle ambient air qudity levels can:

> Save 15000 lives per year;

» Reduce hospitad admissons by thousands each year due to reduced heart and lung
diseases,

> Improved vishility.

There are two factors that cause the greetly increased contribution of fine particles to the
plume visihility, which iswhat is measured by Opacity:

The firg factor is the increase in obscuration of a given mass of paticles as the
paticle Sze reduces. This is because the mass is dependent upon volume, which is
proportiond to the cube of the particle diameter, while the obscuration is proportiona
to the cross sectiona area, which is proportiona to the square of the particle diameter.
For given mass of particles, as Sze reduces from say 10 microns to 1 micron, the
amount of obscuration will increase by afactor of 10.

The second factor contributing to the increased obscuration of fine particles is the fact
that white light has a wave length of about 0.8 microns. Thus particles about this sSze
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will have a dgnificantly increesed obscuration due to refraction of the light. This
results in these particles being over threetimes asvisible.

Thus the emisson of 0.8 micron paticles will be over thirty times as visble as the emisson
of the same mass of eght micron paticles This effect is shown in Figure 1, a gragphic from a
smulation of the Watson Precipitetor usng the EPRI ESPM performance modeling program.
It can be seen tha dthough the mgority of the particulate mass is in the 5um to 10 um sze
range the man contributor to the plume vishility or Opacity ae the 0.5um to 1 um Sze
paticles. It is these fine paticles that dso contribute most to the reduced vishility in our
cities and nature reserves.

Opanty meteass

due to Refraction
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Opatly [ '

Particle Siz . S 8 Lt
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Figure 1. - EPSM Modé estimates of Opacity and Mass Emissions

Findly there is increesng evidence that fine paticles are a mgor contributor to globd
waming, generdly referred to as the Greenhouse Effect. Scientists carrying out research in
this area suggest that up to 30% of globa warming may be due to fine black particles carried
into the upper atmosphere.

THE ELECTROSTATIC PRECIPITATOR PROBLEM.

The eectrogatic precipitator is very efficient (>99.9%) a collecting large particles, those
gregter than 10um, but as the particle sze fals bedow 2um the eectrogtatic precipitator
efficiency fdls off dramaticdly. In extreme cases the collection efficiency can drop below
50% but will generdly be less than 90% for particles between 0.5um and 2um. This is grester
than two orders of magnitude (that is over 100 times) increase in the emisson of this particle
sSzerange.

A typicd dectrodatic precipitator dust emisson for paticle szes from 0.05um to 10um is
given in Fgure 2. This data was collected usng two particle Sze measurement insruments,
namdy:

The Process Metrix, Modd PCSV-P, dud beam forward scaiter laser particle sze
andyzer was used to measure paticle dze didribution from 0.5um to 50um. This
andyzer has a water cooled probe that is inserted into the gas flow to measure the
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particles suspended in the gas. The particle size was adjusted dightly, a factor of 0.7
was applied, on the data collected by the PCSV andyzer s0 that the data coincided
with the SVIPS analyzer data, see Figure 2.

Sub-micron particle tests were caried out a Plant Watson by the Southern Research
Inditute usng a TS Modd 371A SMPS Andyzer, which uses eectrogtatic mobility
to measure particle distribution from 0.03um to 0.85um. The TSI Modd 371A SMPS
Anayzer uses an extraction system that removes the larger paticles followed by an
electrogtatic mobility based particle Sze sdector that is used to scan and count the
ub-micron particles.
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Figure 2. - Electrostatic Precipitator Emissions.

The above graph shows the number of paticles per cubic centimeter that the eectrogtatic
precipitator emissons are wors in the particle Sze range where the particles are most visible
and mogt dangerous for human hedth, namey from 0.2um to 2um. Because of ther smal
dze, thee patides will have a very low mass but a very high vighility. Electrogatic
precipitator mass emissions of less than 10mg have been measured using the US Method 17 at
Hammond Power Station while ill measuring Opecity levels agpproaching 20%. Opeacity
levels below about 8% are normdly invisble to the human eye. This shows that very visble
plumes can result from high fine particle emissons even with extremely low mass emissons.

THE INDIGO AGGLOMERATOR SOLUTION

The Indigo Agglomerator is a new technology initidly developed five years ago in Audrdia
It has been tested on a range of Audrdian, U.S. and South American coads with significant
success in reducing fine particles emissons.  The Indigo Agglomerator is inddled in the inlet
duct immediadly prior to the dectrodaic precipitator. Fine particles entering the Indigo
Agglomerator are attached to the larger particles by a combination of eectrogtatic and fluidic
processes. These large agglomerates are then easlly collected in the eectrodatic precipitator
that follows the Indigo Agglomerator.
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The Indigo Agglomerator utilizes two patented processes that cause the fine particles to
atach to the large paticles, which are eadly captured by the dectrostatic precipitator. The
first process is the Huidic Agglomeration Process (FAP), a physca process that occurs
without the need for eectrica energisation. The Bipolar Electrogatic Agglomeration Process
(BEAP) requires dectricd energisation to charge the particles. It is the combination of these
two processes that result in the massve reduction in fine particles shown in the test data

The Fluidic Agglomeration Process (FAP), which uses erhanced fluidic based paticle sze
sective mixing to incresse the physcd interaction between the fine particles and the large
paticles. This increased interaction vastly increases collisons between the fine and large
paticles resulting in the formation of agglomerates, which dgnificantly reduces the number
of fine paticles Extendve teding a the Universty of Addade usng Laser Induced
Fluorescence (LIF) has confirmed that FAP gregily reduces the number of fine particles. One
micron water droplets, doped with a chemicd that fluoresces when it passes through a laser
sheet, were introduced into the gas flow in a wind tunnd. The intendty of the fluorescence,
which is proportiond to the total volume of fine particles passing through the laser $eet, was
measured using a digital video camera with a filter set a the wavelength of the fluorescence.
A computer was used to andyze this video data by averaging over time then scding and color
coding the fine particle spatid didribution from blue, indicating no fine particles, through the
spectrum to red, as the number of fine particles increases. Larger un-doped droplets, of about
ten microns, could be injected as required but appear blue in the LIF andyss due to the filter.
When the fine droplets collide with the large droplets they are absorbed and cease to
fluoresce, due to the high dilution of the un-doped large droplets.

(a) Fine Particles (b) Fineand Large (c) Fineand Large
Only Particles Particleswith FAP

Figure 3. - Color Coded LIF Analysis of Fine Particle Mass Density
Color Code - Blue - no lumdroplets
Red — maximum concentration of 1um droplets

Figure 3a, the color coded digtribution (Blue - no 1um droplets through to Red - maximum
concentration of 1um droplets) of fine droplets without any large droplets or FAP, is the base
condition for fine droplet mass comparison. Figure 3b, the distribution of fine droplets with
large droplets injected but no FAP, shows increased fine droplet disperson but little dange in
tota fine droplet mass. Figure 3c, the didribution of fine droplets with large droplets injected
and FAP operating shows a grestly reduced fine droplet mass. This data proves FAP grestly
increases the collisons between fine and large droplets thereby Sgnificantly reducing the
number of fine droplets. The percentage of collisons that result in agglomeration is, as yet
unknown, but site test have shown FAP reduces fine particle count by more than haf on the
full 9zeingdlaion.
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The Bipolar Electrostatic Agglomeration Process (BEAP) uses two key processes to
reduce fine particle emissons. A Bi-polar Charger is used to charge hdf of the dust with a
postive charge and haf negatively. The Bipolar Charger has a series of dternating positive
and negative pardld passages that the gas and dust pass through to acquire a postive or
negetive charge. The second key process is a specialy desgned sze sdective mixing system
that causes the fine podtive paticles to be caried by the gas and mixed with the large
negative particles emitting from the adjacent negative passage. The mixing sysem aso causes
the fine negatively charged particles to mix with the large podtive particles as shown in
Figure 4. Because dectrogtatic force decreases rapidly with digance, the mixing sysem is
essentid as it brings the fine particles close to the oppositely charged large particles so that
the eectrogatic force is sufficient to cause them to atach forming agglomerates. Plant tests
have shown that BEAP aso reduces fine paticdles by more than hdf on the full sze
ingallation.

SIZE SELECTNE
MEIMNG SYSTEM

BIPOLAR CHARGER ] =

GROUNDED PLATE —
o

MNEGATIVE EMITTERS

POSITIVE EMITTERS _\\\\

MEUTRAL GAS PARTICLES
FLOW INTOQ THE
AGGLDMERATOR

Figure 4. - The Bipolar Electrostatic Agglomeration Process (BEAP)

Test resultsfrom Watson Power Station

Teds peformed a the Indigo Agglomerator trid ingtdlation a Watson Power Station show a
huge reduction in fine particle emissons when an Indigo Agglomerator was inddled in front
of an exiding eectrodatic precipitator. Watson Power Station is a 250MW wadl fired
pulverized cod boiler with two ar-heaters connected to two separate dectrodtatic
precipitators. An Indigo Agglomerator was inddled in front of the “B” dectrodatic
precipitators and particle dze tedts were peformed on both “A” and “B” dectrodtatic
precipitators. Figure 5 $iows a comparison of the Sip, the percentage of the dust entering the
electrodatic precipitator that is emitted to the amosphere, from both “A” and “B”
electrogatic precipitators, for particle sizes from 0.05um to 10um. These tests were performed
usng the two probes described above.

