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Chapter 33

Particulate Control

As steam is widely generated by the combustion of of many more elements ars also foundin ash The pro-
most fossil fuels, the fine gas earries particulate mat-  portion of the major constituents varies significantly
ter, principally ash, from the furnace. Exceptfornatu-  between coal type and mine location. The analysis and
ral gas, all other fossil fuels contain some quantity of  composition of flyash are discussed in greater detail
non-combustibles which form the majority ofthepar-  in Chapters 9 and 21, o
ticulate. Unburned earbon also appearsasparticulate. Othersignificant coal ash properties are particle size
Particulate control is needed to collect this material  distribution and shape, both of which are dependent
and to limit its release to the atmosphere, on the type of firing method. Stoker-fired units gener-

All coals contain some amount of ash, The amount  ally produce the largest particles. Pulverized coal-fired
of ash varies depending on the type of coal, location,  boilers produce smaller, spherical shaped particles of 7
depth of mine and mining method In the United  toI12microns (Fig. 1), Particles from Cyeclone-fired units,
States (.S ), eastern bituminous coals typicallycon-  also mostly spherical, are among the smallest, Fluid.
tain 5 fo 15% ash while the western subbituminous  ized-bed units produce a wide range of particles that
coal ash content may range from 5 to 30% ash by  are generally less spherical and are shaped more like
weight. Texas lignites alsa contain ap Lo 30% ash.  crystals. Knowledge of ash properties is important in
Mining methods on thin seams of coal may also con-  theselection of the correct particulate control equipment,
tzﬂs‘»wu]’:e to hx'g'he;' ash quantities (see Cléapter 9).

exn coal is burned in conventional oilers, 2 por- 5 y il
tion of the ash drops out of the bottom of the furnace Regulation of Particulate emissions
(bottom ash) while the remainder of the ash is carried Particulate control equipment was first used by
out of the furnace in the flue gas. It is this remaining  utilities in the 1920s and before that time in some in.
ash (flyash) that must be collected after the furnace  dustrial applications ! Prior to 1971, however, controls
and before exhausting the flue gas to the atmosphere.  were installed largely on a best effort basis. In 1971,

Different combustion methods contaibute different  thefirst Environmental Protection Agency (EPA) per-
proportions ofthe total coal agh content to the flue gas. formance standard limited outlet particulate emissiong
With pulverized coal firing, 70 to 90% of the ashis  to 0.11b/10° Btu (123 mg/Nm® at 6% 0:) heat input
carried out of the boiler with the flue gas. A stoker- :
fired unit will emit about 40% of its ash in the flue
gasalong with some amount of unbwrned carbon. With
Cyclone fiving, only 15 to 40% of the ash is noxmally
carried by the flue gas. On circulating fluidized-bed
boilers, all of the ash, along with the fluidized-bed
material, is carried by the flue gas. Therefors, the se.
Iection and design of particulate control equipment are
closely tied to the type of firing system.

An American Society for Testing and Materials
(ASTM) ash composition analysis test (ASTM D-3682-
01) of a coal ash sample reveals the major ash compo-
nents. Proximate and ultimate coal analyses commonly
offeradditional insight and also provide total ash con-
tent. Ash components are typically reported in the ox-
ide form and include silicon dioxide, titanium dioxide,
iron oxide, aluminum dioxide, calcium oxide, magne- :
sinm oxide, sodium oxide, potassium oxide, sulfur tri- 2 QTR
oxide and diphosphorous pentoxide. Trace quantities  Fig 1 Flyash from pulverized coal {magnified X 1000).
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and stack opacity to 20% for those units larger than
250 x 10°Btu/h (73.3 MW,) heat input. Opacity, mea-
sured by an instrument called a transmissometer, is
the poztion of light which is scattered or absorbed by
pazticulate s the source of light passes across a flue
gas stream. Therefore, both the amount and appear-
ance of the stack emissions are regulated, Since 1979,
the EPA New Source Performance Standards (NSPS)
for particulate control permit a maximum of 0.03 Ib/
10°Btu (36 9 mg/Nm3at 6% O,) heat input for these
units. A 20% opacity is still permissible.

. Federal and state EPA regulations set the primary
guidelines for particulate emissions. In addition, many
local regulatory bodies have generally stricter regu-
Iations than those set by the federal EPA. There are
separate emissions standards for a variety of combus-
tion processes including steam generators firing coal,
oil, refuge and biocmass. Currently there are three ma-
jor classification levels for steam generating units: one
for units greater than 250 x 10° Btuw/h (73.3 MW)), one
for the 100 to 250 x 10° Btu/h (29 3 to 73.3 MW,) units,
and a third for those units less than 100 x 10° Biw/h (29.3
MW)) heat input.?? Finally, if a new plant is in a
nonattainment area, the permissible particulate emis-
sions and opacity may be significantly reduced from
nominal control levels.