The collection efficiency of “A” dectrogatic precipitator decreases rapidly beow 2um
paticle sze, as indicated by the increasng dip (Sip%=100-Efficency%). Over 50% of the
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particles in the key 0.6um to 1um Sze range are not captured by “A” eectrogtatic precipitator.
The “B” dectrodtatic precipitator captures 90% of those paticles, resulting in a greatly
reduced visible emisson as measured by Opacity.

It can be seen tha the reduction in fine paticle emissons provided by the Indigo
Agglomerator increases with reducing particle sze, as indicated by the improvement trend
line in Figure 5. This shows a 60% improvement & 10um increasing to 75% at 1um and 90%
a 0.1um. Thus the fine paticle emisson reduction provided by the Indigo Agglomerator
increases from a factor of 2 a 10um to a factor of 10 a 0.1um. The average reduction in
PM2.5 emissonsis about afactor of 5 or 80%.
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Figure 5 - Comparison of dust emitted to the atmosphere with
and without the Indigo Agglomerator

Test resultsfrom Tarong Power Station

Tests peformed & Tarong Power Station show an increase in fine particles collected in the
electrodtatic precipitator hoppers and an increase in Arsenic concentration in the collected
dust on Pass 1, with an Indigo Agglomerator indalled before the eectrodtetic precipitator,
compared to Pass 2, without an Indigo Agglomerator. Both Pass 1 and Pass 2 treat gas from
Air-hester A while Pass 3 and Pass 4 treat gas from Air-heater B. Each eectrogtatic
precipitator pass at Tarong Power Station has Sx Zones or Sections with a separate hopper for
each. Ash was taken from hoppers 1, 2, 4 and 6 for particle Sze and/or Arsenic concentration
measurement are representative of the dust collected in the 1, 2, 4 and 6 eectrodtatic
precipitator zones.
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Figure 6 shows the particle sze digributions for Hoppers 1, 4 and 6. The larger particles are
mainly captured in the in the front of the eectrodtatic precipitator. Most of the larger particles
are found in the front hopper, Hopperl, however there are more fine particles captured in this
hopper on Pass 1. The fine particles are captured in the in the rear of the dectrodtatic
precipitator, as is evident from the rear hopper particle size digtribution. There are less large
particles in the rear hoppers of Pass 1 but there are more fine particles. The agglomeration of
the fine particles to the larger particles will result in the larger agglomerates being captured in
the front of the Pass 1 dectrodtatic precipitator with the Indigo Agglomerator, hence the
reduced number of larger particles in the rear hoppers. The agglomeration of fine particles to
dightly larger particles will increase the number of fine particles collected in the rear of the
electrogatic precipitator, hence the increased number of fine PM25 particles in the rear

hoppers.

Tarong Hopper Samples; 45 mm lens; Frequency Distribution on a Mass Basis
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Figure 6 — Hopper Particle Sze Distribution

Arsenic vaporizes in the combustion process but condenses in the colder rear section of the
boiler. The condensation will preferentidly form on the surface of exiging particles on the
bass of surface area Some may aso condense to form ultra-fine particles. Because the vast
mgority of the surface area is in the fine particles, most of the condensed Arsenic ends up in
the fine paticles. The concentraion of Arsenic will dso be higher in the fine paticles
because the ratio of surface areato volumeisinversaly proportiond to particle sze.

Table 1 shows the Arsenic concentration in the ash samples from Hoppers 1, 2, 3 and 4. The
Arsenic concentration is condgtently higher on the Pass 1 dectrodatic precipitator, with the
Indigo Agglomerator, as this dectrogtatic precipitator consstently collects more fine particles,
as shown in Fgure 6. As the fine paticles are preferentidly collected in the rear of the
electrodatic precipitator, the concentration of Arsenic is largest in the rear hoppers. The
increase in the fine particle collection on Pass 1 provided by the Indigo Agglomerator has less
of an impact on the Arsenic concentration because there is aready a high concentration of
fine paticles and Arsenic. The dectrodatic precipitator preferentidly collects large particles
in the front section, where most of the dust is collected (up to 90%), hence the concentration
of Arsenic is lower, due to the dilution of the large particles, and the improvement is lower,
due to the large mass of dust collected.
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The improvement is greatest in Hopper 2, which represents the dust @llected in Zone 2 of the
electrogtatic precipitator. The amount of dust collected in eectrostatic precipitator Zone 2 is a
lot less, up to an order of magnitude, than that collected in Zone 1 and therefore there is a lot
less dust in Hopper 2 than Hopper 1. The increase in fine particles and, hence Arsenic
concentration, is therefore more sgnificant.

Hopper 1 Hopper 2 Hopper 4 Hopper 6
ESP Pass 1 2.98 mg/kg 7.94 mg/kg 20.3 mg/kg 24.7 mg/kg
ESP Pass 2 1.7 mg/kg 2.78 mg/kg 14.1 mg/kg 20.2 mg/kg
Passl1increase | 75% 186% 45% 22%

Table 1 — Arsenic Concentration in the Ash

CONCLUSION

Fine particles, in paticua PM25, are an acknowledged hedth hazard and government
environmenta  protection organizations around the world are now focusng on controlling the
emisson of these fine particles. Electrogatic precipitators are poor collectors of fine particles,
paticularly between 05um and 2um. The eectrodtatic precipitator collection efficiency,
normaly around 99.9% for larger paticles, is generdly less than 90% in this particle sze
range and can fal bedow 50% in worg case conditions. This results in the emisson of large
numbers of very fine but very vishble paticles Although these emissons may have a very
low mass emisson, in some cases less than 10mg/m3, the Opacity, the measurement of
vighility will be very high.

The Indigo Agglomerator provides a ggnificant reduction in fine paticde emissons by
ataching the fine particles to the large paticles, which are eadly collected in the dectrostatic
precipitator. The reduction in fine particles provided by the Indigo Agglomerator technology
increases from 60%, about a factor of 2, a 10um to 90%, about a factor of 10, at O0.lum.
PM25 emissons may be reduced by up to 80% with the inddlation of an Indigo
Agglomerator in front of an dectrodatic precipitator. This will provide a dgnificant reduction
in visble emissions, as measured by Opeacity.

The hopper ash tests caried out at Tarong Power Station show increased fine particle
collection and a sgnificantly increased Arsenic concentration in the ash. This supports both
the relationship between fine particles and heavy metd concentration plus the enhanced fine
paticle remova provided by the Indigo Agglomerator. Thus the Indigo Agglomerator aso
will Sgnificantly reduce heavy metd emissons by reducing fine particle emissons.

ICESP X — June 2006
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Abstract: Following a successful pilot-scale baghouse testing program and after reviewing the performance of Luminant’s
COHPAC (EPRI’s patented Compact Hybrid Particulate Collector technology) baghouse installation at its Big Brown Station,
Alabama Power Company (APCO) decided to install a COHPAC baghouse on Unit 3 at its E. C. Gaston Steam Plant located near
Wilsonville, Alabama in late 1996. A second COHPAC baghouse was installed at Gaston Unit 2 in 1999. These baghouse systems
were designed with the low pressure/high volume pulse-jet cleaning technology (Hamon Research-Cottrell) that orients the bags
in concentric rings and uses rotating pulse manifold arms. Performance of these systems at Plant Gaston Unit 3 and Unit 2 has
been excellent during the past eleven and a half and nine years, respectively. Original 3.0 and 2.7 denier Ryton felted fabrics have
given way to higher permeability 7.0 denier PPS felt bags in both units. Overall flange-to-flange and tubesheet pressure drop
performance has improved without compromising particulate collection efficiency. Recent filter drag values of 0.5 in. H,O/ft/min
on Unit 3 and 0.3 in. H,O/ft/min on Unit 2 have been experienced at air-to-cloth values of 8.0 ft/min. Average pulsing frequencies
have ranged from 0.2 pulses per bag per hour for recently installed 7.0 denier PPS felted bags up to 0.7 pulses per bag per hour for
older 2.7 denier Ryton felt bags. COHPAC baghouse installation has successfully reduced stack opacity. Comparing the average
of the last eleven years of operation (1997 — 2007) to the average of the two years prior to COHPAC baghouse installation on Unit
3 (1995 - 1996), the average opacity has been reduced 50% and the number of hours per month that the average opacity has
exceeded 20% has been reduced 95%. Similar results have been experienced on Unit 2. Except for early bag failure episodes on
each unit caused by bag-to-bag abrasion, bag life has been very good. The original 3.0 denier Ryton felted bags in the rear
modules of the Unit 3 baghouse remained in service for five years accumulating over 39,500 hours of exposure to flue gas with
few bag failures. Front module bags in Unit 3, however, had much shorter bag lives because of a higher incidence of bag failures.
Average service lives for the 3.0 and 2.7 denier filter bags were similar to those of the follow-on 7.0 denier PPS felted fabrics,
typically two to three years, 19,000 to 27,000 hours of exposure to flue gas. Evaluation of the performance of various test bags has
been ongoing for several years. Early tests compared the performance of 6.0 denier and 7.0 denier PPS felts with traditional 2.7
denier felts. 7.0 denier felted fabrics performed very well. More recently, various dual-density felts have been tested. Results after
20,000 hours of flue gas exposure indicate that the Dual Density Torcon — 9058 felt is the best of the four test fabrics. The test
program is continuing. COHPAC baghouse performance for Alabama Power Company has exceeded expectations and continues
to provide an excellent air pollution control benefit.

Keywords: Fabric filter, baghouse, COHPAC

for costly ESP retrofits or rebuilds. The small pulse-jet bag-
house, able to operate at higher than normal filtering velocities
(4.0-6.0 cm/s (8-12 ft/min) versus 0.75-2.5 cm/s (1.5-5.0

1 INTRODUCTION

1.1 COHPAC Technology

COHPAC technology was developed by the Electric
Power Research Institute in the early 1990s. COHPAC is an
acronym for Compact Hybrid Particulate Collector. COHPAC
incorporates a small, pulse-jet baghouse installed downstream
of a poorly performing electrostatic precipitator (for example)
to act as a particulate polishing unit to allow the combined
ESP/baghouse system to successfully meet federal or state
mandated particulate emission limits. This eliminates the need

ft/min) for a conventional baghouse) because of the relatively
low inlet mass concentration, requires a significantly smaller
footprint compared to a low-ratio fabric filter. The use of a
baghouse also overcomes the sensitivity of electrostatic
precipitator particulate collection efficiency to variations in
particulate and flue gas properties. A United States Patent,
Number 5,024,681, was issued on June 18, 1991. [1,2].
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1.2 E. C. Gaston Electric Generating Plant

Alabama Power Company (APCO), a Southern Company
subsidiary, owns and operates the E. C. Gaston Electric
Generating Plant located near Wilsonville, Alabama,
approximately 40 miles southeast of Birmingham, Alabama.
This plant consist of four (4) 270 MW balanced draft and one
(1) 900 MW forced draft, coal-fired boilers. Each boiler is
outfitted with hot-side electrostatic precipitators for control of
particulate emissions. All five boilers burn low sulfur, eastern
bituminous coals. At Plant Gaston a single stack services Units
1 through 4. Units 1 and 2 share a common stack liner; Units 3
and 4 share a second common stack liner. Although the coals
used at Plant Gaston were originally treated with sodium
sulfate to enhance performance of the hot-side ESPs, load
reductions and frequent ESP washings were required to
maintain acceptable opacity levels. Alabama Power in the mid-
1990s began to investigate ways to remedy this problem. After
studying the experience of the first full-scale COHPAC
installation at Luminant’s (formerly TXU) Big Brown station
[3], EPRI and Southern Company Services (SCS) in
September 1995 installed a 1-MW scale COHPAC pilot plant
at APCO’s J. H. Miller Steam Electric Generating facility in
anticipation of using this technology at their E. C. Gaston
plant.

1.3 Pilot Plant Testing

Prior to the application of the COHPAC technology to the
Plant Gaston full-scale utility, coal-fired boiler, there was a
period of pilot plant testing that took place at a separate
Alabama Power Company plant, the James H. Miller Steam
Electric Generating Plant. This site was chosen because the
coal-fired boiler incorporated a hot-side electrostatic
precipitator followed by an air heater similar to the E. C.
Gaston units and the coal supply was similar to that used at
Plant Gaston. The Miller Station pilot plant was installed
downstream of the existing Unit 2 hot-side ESP and air
preheater and utilized a low pressure/high volume pulse-jet
cleaning technology, similar to the Hamon Research-Cottrell
design that was ultimately used at Plant Gaston. The pilot plant
was modified to operate with interstitial can velocities of less
than 1,000 feet per minute while filtering at nominal air-to-
cloth ratios of 8.5 to 10.0 feet per minute, and utilizing,
exclusively, an on-line cleaning mode of operation. This was
done to ensure that this method of operation was viable and
reliable prior to implementing it on a full-scale basis.

Ryton felt filter bags (18 oz.yd®) were installed in the
pilot baghouse. To achieve the desired filtration velocities the
bags were 23-feet long. Testing with both timed- and pressure-
drop-initiated cleaning took place to maintain desired pressure
drop levels across the pilot unit. The COHPAC pilot facility
operated very well during its two-year test program, with no
significant problems [4]. The low pressure/high volume pulse
cleaning technology with on-line cleaning successfully
maintained tubesheet pressure drops of 4 inches w.c. with 8.5
to 10.0 foot per minute air-to-cloth ratios. Pulse frequencies

were easily kept at or below one pulse per bag per hour on
average.
2 COHPAC BAGHOUSE INSTALLATION

Because of the success of the COHPAC pilot testing at
Alabama Power Company’s Miller Station and the experiences
at Luminant’s Big Brown Station (two 575 MW COHPAC
units), Alabama Power decided to install a full-scale COHPAC
baghouse to filter the flue gases on their E. C. Gaston Unit 3
coal-fired boiler. Alabama Power contracted with Hamon
Research-Cottrell in early 1996 to install a COHPAC, pulse-
jet-cleaned, fabric filter system downstream of Unit 3’s
existing hot-side electrostatic precipitator and air heater.
Following the installation, startup, and successful operation of
the COHPAC system on Unit 3, Alabama Power again
selected Hamon Research-Cottrell in early 1998 to install a
similar system on Unit 2. Both systems were nearly identical
in scope, design, and complexity[5].

Due to site and space restrictions each COHPAC system
was installed in two (per unit) abandoned cold-side ESP
casings located on the cold-side of the existing Ljungstrom air
pre-heaters. These units were located directly under the
existing hot-side precipitators, and between Units 1 and 4,
which were in full operation during the construction phase of
the program. These unusual site conditions made the
installation of these two systems extremely difficult, especially
because of the relatively short outage windows available.

2.1 Description of the COHPAC Baghouse Installation

Each of the COHPAC baghouses was designed to treat
flue gas volumes of 1,070,000 acfm at 290 F, producing a
design gross filtration velocity of 8.5 feet per minute with all
compartments in service. Each baghouse casing (two casings
per unit using the old cold-side ESP boxes) consisted of four
(4) isolatable compartments, two compartments per air-
preheater identified as Side A or B. Each compartment
consisted of two bag bundles (modules) oriented in the
direction of gas flow, each having a total of 544, 23-foot long,
filter bags. The original equipment bag was a 3.0 denier Ryton
felt having a nominal weight of 18 oz./yd”. There were 1,088
bags per compartment, or 2,176 bags per casing. Fig. 1 shows
an elevation view of the COHPAC baghouse/bag module
arrangement.

Due to the limited size of the abandoned cold-side ESP
casings, and to be able to accommodate the design flue gas
volumes and provide the specified air-to-cloth ratios, each
original ESP casing was extended by approximately 12 feet in
length. The two isolatable compartments in each casing are
separated by a central flue gas bypass section. The bypass
system can be 100% opened to handle the full flow of the
casing or can be regulated to maintain the proper air-to-cloth
ratio in the single compartment that is not isolated. To allow
inspection and /or maintenance of any given compartment, a
bypass condition is mandated on the side being entered. Each
compartment is equipped with a multi-louver inlet damper and
a guillotine outlet damper to allow isolation during periods of
inspection and/or maintenance.
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Each compartment is outfitted with individual, low
leakage, purge/ventilation poppet dampers designed to allow
the introduction of ambient air into the compartment to purge
the compartment of flue gases. The poppets are mounted
below the tubesheet. These dampers also serve as a vacuum

breaker to aid in opening the roof hatches. The dampers open
automatically when a single compartment is isolated or when
the entire baghouse is either bypassed or shut down. Purge air
is then drawn through the purge poppets using the system’s
induced draft fans.
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Fig. 1 E. C. Gaston COHPAC Baghouse System Elevation View

Access to the individual compartments is provided
through roof mounted hatches which are located over each
individual bag bundle. Each hatch is separated into two (2)
hinged halves. A short ladder allows access to the top of the
tubesheet. The tubesheet is about five (5) feet below the
compartment roof. The low pressure/high volume pulse-jet
cleaning system, with its rotating pulse manifold, simplifies
access to each filter bag since individual blowpipes do not
have to be removed. Unit 3’s blowers are located at grade
behind the unit’s induced draft fans and abandoned stacks,
while Unit #2’s blowers (now at grade) were originally
located directly above the Unit #3 COHPAC system on a
platform located under the hot-side ESP’s return ductwork.
Prior to the completion of the final design of each baghouse
system, a model study was performed to confirm flow
profiles from the inlet and outlet ductwork configurations.
There was limited headroom between the top of the casing
and the bottom of the hot-side ESP directly above the
baghouse. This necessitated the use of split filter-bag cages.
In addition, baghouse construction was quite challenging
because crane access to the area was highly restricted. [6]

2.2 Remote Monitoring System

Southern Research Institute installed individual remote
baghouse monitoring systems on both Unit 2 and Unit 3.
These systems can be accessed via modem to allow real-

time monitoring of the system operation, along with current
and long-term trend analysis. [7] These monitoring systems
were functional at the startup of each baghouse system and
remain in service to this day. These systems were developed
by Mr. Ray Wilson of Ray Wilson Consulting. The proprietary
software packages retrieve, display and store the COHPAC
baghouse performance data. Besides performance, date, time,
boiler load, and stack opacity are also logged and displayed.
The datalogging system’s software also stores the data for
later retrieval, archiving, and preparation of historical trend
graphs.