Particulate control techriologies

Particulate emissions from the combustion process
are collected by pazticulate control equipment (Fig. 2).
This equipment must remove the particulate from the
flue gas, keep the particulate from re-entering the gas,
and discharge the collected material, Thers are sev-
eral major types of equipment available including
electrostatic precipitators, fabric filters (baghouses),

mechanical collectors and venturi scrubbers, Fach of

these uses a different collection process with different
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factors affecting the collection performance. Prior tothe
1980s, the technology of choice for large coal-fired utility
plants was the dry electrostatic precipitator, with fabrie
filters a distant second. Today, preference is given to the
fabric filter (pulse jet type) for reasons described below.

Dry electrostatic precipitators

A dry electrostatic precipitator (ESP) electrically
charges the ash particles in the flue gas to collect and
remove them. The unit is normally comprised of a se-
ries of parallel, vertical metallic plates (collecting elec-
trodes or CEs) forming duets or lanes through which
the flue gas passes Centered between the CEs are dis-
charge electrodes (DEs) which provide the particle
charging and electric field. Fig. 31is a plan view ofa typi-
cal ESP section which indicates the process arrangement.

Charging The CEs are typically electrically grounded
and connected to the positive polarity of the high volt-
age power supply. The DEs are suspended off of elec-
trical insulators in the flue gas stream and are con-
nected to the output (negative polarity) of a high volt-
age power souxce, typically 55 to 85 average kV DC. An
electric field is established between the DEs and the Cls,
and the DEs will exhibit an active glow, ot corona. As the
flue gas passes through the electric field, the particulate
takes on a negative charge which, depending on particla
sizg, is accomplished by field charging or diffusion.

Colfection The negatively charged particles ave at-
tracted toward the grounded CEs and migrate across
the gas flow. Some particles are difficalt to charge,
requiring a strong electric field. Other particles are
charged easily and driven toward the plates, but also
may lose the charge easily, requiring recharging and
recollection. Gas velocity between the platesisalsoan
importarit factor in the collection process since lower
velocities permit more time for the charged particles
to move to the CEs and reduce the likelihood of loss
back into the gas stream (re-entrainment). In addi-
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Fig. 3 Pariicle charging and colleclion within an ESP

tion, a series of CE and DE sections is generally nec-
essary to achieve overall par ticulate collection require-
ments In modern ESPs designed for utility flyash,
four or more sections in series are required to achieve
design collection levels.

The ash particles form an ash layer as they accumu-
late on the collection plates, The particles remain on the
collection surface due to the forces from the electric field
aswell as the molecular and mechanical cohesive forces
between particles. These forces also tend to make the
individual particles agglomerate, or cling together.

Rapping The ash layer must be periodically removed
Themostcommon removal methodis rapping which con-
sists of mechanically striking the collection surface; this
rapping force dislodges the ash. Because particulate
tends toagglomerate, the ashlayerisremoved in shests
This sheetingis important to prevent there-entrainment
of individual particles into the flue gas stream, requir-
ing recharging and recollection downstream

While mostofthe particles are dviven tothe CEs, some
posttively charged particles attach to the DEs. A sepa-
rate rapping system is therefore used to remove depos-
its from these electrodes and maintain properoperation.

Ash removai The dislodged particulate falls from
the collection surface into hoppers. Once the particu-
late has reached the hopper it 1s important to ensure,
by proper design, that it remains there in bulk form
with minimalre-enirainment until the hopper s emp-
tied. (See Chapter 24 for hopper ash removal meth-
ods and equipment )

Dry ESP applications

Utility Because coal is the most common fuel for
steam generation, collection of the eoal ash particles
is the greatest use of a particulate collector. The elec-
trostaticprecipitator has been the most commonlyused
collector To meet the particulate contyol regulations
for utility units and considering the resulting highcol-

lection efficiency, special attention must he given to -

details of precipitator sizing, rapping, flow distribu-
tion and gas bypass around the collector plates. The
- result will then be a collector that can be confidently
and consistently designed and operated to mesat the
outlst emissions requirements. Operating collection ef-

" ficiencies which exceed 99.9% ate common on the me- -
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dium and higher ash coals with outlet emissions levels
of 0.01 t0 0.03 1b/10° Btu (12 3 to 36.9 mg/Nm® at 6% Og)
heat input common on all coals, ESPs are also widely in-
stalled on utility boilers that fire oil 2s theix principal fuel.

fndustrial Other common noncoal-fired industrial
units where ESPs are successfully being applied in-
clude municipal refuse incinerators snd wood, bark,
and oil-fired boilers. For these, the ash in the flue gas
is typically more easily collected than coal flyash so
an ESP of modest size will easily collect the particu-
late. The moisture content in the refuse, wood and bark
is the major contributor to the low resistivity. The car-
bon content of the residue, ash and unburned com-
bustibles also contributes to low resistivity. (See note
below.) -

Pulp and paper In the pulp and paperindustry, pre-
cipitators are used on power boilers and chemical re-
covery boilers. The power boiler particulate emissions
requirements are the same as those for the industrial
units using the same fuels, For the recovery boilers,
precipitators are used to collect the residual salt cake
in the flue gas. Chapter 28 contains further informa-
tion on the recovery boiler processes and the reuge of
the collected material.

A recovery boiler is a unique application for a pre-
cipitator due to the small particulate size and the ten-
dency for the cohesive ash particles to stick together.
The resistivity of the particulate is low so itis collected
easily in the ESP. However, the fine particulate can
also cause problems with the generation of effective
corona by the DEs due to an effect callad space charge,
Because the particulateis so small, gasbypass around
collector plates and re-entrainment of rapped particu-
lates in the flue gas are more of 2 design concern. Re-
entrainment is minimized by proper gas flow control
and by lower gas velocities. Precipitator collection ef.
ficiencies are 99.7 to 99.8% to meet the 20% opacity
and the local emissions requirements. Due to the chaz.
acteristics of the salt cake particulates, a drag chain
conveyor across a precipitator floor, rather than a

Note: Resistivity is an inversa measure of a particle's ability
to accept and hold 2 charge. Lower resistivity indicates im-
proved ability to accept a charge and be collected in an ESP.
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normal hopper, is used for salt cake removal, In addi-
tion, casing coxrosion is a more significant concern
and as a result more insulation is required to reduce
casing heat loss. Finally, in oxder to improve system
reliability, two precipitator chambers are commonly
used, each capable of handling 70% of the gas flow and
each equipped with sepazate isolation capabilities.
Precipitators have also been applied in the steel in-

dustry to collect and recover the fine dust given off

by some processes.

Dry precipitator components

All ESPs have several components in common (Fig.
4) although there is some shape and size variation bs-
tween units, 1

Casing As shown in Fig. 4, the structure forming
the sides and roof of an ESP1s a gas-tight metal cased
enclosure. The structure rests on a lower grid, which
serves as a base and is free to move as needed to ac-
commodate thexmal expansion All of the collecting

Precipitalor Conlrols

Girder Suppart.
Asssmbly

Fig. 4 B&W rigid frame electrostatic precipitator.
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plates and the discharge electrode system are top sup-
ported from the plate girder assemblies, The entire
enclosure is covered with ingulation and lagging. Ac-
cessdoors in the casing and adequately sized walkways
between the fields assist in maintenance aceess for the
internals.

Materials for the precipitator enclosure and inter-
nals are normally carbon steel, ASTM A-36 or equiva-
lent, because gasconstituents are noncorrosive at nor-
mal operating gas and casing temperatures, Projects
with special conditions may wairant an upgrade in
some component materials.

Hoppers For utility flyash applications, metal in-
verted pyramid-shaped hoppers are supported from
the lower grid and are made of externally stiffenad
casing. The hoppers provide the lower portion of the
overall enclosure and complete the gas seal. Their
sides are designed with aninclination angle of atleast
60 deg from horizontal. Hoppers are generally de-

“signed as particulate collection devices that can store

Collecting Electrodes

Steam 41 / Particulate Conlrol




ash for short periods of time when the ash yemoval
system is out of service.

Because many ash removal systems are noncontinu-
ous, the followingitems are normally supplied with the
precipitator hoppers to ensure good particulate removal:
hopperheaters, electromagnetic vibrators, poke holes,
anvil bars and level detectors. Hot air fluidizing systems
are also sometimes supplied to assist in ash removal.

For non-utility flyash applications, the use of altex-
native ash holding/temoval designs are common,
These include flat-bottom with drag scrapers, wet-
bottom, and trough-type hoppers. ;

Collecting efectrodes Asshownin Fig. 4, the CEsur-
face typically consists of a series of roll-formed eollec-
tor plates assembled into a CE and supported from the
top. CEs are also widely referred to as plates or cur-

tains. The CEs are spaced in rows across the width of

the precipitator, typically on 12 or 16 in. (305 or 406
mm) centersin modern designs that also use rigid DEs.
In clder designs, CE spacings of 9 or 10 in. (229 or
254 mm) were generally secen when used with wire
(0.109in./2.8 mm diameter typical) DEs. In the direc-
tion of gas flow, the CE sections are arranged into
fields which are normally powered by separate and
dedicated power supplies. The collection surface area
in the Deutsch-Anderson equation (ses Equation 1)
ig the total CE plate area required for particulate col-
lection. For calculating surface area, the CF assem-
bly is treated as a plane and includes both sides of the
CE where exposed to gas flow. The rolled plates can
beup to 50t (15 2 m)inlength with a shop straightness
tolerance of 0.5 in. (12.7 mm). CEs may also be large
flat plates with stiffener bars added to maintain
stxaightness. For optimum performance with a uniform
electric field and with minimal inter-eloctrode spark-
over or elecirical arcing (high current spark), the align-
mentof collection swrface and electrodes must be main-
tained within tight talerances

Discharge electrodes and insulators As described in
the section on charging, the DEs, connected to the high
voltage power source, are located in the gas stream
and sexrve as the source of the corona discharge. These
electrodesare the central components of the discharge
system which is electrieally isolated from the grounded
portions of the ESP. An electrical clearance gap of 6 to
8in. (152 to 203 mm), depending on CE spacing, must
be maintained throughout the ESP between the DE
system and any grounded components.