3 LONG-TERM UNIT 3 BAGHOUSE PERFORMANCE

The first E. C. Gaston COHPAC baghouse was
installed on Unit 3 and began operation on December 26,
1996. Through the end of 2007 the Unit 3 COHPAC
baghouse had accumulated 94,428 “clock hours” (total
number of hours the filter bags could have been exposed to
flue gas, equivalent to the number of hours between bag
installation and removal) of operational time.

3.1 Pressure Drop and Air-to-Cloth Ratio

The baghouses were designed to operate at a nominal
air-to-cloth ratio of 8 to 8.5 ft/min. Typical flange-to-flange
pressure drop and air-to-cloth ratio performance data
collected during the first half of 2007 are shown in Fig. 2.
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Pressure transducers to track tubesheet pressure drop were

not installed on the Unit 3 baghouse compartments.

Gaston Unit 3 COHPAC Baghouse Pressure Drop Performance
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Fig. 2 Gaston Unit 3 COHPAC baghouse pressure drop performance. The relationships are based on over 2,700 data points
(hourly averages) from the first half of 2007. Points on polynomial curve fits to the data for each casing are shown

The relationships shown in Fig. 2 were developed as
polynomial equations fitted to over 2,700 data points (hourly
averages) from operating data collected during the first half of
2007. Air-to-cloth values ranged from 4 to 9 ft/min as the
boiler load varied from about 70 to 270 megawatts. The
flange-to-flange pressure drop performance for Casing A and
Casing B was almost identical.

At an air-to-cloth value of 8 ft/min the average flange-to-
flange pressure drop is about 5.45 in. H,O. The baghouse
supplier estimated that the difference in pressure drop between
the flange-to-flange and tubesheet pressure drop values at an
air-to-cloth value of about 8 ft/min would be 1.25 in. H,O. The
estimated value of the tubesheet pressure drop then would be
about 4.2 in. H,O for the data shown in Fig. 2. The tubesheet
drag value then would be about 0.5 in. H,O/ft/min, a desirable
value for COHPAC baghouse operation.

3.2 Pulsing Frequency

As described earlier, each baghouse casing has two
compartments separated by a bypass duct. Each compartment
contains two bag bundles (modules) oriented in the direction
of gas flow. Each bundle contains 544 filter bags, except
module 3B11 which contains 18 additional filter bags. The
bags are arranged in 14 concentric circles or rows. A rotating
dual arm pulse manifold delivers pulse air to the tops of the
filter bags. One arm has rectangular nozzles oriented over the
even rows, while the other manifold arm cleans the odd rows.
The pulse manifolds rotate at approximately 1 rpm. Pulse
pressure is maintained at 10 psig. When cleaning is initiated
the pulsing alternates between the four pulse manifolds in each

casing. This allows time for the air reservoir mounted above
each pulse manifold to recharge before the next pulse. Bags
are cleaned randomly depending on the location of the pulse
arm when pulsing occurs. The baghouse control system was
programmed to count the number of pulses in each five minute
period continuously. These data are fed to the baghouse
monitoring system and are used to calculate a pulse frequency,
pulses per bag per hour (p/b/h). If continuous cleaning is in
progress, approximately 57 pulses per five minutes are
counted, a rate of about 4.2 p/b/h.

The baghouse was designed for bag cleaning to be
initiated in one of three ways. These were pressure drop
initiation/termination, drag initiation/termination, or time.
When the baghouse was first started up the system used drag
initiation and termination set points to control cleaning.
Eventually, because test programs on Unit 3 in 2000 and 2001
required pressure drop initiation and termination set point
cleaning, this became the normal mode to control cleaning of
the bags. Timed cleaning has always been the third method.
The timed cleaning set point has always been five hours
between cleaning events.

During the first half of 2007 typical average cleaning
frequencies for Casing A and Casing B were 0.21 and 0.17
pulses per bag per hour, respectively. These rates are typical
for the 7.0 denier PPS felt bags currently installed. During
operation with 3.0 and 2.7 denier Ryton felt bags, pulsing
frequencies would range from 0.4 to 0.7 p/b/h, with occasional
excursions over 1.0 p/b/h depending on how long the bags had
been in service and the performance of the upstream hot-side
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ESP. A cleaning frequency of 0.5 p/b/h or less is a desirable
value for COHPAC baghouse operation.

3.3 Baghouse Emissions and Unit 3&4 Opacity

Since startup of the baghouse Alabama Power Company has
had outlet particulate concentrations (gr/dscf) from the Unit 3
baghouse measured on a yearly basis. They provided these data
for this report. Testing was performed separately on the outlet of
Casing A and Casing B. These data are shown in Fig. 3 as a bar
chart. It is likely that the higher particulate emissions measured
in March 1997 were caused by bag failures or improperly
installed bags that had not yet been located and corrected after
startup. Outlet emissions degraded each year until the filter
bags in the four front bag modules were replaced in October
2000. Outlet emissions have remained relatively low since that

time. The trend toward higher outlet emissions in 2006 and
2007 reflect the aging of the 7.0 denier PPS bags installed in
Casing 3B in 2003 and Casing 3A in 2005. These bags were
scheduled to be replaced in December 2007 and March 2008,
respectively. While the preceding data reflect the outlet
emissions of the Unit 3 COHPAC baghouse alone, data have
also been collected over the years regarding the opacity of the
stack containing the flue gases from both Unit 3 and Unit 4.
While the baghouse installed on Unit 3 greatly improved the
overall opacity for the Unit 3 and 4 stack, the values, of
course, have also been dependent on the performance of the
hot-side ESP on Unit 4 since it is that unit’s sole particulate
control device.

Gaston Unit 3 COHPAC Baghouse Outlet Particulate Emissions
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Fig. 3 Gaston Unit 3 COHPAC baghouse outlet average particulate mass concentrations by year since startup

Fig. 4 shows the monthly averages for stack opacity and
the number of hours each month that the average opacity
exceeded 20%. These data represent only those times when
both units were in operation simultaneously and no baghouse
compartments were bypassed. As can be seen in the figure,
after the installation of the baghouse there was a significant
reduction in stack opacity values. The effect of baghouse
installation on the hours per month when opacity exceeded
20% was dramatic. Notice the improvement in opacity near the
end of 2000 (68 months) when the filter bags in the four front
modules of the baghouse were replaced. Comparing the
average of the last eleven years of operation to the average of
the two years prior to baghouse installation, the average
opacity has been reduced 50% (12.7% to 6.3%) and the

number of hours per month that the average opacity has
exceeded 20% has been reduced 95% (140 to 7).

3.4 A Discussion of Bag Life

The filter bags are the major O&M cost of baghouse
operation. The goal is to maximize the performance and life of
the bag, thereby minimizing the frequency of bag replacement.
Bag life at Gaston Unit 3 has in general been very good. The
baghouse started up with 3.0 denier Ryton felt bags (provided
by the OEM) installed in all compartments. Grubb Filtration
Testing Services (Delran, NJ) has provided advice on bag
replacement and conducted special testing of used bags
removed from the baghouse throughout its life.

Since startup all filter bags have been replaced twice. The
baghouse is currently on its fourth set of filter bags. The filter
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bags in Casing B were replaced during a fall 2007 outage. The
filter bags in Casing A werereplaced during a March 2008
outage. Filter bags in the front modules (A10, A20, B10, B20)

have been replaced more frequently than those in the rear
modules.

Performance Data - APCO Plant Gaston Unit 3 & 4 Opacity
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Fig. 4 Monthly average opacity and 20% opacity exceedence from January 1995 though October 2007 for Gaston Units 3 and 4

There were early bag failures in the front modules of both
casings (A10, A20, B10, B20) caused by bag-to-bag abrasion.
This occurred mainly on the bags located near the sides of the
modules closest to the compartment walls. Even though there
were perforated plates at the inlet to the compartments to even
the flow across the face of the bag bundles, flue gas tended to
sweep around the bundle and attempt to pass between the
bundle and the compartment walls. This resulted in excessive
bag swinging and rubbing against other bags. Bag inspection
confirmed more failed bags on the sides of the bag bundles
adjacent to the compartment walls. Inspection of the perforated
plates installed downstream of the compartment inlet dampers
also showed areas of ash buildup that resulted in uneven flow
across the face of the plate and sneakage under the plate.
Compartment particulate emissions continued to climb until a
full replacement of the filter bags in the four front bag modules
in October 2000. Opacity values were significantly lower
following the replacement of these bags, as can be seen in Fig. 4
(October 2000, 68 months).