Discharge electrodes are found in saveral shapes.
Common types include the rigid frame, rigid electrode
and weighted wire. The rigid frame, shown in Fig 5,
consists of strips of electrode supported between see-
tions of frame tubing. Each fiame is attached to a
structural carrier, both front and rear. This assembly
is supported by insulators forming a four point sus-
pension system, The rigid electrode consists of a mem-
ber with proprietary shape that is top supported and
hangs the full lieight of the precipitator The typical
rigid electrode top support is also a frame hanging
from insulators. The lower ends of the rigid electrode

have a guide barand side to side spacers. The thirdtype

of discharge electrode, weighted wire, consists of a
round or barbed wire supported at the top and held
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straight and in tension with a weight at the bottom. The
upper frame is suppaorted from insulators and thereis a
lower steadying frame to guide and space the electrodes.

For highest equipment reliability, either the rigid
frame or rigid electrode is the most common configura-
tion. Discharge electrode failure in the form of broken

- wires has been a recurring problem with the weighted
wire electrodes, particularly with lengths of 30 ft @1
m) or more, resulting in performance deterioration,

Gas flow controf devices ESPs operate most effi-
ciently when the gas flow is distributed evenly across
the ESP cross section. Flow control devices such as
turning vanes, flow straighteners and perforated
plates are frequently installed in the inlet and outlet
flues, and flow transition pisces, to provide the desired
degree of flow uniformity while optimizing resultant
pressure drop.

Rapping systems As shown in Fig. 4, the most of.
fective method of cleaning the collector curtains is to
rap each one separately and in the direction of gas
flow. This method assures that each curtain receives
a rapping force The rapping system shown is a tum-
bling hammer type, where the hammer assemblies are
mounted on a shaft extending across the ESPina stag-
gered arrangement The shaft is turned slowly by an
external drive controlled by timers for rapping fre-

Support Insulator
{4 per Bus Section)

Vedgad Welded

Rapper Bar
Assembly = Rapping System

Fig.5 Rigid frame discharge elecirode and rapping system for an ESP.
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quency and optimum cleaning. Hammer size is selected
to match the application and size of the collector cur-
tain. External, top-mounted rapping technology has
also been widely used, principally in the U S. Typi-

- cally, more than one collector curtain is rapped at a
time with this method, and the 1apping force isin the
downward direction on the top edge of the curtains.
Both a drop rod and magnetic impulse are the drive
mechanisms used. ‘

Dus to the difficulty of cleaning high resistivity flyash
from the collection surface, considerable tests have heen
performed to ensure that adequate rapping forces are
transmitted across the entire collection surface, A mini-
mum acceleration of 100 gapplied at the farthest point from
impact hag been established as an industzy standard.

Typically, rapping of the rigid frame discharge elec-
trodes is accomplished using a tumbling hammer sys-
tem as shown in Fig. 5. The hammer assemblies are
mounted in a staggered airangement on a shaft
acrogs the width of an electrical section. Note that a
smaller hammer than that used for the collector sys-
tem is required for proper cleaning of the discharge
electrodes. An external drive unit mounted on the
precipitator roofis used to slowly turn the rapper shaft
and, because itis attached directly tothe carrierframe,
the drive shaft must also be electrically isolated with an
insulator. As with the collector system, top rapping of the
discharge electrodes is another method of cleaning that
is typically used with the rigid electrode designs.

A rapping system is sometimes used on the flow dis-
tribution devices at the precipitator inlet.

Power supplies and controls A transformer rectifier
(TR) set along with a controller supply the high volt-
age power to the discha:ge electrode system. Several
TR sets are normally needed to power a precipitator.
‘With this combination of electrical components, the
single-phase 480 VAC line voltage is regulated in the
controller and then transformed into a nominal 55,000
to 75,000 V before being rectified to a negative DC
outputfor the discharge system. Electrically, a precipi-
tator most closely resembles a capacitive load. Due to
the capacitive load and the nature of the precipitator
internals, the TR set must be designed to handle the
current surges caused by arcs between the discharge
electrodes and the grounded eollection surface. A cuz-
rent-limiting reactor in series with the TR set primary
also helps to temporarily limit the current surges,

Traditionally, a voltage controller tries to maximize
the voltage input to the precipitator, To achisve this
input and when operating as designed, the controller
must peviodically raise the voltage to the point of
sparking between the discharge electrode and the
collection surface. The controller must then also de-
tect the sparks and reduce the voltage to avoid an arc

Today's microprocessor TR controls with quick re-
sponse times, intet face advantages and programming
capabilities provide many functions to optimize par-
ticulate collection.