During that outage a novel solution to the bag swinging/
abrasion problem was implemented. Two concentric rings were
installed on each of the four front bag bundles. These tubular
rings were mounted inside and outside the outer row of bags
about six inches above the bottom of the bags. This minimized
bag movement and reduced bag-to-bag abrasion. Fig. 5 shows
a photograph of these rings installed on one of the bag bundles.

In addition to these retaining rings, vibrators were
attached to the perforated plates to prevent buildup of ash that
could block the holes and cause flow stratification.

Baghouse emissions remained low through 2004. In
December 2003 in the B casing and in May 2005 in the A
casing 7.0 denier PPS felt filter bags were installed. These

bags were designed for higher permeability (lower pressure
drop at similar flow rates), but they are not as good a barrier
for ash penetration. While pressure drop performance of these
bags has been excellent, there has been a steady increase in
outlet emissions since these bags were replaced. This has not
been noticeable in the opacity data because of lower average
load values over the last couple of years.

3.5 Summary

The COHPAC | baghouse on E.C. Gaston Station Unit #3
has operated exceptionally well. Other than a few initial mecha-
nical problems, the unit has operated better than anticipated.
The COHPAC | technology has provided Alabama Power with
a high degree of system flexibility; it has moderated ESP opacity
spikes and reduced average stack outlet opacity levels by almost
50%. This has increased the choice of acceptable fuels that can
be used on this unit, and has reduced overall operating costs.
Alabama Power has also been able to eliminate the use of sodium
sulfate (an ash resistivity modifier) on Units #3 and #4 and
reduce the frequency of ESP washings. [8,9,10]

4 LONG-TERM UNIT 2 BAGHOUSE PERFORMANCE

The second COHPAC baghouse installed at Alabama
Power Company’s E. C. Gaston plant was on Unit 2. The
design of this fabric filter was almost identical to the Unit 3
baghouse. The only significant change was a different bag
arrangement pattern for the eight tubesheets even though there
was the same number of filter bags per bag module.

The Unit 2 COHPAC baghouse started up on June 14,
1999. Through December 2007 the baghouse had accumulated
74,938 “clock hours” (total number of hours the filter bags
could have been exposed to flue gas, equivalent to the number
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of hours between bag installation and removal) of operating
time.

Performance of the Unit 2 baghouse has been very similar
to that experienced by the Unit 3 baghouse and a detailed

discussion will not be presented. Highlights have been
included in the abstract. Additional information may be
obtained from the authors.

i e

Fig. 5 Photograph of concentric tubular stainless-steel rings installed on Gaston Unit 3 COHPAC baghouse bag bundle 3A10.
There were installed to reduce bag movement and bag-to-bag abrasion

5 SPECIAL FILTER BAG TEST PROGRAMS

Various test bags have been evaluated at the Gaston
COHPAC baghouses since 2000. These include filter bags that
have become the current replacement filter bags, plus special
non-standard bags especially manufactured for testing. Filter
bag performance has been measured by the use of a special
drag measurement device designed for low pressure/high
volume oval (Carter-Day/Howden) filter bags. This device
allows the drag of individual bags to be measured. It consists
of a fan, venturi, flexible hose, and a gasketed adaptor that fits
over and around the cage’s top flange to seal with the
tubesheet. This insures that the induced flow is pulled only
through the bag being tested. Pressure taps are located to
measure the pressure drop across both the venturi and the filter
bag. Knowledge of the venturi flow rate and pressure drop
across the filter bag allows calculation of the bag’s drag (in.
H,O/ft/min).

Test programs have taken place with both the Unit 2 and
Unit 3 COHPAC baghouses. Prior to the rebagging of the
entire Unit 2 baghouse with 7.0 denier PPS felt bags in
November 2003, a small number of these bags were installed
in the 2A11 bag module in June 2001. In addition the entire B
casing on Unit 2 was rebagged with 6.0 denier Ryton felt bags
in December 2001. Drag testing of these bags took place in
May 2002 and March 2003. Comparative drag measurements
were conducted on selected 2.7 denier Ryton felt bags from
Unit 2 and Unit 3 at the same time. The test results for the 7.0
denier PPS felt bags are presented in Table 1.

The average drag for the eighteen 7.0 denier PPS felt bags
was 0.18 in. H,O/ft/min. The average drag for 10 adjacent 2.7
denier PPS felt bags was 0.31 in. H,O/ft/min. An additional 27
randomly located 2.7 denier PPS felt bags were tested.

Table 1 Drag Measurements Conducted on May 6, 2002 in Bag Module 2A11

Bag Type Average Drag Stn. Dev. | #of Bags | Service Hours | Comments

(in. H,O/ft/min)
7.0 denier PPS 0.18 0.03 18 7,500 Average of all bags
2.7 denier PPS 0.31 0.09 10 7,500 Average of all bags
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2.7 denier PPS 0.35 0.14 27

7,500 Average of all bags

2.7 denier PPS 0.31 0.06 24

7,500 Average excludes three Row 15 bags

Their average drag was 0.35 in. H,O/ft/min. Three of the
bags had exceptionally high drag. If they are excluded from
the average, the remaining 24 2.7 denier PPS felt bags also had
an average drag of 0.31 in. H,O/ft/min., identical to the
average drag of the ten 2.7 denier bags adjacent to the 7.0
denier bags. After 7,500 hours of operation the 7.0 denier PPS
felt bags had 42% lower drag on average than the 2.7 denier
PPS felt bags.

Drag measurements on the 6.0 denier PPS felt bags
installed in December 2001 were conducted in May 2002 and
March 2003. Additional comparative measurements on 2.7
denier PPS felt bags from Unit 3 also took place in March
2003. Bags from modules 3B10, 3B11, 3B20, and 3B21 were
tested. The test results are presented in Table 2 below.

Table 2 Drag Measurements on 6.0 denier PPS and 2.7 denier PPS Felt Bags

Bag Module | Bag Type Average Drag Stn. Dev. | #of Bags | Service Hours | Comments
(in. HyO/ft/min)

2B10 6.0den. PPS | 0.24 0.10 37 3,650 Average of all bags

2B10 6.0den. PPS | 0.41 0.07 42 10,870 Average of all bags

3B10 2.7 den. PPS | 038 0.04 28 20,370 Average of all bags

3B11 2.7den.PPS | 0.32 0.08 32 11,000 Average of all bags

3B20 2.7den.PPS | 0.39 0.05 28 20,370 Average of all bags

3B21 2.7den.PPS | 0.29 0.10 25 11,000 Excludes 6 bags with high drag

The average drag values for the 6.0 denier PPS felt bags
after both 3,650 hours and 10,870 hours (0.24 and 0.41 in
H,O/ft/min) were higher than the average drag value for the
7.0 denier bags at 7,500 hours (0.18 in. H,O/ft/min). Drag
values for the 2.7 denier PPS felt bags at 11,000 and 20,000
hours were slightly higher than the values measured after
7,500 hours (Table 2). The average drag values for the bags in
the front modules (3B10, 3B20) were higher than the drag
values for the bags from the rear modules (3B11, 3B21)
because of their longer service life.

The latest test program with the Unit 3 baghouse is an
ongoing program that is evaluating the performance of special
dual-density PPS felt filter bags. These bags were installed in
May 2005. The test bags are installed in baghouse module

3A11. Subsequent measurements of filter drag took place in

February 2006 and November 2007. There are four fabrics

being evaluated, including the current “standard bag,” a 7.0

denier Torcon PPS felt. The fabrics are described in below.

Additional information is provided in Table 3.

1) High Permeability Dual-Density Torcon PPS Felt
(Blended/Lined Face Out)-Midwesco Filter Resources
Product Number FWA429-9058 (12 bags).

2) 7-Denier Procon PPS Felt (BHA Group Product Number
02985898) (24 bags).

3) High Permeability Dual-Density Torcon PPS Felt (7-
Denier/Unlined Face Out)-Midwesco Filter Resources
Product Number FWA429-9059 (11 bags).

4) “Standard” 7.0 denier Torcon PPS felt (9 bags).

Table 3 Test Fabric Properties — QA Test Results

Test Fabric (QA Test Results) | Weight Thickness (inches) | Permeability (cfm @ 0.5 | Mullen (psi, gross)
(ozlyd?) in. H,0)

7-denier Procon 16.69 0.105 128 505

Dual-Density (9058)* 15.36 0.097 86 444

Dual Density (9059)* 14.67 0.098 109 399

*Note from Grubb Filtration — These fabrics from the same master roll were just singed on opposite faces. We suspect that the
samples submitted for QA testing exhibited normal variations in weight and permeability throughout the master roll. It is not
conclusive, based on testing only one sample from the roll ends, whether there was any real difference in the average fabric

properties for the 9058 and 9059 test bag sets.