Dry precipitator sizing factors

An ESP is sized to meet a required performance or
particulate collection efficiency. The sizing procedure
determines the amount of collection surface to meet
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the specified performance, An equation which relates
the collection efficiency (E) to the unit size, the par-
ticle charging and the collection surface is the Deutschi-
Anderson squation:!

o Inlet dust loading — Outlet dust loading
mim x( Tnlet dust loading ] @
E et :
1 I-o-a =e 2) . .
or
1 vV
== 7, Y PR e | L
= [ "’(1—(E/mo))] w @)
where
E = ESP removal efficiency, % of inlet particulate
removed

w = migration velocity, ft/min (m/s)
A = collection surface area, ft? (m?)
V = gas flow, ft%min (m%¥s)

Migration velocity is the theoretical average veloc-
ity at which the charged particles travel toward the
collection surface. Thisvelocity is dependent upon how
easily the particulate is charged, and the value is nor-
mally selected by empirical means based on experi-
ence. The factors which affect migration velocity are
the fuel and ash characteristics, the operating condi-
tions, and the effects of gas flow distribution.

These factors also have an effect on the ability of the
particulate fo accept a charge. A commonly used indica-
tion of this effect is resistivity, measured in ochm-cm. Fig.
6 illustrates typical resistivity curves for two fuel ashes.
High resistivity ashes result in low migration velocities
and large collection surface areas while average resis-
tivity aches result in moderately sized surface areas,ie., {
lower resistivity indicates improved collection. ]

As previously discussed, the flue gas will pass '
through a series of collection fields. ESPs collect pax-
ticulate in geometric fashion meaning each field will
tend to collect very roughly 80% of the particulate !
entering that particular field Therefore, theinletfield
will collect the vast majority of the total mass particu-
late with each suceessive field collecting geometrically
less of the total For example, the first field could col-
lect 80% of the total particulate loading while the see-
ond field would collect 80% of the remaining 20% or
16% of the fotal particulate loading, ete. :

Fuel and ash characteristics The fuel and ash con- 1
stituents which reduce resistivity or that are favorable
to ash collection in an ESP include moisture, sulfur,
sodium and potassium. Applications with sufficient
quantities of these componeats usually result in mod-
erately sized precipitators. Constituents which ham-
per ash collection and increase outlet emissions include
calcium and magnesium. High percentage concentra-
tions of these items without offsetting quantities of the
favorable constituents result in poorer collection and
larger precipitators. The fuel and ash constituents and
their relative quantities must be reviewed in the siz-
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ing process to determine the overalil effect on migra- W - 900
tion velocity. The migration velocity/resistivity can then = s
be aliered to some extent by controlling the content - ]
of the critical constituents. £ P e s ]

Gas femperature, volume and distribution As indi-
catedin Fig. 6, gas temperature has a direct effect on
resistivity and on the gas volume passing through the
ESP. Gas flow from the boiler also has an effect on siz-
ing as indicated by the Deuntsch-Anderson equation.
There is an cptimum gas velocity range within an ESP
for maximum performance which must be considered
as part of the design selection. Maximum ESP effi-
ciency is achieved when the gas flow is distributed
evenly across the unit cross section. Uniform flow is
assumed in the ESP sizing caleulations and should be
verified during the design stage by using 2 flow model.
These models should include the precipitator as well
as the inlet and outlet flues. Flow uniformity is typi-
eally achisved by installing distribution devices in the
flue transition sections immediately upstream and
downstream of the ESP. Hopper design must also pre-
vent high velocity areas to avoid flyash re-entrainment.
The industry standard for flow distribution and model-
ingis the Institute of Clean Air Companies EP.7 5

Particle size distribution Particle size also affects
ESP design and performance A particle size distribu-
tion versus collection efficiency curve (Fig. 7) indicates
that an ESP is less efficient for smaller particles (less
than 2 microns) than for larger ones Therefore, ESP
applications with a high percentage of particles less
than 2 microns will require more collection surface
and/or lower gas velocities.

Sectionalization Sectionalization refers to how many
or how few independent high voltage power suppliesare
installed on an ESP. ESP performance improves with
additional, independently energized sections, but im-
proving performance must be weighed against addi-
tional capitaland operating costs. Proper sectionalization
canavercome theeffects ofa poorly operating section(s) due
toadverse process or mechanicalelectrical conditions.
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Fig. 6 Typical ash resistivity.

Steam 41 / Parficulate Controf

] | )

e
f\>\/\ ;

Average of 5
Fabric Filter Sources
P W] L1 trsiilogn

10° 1 107
Particle Diameter (Micrometers)
Fig.7 Summary of fine parliculate collection (adapted from Reference 4).

Percent Panetrallon
g,
il
o

Percent Collection

FTTTTT

10 L
1ot

Rapping effects Rapping causes some amount of
particulate re-entrainment in the flue gas flow. Given
the nature of the precipitation process, adjustment of
rapping (how often and how intense) can greatly im-
pact outlet emissions, either positively or negatively,
Proper rapping adjustment in the outlet sections is
especially important because there are no downstream
sections to handle re-entrainment due to over-rapping.
There are no set industry standards for rapping ad-
justments although many suppliers begin with pro-
prietary guidelines Effective fine-tuning is usually
based upon the supplier’s field experience or plant
personnel familiar with the specific ESP.

Ash removal Proper ESP design will prevent opera-
tional issues associated with re-entrainment from the
hoppers. However, a malfunctioning ash removal sys-
tem can also cause problems. High ash levels can per-
mit excessive re-entrainment, and can cause electri-
cal malfunction if the ash pile contacts the discharge
electrode system (high resistance grounding). If not
corrected, ash removal malfunction can also cause the
ash pile to float upward and distort the DEs.

Performance enhancements

A change in fuel, a boiler upgrade, a change in
regulation, or performance deterioration may call for
a precipitator performance enhancement. Enhance-
ment technigues include additional collection surface,
flue gas conditioning, improved/modified gas flow dis-
tribution, additional sectionalization, additional rap-
ping, control upgrades and internalsreplacement. Gas
conditioning alters resistivity by adding sulfur triox-
ide (SO3), ammonia, moisture, or sodium compounds
while the other modifications involve only mechani-
cal and/or electrical hardware changes.

After identifying the causes of ¢urrent or antici-
pated performance deterioration, the equipment is
surveyed to determine the need for replacement or
upgrade Additional collection surface, in series orin
parallel with existing surface, may be needed to mest
improved particulate collection needs. Gas condition-

33-7




KPSC Case No. 2011-00401

Sierra Club's First Set of Data Requests
Dated January 13, 2012

Iltem No. 5

Attachment 179--Redacted

Eaes Page 30 of 126

ing may be used to offset soma collection surface defi-
ciency or to enhance the performance of a marginal
precipitator Large dust accumulations near the pre-
cipitator entrance, flow patterns on the collection sur-
face, and a velocity traverse across the precipitator face
indicate possible flow maldistribution. Inaddition, TR
set confrollers made before the mid-1980s can poten-
tially benefit from an upgrade to improve perfor-
mance. Finally, a detailed internal inspection will de-
termine a possible need for replacement of collection
surface and discharge electrodes and the need to up-
grade the rapping system. A combination of enhance-
ment techniques may be needed.

Wet electrostatic precipitators®

The collection of acid mists consisting of fine par-
ticulate has been accomplished with wet electrostatic
precipitators (WESPs) for nearly 100 years, principally
on industrial processes. These WESPs differ from the
dry ESPs in both materials and configuration; how-
ever, tha collection mechanism is basically the same,
Typical operation is at or below the flue gas acid mois-
ture dew point temperature for the gas being filtered,
and particulate loading is low compared to normal coal-
fired dry ESP applications. Collection efficiencies of
99% have been reported with wet ESPs when precipi-
tator sections or modules are placed in series. (See
Chapter 85, Fig. 15.) !

Boiler applications Wet ESPs have not historically
been used for utility or industrial boiler emissions con-
trol when firing coal, oil or gas. However, with the
emergence of expanded emission control requirements,
reduced emission limits, use of non-traditional fuels
and the interactions of other emissions control equip-
ment, there has been renewed interest in the usa of
WESPs to control selected emissions, especially of sul-
furic acid mist and fine dry particulates. Firing of pa-
troleum coke and Orimulsion® fuel can result in el-
evated levels of SOs in the flue gas In addition, as
noted in Chapter 84, SCRs on coal-fired systems have
a tendency to increase the concentration of §0sin the
flue gas due to the oxidation action of the catalyst, De-
pending upon the catalyst selection, this oxidation can
increase the SO3 significantly on the higher sulfur fu-
els. As the SOs is carried through the cooler backend
equipment, it condenses and becomes an acid mist
(H2504). When wet flue gas desulfurization systems
are used for sulfur control, significant levels of SO/
acid mist tend ta pass through the system and result
in opacity/visibility problems at the stack, (See Chap-
ter 35.) Add mist has also been noted on some units
without the wet FGD systems. WESPs have deman-
strated the ability to effectively collect the H:80, and
other aeroscls in such environments.

Wet precipitator design The WESP design gener-
ally follows that of dry ESPs. However, WESPs differ
from dry ESPs in three key areas. First, the physical
arrangement of WESPs can be non-standard com-
pared to dry ESPs. The WESP configuration and
shapes of the key components can be adapted to inte-
grate the WESP with other system equipment, such
as the case of the integration of a WESP in a wet flue

. gas desulfurization system discussed in Chapter 35.
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The components can also be configured in a2 mozre con-
ventional stand-alone arrangement. Second, the moist
corrosive atmosphere present requires careful selec-
tion of material in critical areas. Third, instead of a
1apping system to remove the collected particulate,
water spray or a water film removes the material de-
posited on the collection surfaces and discharge system.
The physical arrangement of the bottom of tha WESP is
then adapted fo collect the water fiim discharge.

Fabric filters

A fabric filtex; or baghouse, collects the dry particu-
late matter as the cooled flue gas passes through the fil-
ter material. The fabric filter is comprised of a multiple
compartment enclosure (see Fig. 8 and chapter frontis-
piece) with each compaxtment containing up to several
thousand long, vertically supported, small diameter fab-
ric bags. The gas passes through the porous bag mate-
zial which separates the particulate from the flue gas.