The high permeability, dual-density fabrics are essentially
dual-density versions of the standard 7-denier Torcon PPS felt
bags that are used at Plant Gaston. The only differences were

that the batt on one face would be a 50/50 blend of 2.7-denier
and 7-denier Torcon (rather than all 7-denier) and that the
permeability would be 85 + 15 cfm (rather than 125 + 20 cfm).
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Half of the bags were to be made from fabric singed on the
blended-denier (lined) face (9058) and the rest of the bags
were to be made from fabric singed on the 7-denier (unlined)
face (9059).

Table 4 presents the test results. The table includes the
number of filter bags originally installed of each type. The
bags were alternately installed in the 14™ row, the next to outer
row.

Table 4 Test Bag Drag Measurements for Special Dual-Density Felts

Bag Description # of | Installation Date | Test Date Clock Hours | Exposure Hours | Drag (in. Stnd. Dev.
Bags H,O/ft/min)

7-denier Torcon PPS | 9 5/23/2005 2/23/2006 | 6,527 6,399 0.20 0.06
7-denier Torcon PPS | 9 5/23/2005 11/26/2007 | 20,631 19,661 0.48 0.13
7-denier Torcon PPS | 11 2/23/2006 11/26/2007 | 13,713 13,262 0.56 0.14
Dual-Density .Torcon | 10 5/23/2005 2/23/2006 | 6,527 6,399 0.25 0.04
—9058

Dual-Density Torcon | 10 5/23/2005 11/26/2007 | 20,631 19,661 0.45 0.05
—9058

Dual-Density Torcon | 9 5/23/2005 2/23/2006 | 6,527 6,399 0.22 0.06
—9059

Dual-Density Torcon | 9 5/23/2005 11/26/2007 | 20,631 19,661 0.52 0.09
—-9059

7.0 denier Procon 17 5/23/2005 2/23/2006 | 6,527 6,399 0.25 0.05
7.0 denier Procon 17 5/23/2005 11/26/2007 | 20,631 19,661 0.54 0.10

Note-Eleven Standard bags installed 2/23/2006 replaced failed or missing test bags. All bags were in the front two quadrants. No

failed or missing bags were observed on 11/26/2007.

Note that the drag values on average approximately
doubled during the 14,000 hours between the first measure-
ments in February 2006 and the most recent measurements in
November 2007. The eleven “standard bags” installed in
February 2006 to replace the failed or missing bags had the
highest drag values in November 2007, even with only about
13,500 hours of exposure. This is likely attributable to the fact
that they were front quadrant bags that would have been
exposed to the highest dust loading.

The apparent best performer after 20,000 hours of
exposure appears to be the Dual-Density Torcon — 9058. This
can be seen visually in Fig. 6 that shows the average drag
value plus standard deviation for each of the four bag types.
The Dual-Density Torcon -9058 clearly has the lowest average
drag and smallest standard deviation of the four fabric types.
Testing of these filter bags will continue with additional
measurements planned for the fall of 2008.
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05 9059

Procon

9058 ¢

.
|
i PPS
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Fig. 6 Drag values and standard deviation ranges for November 2007 measurements

6 CONCLUSION AND RECOMMENDATIONS
Following a successful pilot-scale baghouse testing
program and after reviewing the performance of Luminant’s

COHPAC (EPRI’s patented Compact Hybrid Particulate
Collector technology) baghouse installation at its Big Brown
Station, Alabama Power Company (APCO) decided to install a




458 11th International Conference on Electrostatic Precipitation

COHPAC baghouse on Unit 3 at its Gaston Steam Plant in late
1996. A second COHPAC baghouse was installed at Gaston
Unit 2 in 1999. These baghouse systems were designed with
the low pressure/high volume pulse-jet cleaning technology
that orients the bags in concentric rings and uses rotating pulse
manifold arms.

Original 3.0 and 2.7 denier Ryton felted fabrics have given
way to higher permeability 7.0 denier PPS felt bags in both
units. Overall flange-to-flange and tubesheet pressure drop
performance has improved without compromising particulate
collection efficiency. Early bag failures caused by bag-to-bag
abrasion in the four front bag modules on both units were
minimized by the installation of two concentric tubular stainless
steel rings to restrain movement of the outer ring of filter bags.
Recent filter drag values of 0.5 in. HO/ft/min on Unit 3 and
0.3 in. H,O/ft/min on Unit 2 have been experienced at air-to-
cloth values of 8.0 ft/min. The lower drag values for Unit 2
reflect the younger age of its filter bags. Average pulsing
frequencies have ranged from 0.2 pulses per bag per hour for
recently installed 7.0 denier PPS felted bags up to 0.7 pulses
per bag per hour for older 2.7 denier Ryton felt bags.
Continuous cleaning resulting from heavy ash accumulation
has not been a problem unless the performance of the upstream
hot-side electrostatic precipitators degrades.

Special felted bag fabrics have been tested in the Gaston
baghouses since 2000. Early tests compared the performance
of 6.0 denier and 7.0 denier PPS felts with traditional 2.7
denier felts. 7.0 denier felted fabrics performed very well. This
led to full rebagging with this filter material in both baghouses.
More recently, various dual-density felts have been tested.
Results after 20,000 hours of flue gas exposure indicate that
the Dual Density Torcon — 9058 felt is the best of the four test
fabrics. The test program is continuing.

COHPAC baghouse installation has successfully reduced

stack opacity and eliminated the need for load reduction. Unit
3 outlet mass concentrations have averaged 0.0046 gr/dscf.
Comparing the average of the last eleven years of operation to
the average of the two years prior to COHPAC baghouse
installation, the average opacity for Units 3 and 4 has been
reduced 50% and the number of hours per month that the
average opacity has exceeded 20% has been reduced 95%. For
Unit 2’s eight years of operation, the comparable values for the
Unit 1 and 2 stack have been 38% and 89%, respectively. Unit
2 outlet mass concentrations have also averaged 0.0046
gr/dscf.
Except for early bag failure episodes on each unit caused by
bag-to-bag abrasion, bag life has been very good. The original
3.0 denier Ryton felted bags in the rear modules of the Unit 3
baghouse remained in service for five years accumulating over
39,500 hours of exposure to flue gas with few bag failures. Front
module bags in Unit 3, however, had much shorter bag lives
because of a higher incidence of bag failures. Average service
lives for the 3.0 and 2.7 denier filter bags were similar to those
of the follow-on 7.0 denier PPS felted fabrics, typically two to
three years, 19,000 to 27,000 hours of exposure to flue gas.

COHPAC baghouse performance for Alabama Power
Company has exceeded expectations and continues to provide
an excellent air pollution control benefit. Monitoring of the
performance of these baghouse should continue to insure the
future success of this technology for Plant Gaston.
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Big Stone Remodels ESP into Pulse Jet Fabric Filter

Thomas W. Lugar, Buell Division, Fisher-Klosterman and Jeff Endrizzi, Stu Schreurs, and DJ
Haggerty, Big Stone Plant, Otter Tail Power Co.

Short of replacement, what are your options when your original electrostatic precipitator fails to meet your current
emissions and opacity requirements? The management of Big Stone Plant chose the unconventional, yet economic
approach of building a pulse jet fabric filter inside the casing of the old electrostatic precipitator. The upgrades
restored plant availability and prepare the plant to meet the next regulated reductions in particulate matter emissions.

Otter Tail Power Co.’s Big Stone Plant Unit 1, located in Milbank, South Dakota, is a 475-MW plant that burns Powder
River Basin (PRB) coal (Figure 1). This unit was originally outfitted with an electrostatic precipitator (ESP) when it was
constructed in 1975. During the mid-1970s the number of ESPs installed on coal-fired boilers across the U.S. spiked
in response to the Clean Air Act of 1970. The long-established technology of the ESP was at the time considered the
best choice to meet the particulate emission requirements of the Clean Air Act.

iy
1. ESP upgrade needed. Big Stone Unit 1 elected to use the casings of its electrostatic precipitator (ESP) to house
a pulse jet fabric filter. The upgrade not only ended unit derates for opacity excursions and induced draft fan pressure
drop limitations, but the new equipment also performs well enough to meet anticipated future fine particulate matter

legislation. Courtesy: Buell APC

Many of those original ESPs are now candidates for an upgrade or replacement to meet the latest emissions and
opacity requirements. The precipitator’s collection efficiency can be maintained within the normal variations in boiler
operation, but its performance is sensitive to the electrical characteristics of the fly ash as defined by the type and
source of the coal burned. Many of these "first-generation" ESPs have been rebuilt with new and improved plate and
emitting electrode systems, power supplies, and control systems to extend their life. Others cannot meet current outlet
emissions and stack opacity rules, so plant owners face eventually replacing their aged ESPs with a pulse jet fabric
filter (PJFF).

At Big Stone Unit 1, a different and more cost-effective alternative was selected: Buell APC was retained to replace
the existing ESP with a PJFF configured to fit within the ESP casing. After overcoming the inevitable challenges that
occur when putting a square peg in a round hole, the conversion was completed in late December 2007. These
challenges were plant-specific, but many, as you will see, also apply to other utilities that might be considering similar
projects.
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Many Conversion Considerations

There are many reasons, beyond a poorly performing ESP, that would push a utility to consider an ESP replacement.
Some plants have completed a fuel switch that has adversely affected ESP performance. Others may have added a
flue gas desulfurization (FGD) system or scrubber upstream or downstream of the ESP for SO , reduction, thereby

reducing the effectiveness of the ESP. Others are looking ahead to the advantages of a modern fabric filter system to
help meet mercury emission limits or future fine particulate control (PM2.5) legislation. When considering future
emission requirements, replacing an ESP with a PJFF is probably on many plants’ short list of large-dollar projects.

Another issue: If the ESP is not consistently meeting outlet emission or opacity requirements due to aged internals
and close electrical clearances between electrodes, then a rebuild may solve these problems. However, performance
problems may be compounded if the ESP is treating a higher-than-original design gas volume that often results from a
fuel switch.

Switching to a low-sulfur coal, especially a subbituminous PRB, will also result in higher-resistivity ash and
degradation in ESP performance. Derating of the entire unit has been required in many cases to maintain emission
and/or opacity requirements. Depending on the severity of the performance deterioration, upgrade requirements may
include the addition of sections to the ESP, gas conditioning, or replacement/conversion to a PJFF system.

Some plants have selected a spray dryer FGD system for SO, reduction. In such cases, a pulse jet baghouse
downstream is a logical addition given the additional adsorption of SO , in the baghouse filter cake that reduces lime

consumption. If a wet limestone forced oxidation FGD system producing commercial grade gypsum is selected, the
amount of ash exiting the ESP and its chemical composition can cause potential problems with the quality of the
byproduct and the chemistry of limestone dissolution that affects overall SO, removal efficiency. The role of the

existing ESP, when adding a wet FGD system, thus extends beyond achieving stack opacity requirements. The
mechanical condition of the ESP and its ability to consistently meet the required fly ash loading limitations to the
scrubber have pushed many to add a PJFF.

Mercury removal efficiency with sorbent injection is also highly dependent on coal type, loss on ignition, flue gas
temperature, chlorine content in the coal, and SO, content of the flue gas. A number of test programs with injection

upstream of an ESP of various sorbents and enhanced sorbents, conducted by a number of sorbent suppliers with
funding from the Department of Energy, show that mercury removal rates of 30% to 90% are achievable. For many
coal-fired plants, the best option that gives consistent, high mercury removal efficiencies (frequently >90%) is sorbent
injection followed by a PJFF. The PJFF is an integral part of this mercury removal system.

In the future, standards will likely be enacted for stationary sources, limiting their release of particulate matter that is
2.5 micron diameter and less (PM2.5). These solid particulates will likely be limited to between 0.01 Ib/million Btu and
0.015 Ib/million Btu of fuel burned. Utilities may also need to control air toxics, with particulate matter becoming the
surrogate for a group of hazardous air pollutants in the form of heavy metals, a large percentage of which are emitted
from coal-fired boilers as fine particulates. For many older, relatively smaller specific collection area ESPs (collecting
plate area/1,000 acfm of flue gas treated), performance upgrades will be required to achieve PM2.5 emission limits.

In sum, there are many site-specific requirements that must be carefully studied when considering a PJFF upgrade or
conversion. Some utilities will conclude, after weighing their options, that removing the ESP and replacing it with a
PJFF is the right decision. Others, such as Otter Tail, will conclude that the conversion of an existing ESP casing to a
PJFF is the most flexible and economic path forward.
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Candidates for Conversion

We determined that there are two basic criteria that must be met for an ESP to be a good candidate for conversion to
a PJFF. First, the casing must be large enough in volume to accommodate the required cloth area for the filters.
Second, the casing of the ESP must be structurally sound and show minimal corrosion.

Other existing equipment modifications or replacements are often required, so a careful evaluation of the "as-built"
plant condition is obligatory. For example, know that there will be additional pressure drop in the exit gas ductwork
with a PJFF — often up to 8 inches wg. The additional pressure drop may require rebuilding or replacement of the
plant’s induced draft (ID) or combustion air fans, depending on the plant configuration. Structural reinforcement of the
ESP casing and ductwork may also be required if the original design pressure is exceeded.

Once the decision is made to convert an ESP to a PJFF, there are a number of advantages that the plant owner may
enjoy.

The obvious first advantage is economics — the conversion route is usually much cheaper than replacing an old ESP
with a new one or with a new PJFF. Those economics are often driven by the ability to install the PJFF in the existing
ESP footprint with minimal ductwork modifications required and the reuse of the existing hoppers and ash-conveying
systems.

For plants that have significant variability in their fuel supply specification, a PJFF also is much more forgiving in
operation than an ESP and stands ready for future sorbent injection addition for mercury control.

A third advantage: The PJFF can be designed with the capability (filter bag selection) to meet future PM2.5 emission
regulations during the design stage.

Big Stone Project Case Study

The Big Stone Plant entered commercial service in 1975 with a Wheelabrator-designed ESP for particulate emissions
control. The cyclone-fired boiler originally burned North Dakota lignite coal; however, in 1995 the unit was converted
to burn subbituminous PRB coal.

The precipitator consists of four chambers in parallel, each with four electrical fields. Each field measured 40 ft high x
45 ft wide x 14 ft deep. The plate spacing is 12 inches with 45 gas passages across each field. Guillotine-type inlet
and outlet dampers can close off a chamber if necessary. The discharge electrodes are "star" wires mounted on pipe
frame supports. Collecting plates are rapped with tumbling hammer rappers while the discharge electrodes use a
falling hammer/cam-drop style of rapper.

The process of realizing a well-functioning particulate collection system took a number of unexpected twists and turns
over the years. Following are a few of the challenges encountered by the staff of Big Stone.

Fuel Conversion Problems

ESP performance problems immediately began with the conversion from lignite to PRB coal. The problems were
principally due to the higher-resistivity ash and subsequent back corona formation, resulting in problems with meeting
the 20% stack opacity limit. A humidification system was added to condition the ash but did not prevent back corona
formation, and performance problems persisted.

In 1997 the plant considered a potential ESP retrofit technology, the Advanced Hybrid Particulate Collector (AHPC)
then under development by the University of North Dakota’s Energy and Environmental Research Center. AHPC
technology development was supported by the Innovations for Existing Plants component of the DOE Fossil Energy
R&D Program and then demonstrated under the Power Plant Improvement Initiative. The concept, which combines
filter bags and electrostatic precipitation zones in alternate gas passages in the same casing, was successfully pilot
tested on a 9,000-scfm slipstream at the Big Stone Plant in 2001, and Big Stone pulled the trigger for a full-scale
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AHPC retrofit of three outlet ESP fields in each of the four ESP chambers with the inlet field in each chamber left in
place but not energized. The retrofit was completed in October 2002.

Long story short, the upgraded ESP failed to meet its expected performance and operational goals. Frequent boiler
derates of between 30 MW and 50 MW were caused by ID fan limitations with high bag pressure drops and stack
opacity exceeding the 20% limit due to bag failures. By the spring of 2005, the AHPC technology was abandoned. It
did not eliminate the high-resistivity ash condition and back corona formation, which severely limited the effectiveness
of the electrostatic zone of the AHPC. The search for another ESP replacement technology began again.

PJFF Conversion Selected

Otter Tail Power Co. decided to replace the AHPC with a new conventional design PJFF that would be built alongside
the existing collector. The plan was to demolish the existing ESP after tie-in of ductwork to the new baghouse.

Buell Division of Fisher-Klosterman also proposed to Big Stone Plant management and engineering staff the cost-
saving alternative of converting the existing ESP casings to an intermediate-pressure, long bag PJFF. The ESP met
the criteria for conversion to a fabric filter. The casing volume was large enough to accommodate the required air-to-
cloth ratio, and the casing mechanical integrity was good (the go/no go criteria described earlier). ESP conversion to
fabric filter would be less than half the turnkey cost of a total replacement with a new baghouse.

Because the ESP configuration has four independent chambers, an added benefit of the conversion was that each
chamber could be blanked off during a short outage, allowing each of the four chambers to be converted while online,
albeit at reduced boiler load.

After competitive bidding, Buell APC was awarded a contract for engineering and material supply for the ESP to fabric
filter conversion (see sidebar for the design specifications). Otter Tail Power Co. directly contracted the construction
work (Figure 2).

2. One at atime. The ESP has four independent chambers that could be blanked off during an outage, allowing
each of the four chambers to be converted while online, albeit at reduced boiler load. Courtesy: Buell APC
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PJFF Design Specifications

Pulse jet fabric filter (PJFF) conversion project design parameters are as unique as the fuel that a plant burns.
For Big Stone Plant Unit 1, the basic PJFF specifications follow.