Operating fundamentals

With the typical coal-fired boiler, the particle laden
flue gas leaves the boiler and air heator and enters
the filter inlet plenum which in turn distributes the
gas to each of the compartments for cleaning, An out-
let plenum collects the cleaned flue gas from each
compartmentand directs it toward the induced draft fan
and the stack. Inlet and outlet dampers then allow isola-
tion of each compartment for bag cleaning and mainte- :
nance. Bach compartment has a hopper for inlet gas flow
as well ag for particulate collection and removal by con-
ventional equipment, as discussed furtherin Chapter 24.
The individual bags are closed at one end and connected
t0 a tubesheet at the other end to pexmit the gas to pass !
through the bag assembly. The layer of dust accumulat- ;
ing on the bag is usually referred to as the dustcake.

Collection of the particulate on the bag fabric is the
heart of the filtering process. The major forces caus-
ing this collection include impingement by either di- :
rect contact or impaction and dusteake sieving. Minor {
forces which assist in the collection are diffusion, elec-
trostatic forces, London-Van der Waal's forces and
gravity " The dusteake is formed by the accumulation
of particulate on the bags over an operating period,
Once formed, the dustcake, and not the filter bag
material, provides most of the filtration. Some filter
media such as membrane and tight needle felts provide
higher removal efficiency than normaily achieved by
filter cake alone. Although impingement collection is
most effective on the larger particles and the sieving -
process collects all particle sizes, a dusteake must form 3
to maximize overall collection. :

As the dustcake builds and the flue gas pressure
drop across the fabric filter increases, the bags must
be cleaned. This occurs after a predetermined operat-
ing period or when the pressure drop reaches a set
point. Each compartment is then sequentially cleaned
toremove the excess dusteake and to reduce the pres-
sure drop. A residual dust coating is preferred fo en-
hance further collection. In pulse jet fabric filters (dis-
cussed below), it is commen to perform cleaning online
which maintains all compartments in operation.

Steam 41/ Pariiculate Control
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Fig. 8 Pulse jet fabric filter.

Initial filter bags have a pre-coat filter media. The
pre-coatisan optimum particle size mixture which aids
in developing the fizst filter cake and tends to stay
within the outer surface of the filter media.

Types of fabric filters

Bag cleaning methods distinguish the types of fab-
ricfilters, with the three most common types being re-
verse air, shake deflate and pulse jet. The cleaning
method also determines the relative size by the air/
eloth (A/C) ratio and the filtering side of the bag. Bath
the reverse air and the shake deflate are inside-the-
bag filters with gas flow from inside the bag to out-
side; the pulsejetis an outside-the-bag filter with the
flow from outside to inside (Fig. 9). Note that the
fubesheeton theinside-bag filteringislocated below the
bags; for the pulse jet the tubesheet is above the bags.

Steam 41 / Particulate Confrof

Areverse air, more correctly texmed reverse gos, fil-
ter reverses the flow of clean gas from the outlet ple-
num back into the bag compartment to collapse the
bags in an isolated compartment and dislodge the
dustcake. This is a gentle cleaning motion. Once the
dislodged particulate falls to the hopper, the bags are
gently reinflated before full gas flow s allowed for fil-
tering This system requires a reverse gas fan to sup-
ply the cleaning gas flow along with additional damp-
ers for flow control This type of filter system has been
used in most large utility power plant fabric filtezs in
the U S. to date. Experience with this type of fabric
filter on some coal flyash applications has demon-
strated that reverse gas cleaning alone does not pro-
vide an aceeptable operating pressure drop. Therefore,
soms units have added sonic air horns to each com-
partment to assist in the cleaning. .
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Shake deflate (shaker) filters are similar toreverse
airunitsin that the cleaning occuis in an isolated com-

partment and a small amount of cleaned flue gas is - -

used to slightly deflate the bags, In addition, a me-
chanical motionis used to shake the bags and dislodge
the accumulated dustcake.

Pulse jet technology is a more rigorous cleaning
method and can be used when the compartment is ei-
ther isolated or in sezvice. A pulse of compressed air is
directed into the bag from the open top which causes
a shock wave to travel down its length, dislodging the
dustcake from the outside surface of the bag. A unique
aspect of the pulse jet system is the use of a wite cage
in each bag to keep it from collapsing during normal
- filtration The bag hangs from the tubesheet. A series
of parallel pulse jet pipes are located above the bags
with each pipe row having a sclencid valve. This per-
mits the bags to be pulsed clean one row at a time. Use
of pulse jet units with utility boilers is increasing and
they are expected to be the major contributor for ret-
rofit or new units.

A variant of the pulse jet fabric filter called
COHPAC® (compact hybrid particulate collector) is the
unique use of a high velocity fabric filter commonly
installed after a malperforming electrostatic precipita-
tor. This arrangement reduces particulate emissions and
may prove to be a good solution in special applications.

Design parameters

Three key fabricfilter design parameters are air/cloth
(AIC) ratio, emission 1ate and drag. A/C1atiois the gas
volumetric flow rate divided by the exposed bag sur-
face area and is commonly referred to as the filtration
velocity. Industry standards, along with operating ex-
perience, establish the design A/C ratios. The A/C has
a significant impact on useful bag life. Lowerzing the A/
Cratio fora specific fabricfilter design tends to increase
bag life and conversely inereasing A/C ratio decreases
baglife. A/C ratios are byc-lp:cally stated with one compart-
ment out of servics for cleaning (net condition).