The guaranteed performance of the PJFF was:
* Opacity: 10%
* Outlet loading: 0.01 Ib/million Btu
» Bag life: Three years
* Maximum Ap: 8 inches wg
» Other key specifications included:
 Air-to-cloth (A/C) ratio, gross: 1:3.4
* A/C, net (with off-line cleaning): 1:3.6

* Interstitial/can velocity: 178 ft/min

Filter bags are made from 21-ounce woven fiberglass with PTFE membrane, acid-resistant coating. Each bag
is 6 inches in diameter and 25 feet long. Split cage, carbon steel, 24-wire cages are used with 4,028 bags per
chamber. There are 16 compartments total, four compartments in each electrostatic precipitator chamber,
yielding a total of 16,112 bags for the project. Also, each blowpipe pulses 27 bags with two blowpipes per bag
row.

PJFF Conversion Design and Construction

The ESP chambers had been partially converted to a pulse jet with the prior retrofit of the AHPC equipment. The walk
-in outlet plenums, vaned outlet dampers, and outlet ductwork installed with the AHPC retrofit were retained (Figure
3). The precipitator plates and emitters, support channels, rappers, bags, cages, and tubesheets from the hybrid
design were removed from each ESP chamber. Also, the gas-flow baffle plates were removed from the inlet pyramidal
nozzles.
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3. Keep the best, out with the rest. The AHPC retrofit tchnology walk-in plenums, dampers, and outlet ductwork

were retained. The ESP and AHPC internal hardware and ESP external electric hardware was removed as part of the
PJFF upgrade. The four separate chambers are shown with roof walk-in plenums and the long outlet ducts. Courtesy:
Buell APC

After all internals were removed, new tube sheets were installed and supported by a shelf angle around the perimeter
of each chamber. Three partition walls were installed in each chamber to compartmentalize each chamber into four
pulse jet compartments. Each compartment uses off-line cleaning by closing off the existing dampers located on the
roof of the outlet walk-in plenum.

No damper was added to the inlets of the compartments. An inlet transition duct with turning vanes was added to
each inlet pyramidal nozzle that fed the gas flow to a pulse jet compartment inlet plenum that extended down the
lower center of the chamber its full length (Figure 4). Gas flow entered each of the four compartments via a vaned
opening on either side of the inlet plenum. The top of the rectangular inlet plenum has a peaked "roof" at the top to

4. New entry created. Each ESP inlet pyramidal nozzle duct was modified with turning vanes and transition duct to
connect to a PJFF inlet plenum that extends the length of the chamber’s centerline. Courtesy: Buell APC

For bag cleaning, 32 completely shop-assembled air header assemblies were installed using a 4-inch solenoid valve
for each blowpipe. Each row of 54 bags on each tube sheet has two blowpipe assemblies with 27 bags per blowpipe
and 19 rows per compartment (Figure 5). The blowpipe pulse discharge hole size varies along the length of the
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blowpipe to ensure equalized pulse air cleaning volume to each bag. For access to the header assemblies and
solenoid valves, three new platforms were installed: two outboard of the end precipitator chambers (with weather
cover) and one under the existing control room located between the two pairs of ESP casings. A walkway was added
with a new side access door for bottom access to each pulse jet compartment

5. Ready for installation. These are three of the 608 required blowpipes in the fabrication prior to shipment to the
Big Stone plant. A 4-inch solenoid controls the compressed air used by each blowpipe to clean the filter bags. A total
of 608 pulse valves were used on the project. Courtesy: Buell APC

An Allen Bradley PLC with a Control Logix 5561 Controller was selected to manage the sequencing of the 608 pulse
valves and 16 compartment outlet dampers. A cleaning cycle for the 16 compartments is initiated when the integrated
average of the four chambers’ pressure drop reaches a setpoint or by a timer control with a pressure drop setpoint
override. The preferred pulse cleaning mode, with pulse pressures of 45 psi to 55 psi, is off-line cleaning, but the
system has the capability of online cleaning to accommodate outlet damper maintenance, if required. Each pair of
blowpipes on either side of a row of 54 bags is pulsed simultaneously in sequence from row 1 through row 19. In
online cleaning mode, a staggered blowpipe pulsing sequence is used. The individual compartment tube sheet
differential pressures are monitored and compared to the before cleaning values to display the bag cleaning
effectiveness.

During the design phase, both a numerical model study and physical model study were performed on the PJFF flow
configuration. To ensure optimum pulse cleaning of the 27, 25-foot-long bags on a blowpipe, blowpipe design and
optimization laboratory tests were conducted by the pulse valve supplier.

Buell APC contracted Airflow Sciences Corp. to perform a flow model study to ensure that the new baghouse
conversion configuration met the Institute of Clean Air Companies (ICAC) standards for flow uniformity. The flow study
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used both numerical and physical modeling techniques. The computational model of the Big Stone conversion scope
was from the guillotine damper just upstream of the inlet nozzle to the ID fan inlets.

Numerical Model Study. The goals of the numerical modeling were to ensure that the flow split between
compartments in a chamber met ICAC F-7 criteria (within £10%) and to optimize gas flow distribution and minimize
losses in the inlet transition to the fabric filter inlet manifold. The computational model found that the flow split between
the four compartments in a chamber met the ICAC criteria, although several changes were made to the inlet transition
vanes to further improve the flow distribution and reduce the flow losses below that of the baseline design.

Scale Model Testing. The goals of the physical modeling were to confirm the numerical modeling results, ensure that

no significant ash buildup occurred in the ductwork and inlet manifold floor through dust deposition tests, and quantify
the system pressure losses. The physical model testing was based on a 1/12 scale model (Figure 6). As the four
chambers of the baghouse are identical, only a single chamber was modeled. The physical model scope extended
from the inlet transition nozzle of the baghouse through the outlet ducts to the common duct that leads to the ID fan
inlets.

6. Computer-designed and model-tested. A numerical flow study confirmed that the flow split and distribution met
ICAC standards and that the inlet design kept flow losses to a minimum. A 1/12 scale model of one of the four
identical chambers of the PJFF was tested to confirm the computational modeling results. Courtesy: Buell APC

The results of the physical modeling showed that there was good agreement between the numerical and physical
model results. Dust deposition tests confirmed that the majority of dust was swept clean from the inlet manifold floor at
75% of full load flow velocity and no significant buildup of dust was observed at 100% flow. The flow split between the
four compartments was 23.1%, 22.8%, 26.6%, and 27.5% — well within predictions.

Blowpipe Design and Optimization Tests

Goyen Controls Co. Pty Ltd., Sydney, Australia, conducted blowpipe design optimization laboratory tests. A 27-outlet
blowpipe was fabricated per Buell’s specification with additional pressure tap locations. Four-inch blowpipes and
valves were selected to meet the pulse cleaning airflow requirements for 27 bags per blowpipe.

The goals of the blowpipe optimization tests were to determine the staggered pipe orifice sizes along the pipe that
would provide equal pulse air volume to each bag (within £10%); determine the optimum blowpipe air straightening
nozzle diameter, length, and height above the tube sheet; and determine the air consumption required per blowpipe.
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A clean filter bag is usually not very indicative of the cleaning performance with dust-laden filter bags when testing a
blowpipe system. Rather than using clean filter bags, Goyan accurately simulated a dust-laden filter bag using a jet
pump duct. A significant advantage of the jet pump duct is that it is possible to simulate a range of dust loadings by
altering the position of the blast gate (altering the resistance to the pulse), thereby mimicking the varying dust loads
on the filter bags. The jet pump duct is 3 meters long with a diameter of 150 mm. A blast gate is located 1 meter from
the entry of the duct. A flow meter arrangement using an orifice plate is located at the exit of the duct. Pressure taps
are located halfway between the duct entry and the blast gate. Test runs along the blowpipe outlets were conducted
at 45 and 60 psi pulse pressure. A good distribution of cleaning flow along the blowpipe was achieved with cleaning
flows within £10% of the average, as designed.

Pulse Jet Conversion Installation

The outboard two ESP chambers were converted during the spring of 2007, one at a time, starting in early March. The
first chamber was removed from service with a short outage for blanking plates to be installed in the chamber’s inlet
and outlet rectangular ducts. The first chamber was converted during a six-week period, with the unit at reduced load,
and started up in April 2007. Conversion of the second outboard chamber followed during another six-week period.
Start-up of the second converted chamber occurred in June 2007. During the summer and early fall, the unit operated
with the two converted pulse jet chambers and the two chambers with the AHPC design. The remaining two ESP
chambers were converted to pulse jet operation during a scheduled late fall outage. The completed conversion was
fully operational in December 2007.

All performance guarantees were met, including stack opacity and pressure drop. The stack opacity was close to
zero, prompting Big Stone Plant to forego the outlet emission tests. In 2008, Big Stone Plant Unit 1 set a new annual
generation record. Operating restrictions caused by opacity problems or ID fan pressure drop limits are just a
memory.

——Thomas W. Lugar (twl@fkinc.com) is vice president of the Buell Division of Fisher Klosterman, A CECO
Environmental Company. Jeff Endrizzi is plant manager, Stu Schreurs is principal engineer, and DJ Haggerty is plant
engineer at Otter Tail Power Company’s Big Stone Plant.
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