A/C 1atios commonly applied to coal-fired boilers
may range from 1.5 to 2.3 ft/min (0.45 to 0.7 m/min)
with reverse air fabric filtezs and 8.0 to 4.0 ft/min (0.9
to 1.2 m/min) for pulse jet fabric filters The type of
firing and ranges in fuel significantly affect the ap-
propriate filtration veloeity.

The emission rates are generally established based
upon historical data. Severeal prediction models have
been developed but they are of limited use. Bench tests
using collected particulate samples have proven hen-
eficial as an indicator for media selection.

The pressure drop includes the drop across the
bags, the dustcake and the attachment of the bag to
the tubesheet. The caleulation of drag is useful in
evaluating performance.

The general equation for drag can be expressed as

follows:
AP = axV+bxcextxV? 4)

where

AP = pressure drop, in. wg (kPa)
a = constant with units of in. wg-min/ft (iPa-min/
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m) (This value is determined based upon actual
operating data. This constant increases as the
fabric filter media ages. The product of @ x Vis
zﬂemd to as the effective residual pressure
D-)

V' = the filtration velocity, ft/min (m/min)

b = the cake coefficient with units of in. wg-min-
ft/Ih. Values range significantly from 0.1 to
700. Flyash from coal ranges from 5 to 20,

(kPa-min-m/kg)
¢ = the inlet dust concentration with units of Ib/
ft? (kg/m?)
t = time, min.
Applications

The Babcock & Wilcox Company (B&W) participated
in the first 10.S. utility fabric filter installation in the
1960s, on an oil-fived boiler in southern California &
Several utilities followed by the late 1970s. Interest in
these systems continues to grow due to the high particu-
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Flg. 9 Fabric filter types.
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-late removal efficiency. Well designed filters routinely
achieve greater than 99 9% particulate removal, meet-
ing all current U S. EPA and local regulations.

Besides standard utility coal-fired applications, fab-
ricfilters are used on eirculating fluidized-bed boilers,
industrial pulverized and stoker coal units, refuse-
fired units in combination with a dry flue gas scrub-
ber, and in the cement and steel industries. Fabric fil-
tets are not currently used on oil-fired units due tothe
sticky nature of the ash.

A unique advantage with fabrie filters is that all of
the flue gas passes through the dusteake as it is
cleaned. When the dusteake has high alkalinity, it can
be used to remove other flue gas constituents and acid
gases, such as sulfur dioxide (S0.). (See Chapter 35)
Addition of activated carbon into the flue gashasbeen
used to confrol mercury emissions. Fabric filters gen-
erally are better collectors of the carbon and mercury
components than are electrostatic precipitators.

Fabric fiker components

Configurations Pulsejet fabricfilters have twogen-
eral arrangements The firstis called haich style, that
has large horizontal covers used to access the area
above ths tubesheet for bag replacement. The most
common arrangementincludes a penthouse above the
katch covers. The second type, called walk-in, has a
gas-tight compartment above the tubesheet with ver-
tical doors to access the area above the tubesheet for
bag replacement. Walk-in arrangements are more
common for industrial sized units with shorter hags.

Reverse air and shaker units generally have access
through vertical doors located at the tubesheet level
and also located at a level near the top of the bags.

All styles of fabric filters ean be provided with inte-
gral compartments sharing common division walls ox
with separate walls forming the compartments. The
latter style is commonly referred to as modular and
generally used on small industrial units.

The gas conveying flues of all styles of fabric filters
can be of a design integral to the compartment casing
walls or totally separated. Most utility size fabric fil-
ters utilize common wall construction.

Casing, hoppers and dampers

Enclosure or casing The fabric filter is a metal en-
cased structure with individual bag compartments.
The inlet and outlet plenums are typically located
between two rows of compartments to provide short
inlet and outlet flue connections (see Fig. 8). This en-
closure rests on a support steel structure. For reverse
agir units, interior access is required at both the lower
tubesheet and bag support elevations. In a pulse jet
filtes, access is required above the tubssheet for bag
cage removal Thisis provided by large roofaccess doors
or by a top plenum and a side manway. Typical enclo-
sure materials are carbon steel ASTM A-86 or equiva-
lent under normal coal-fired boiler conditions. The en-
tire enclosure is covered with insulation and lagging
to keep metal temperatures high and to minimize cor-
rosion potential

Hoppers Each filter compartment has a hopper to
collect the dislodged particulate and to channel its fow
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to the ash removal system. Most filters also use the hop-
par-as part of the flue gas inlet to each eompartment,
Therefore, the hopper is designed with steep sides for ash
removal along with considerations for proper gas flow
distzibution Hopperheaters, level detectors, poke holes
and an access door are common hopper features,

Dampers Each filter compartment may be provided
with both inlet, outlet and on reverse air filters, de-
flation dampers. These dampers may be manual or
automated. Louverand poppet dampers are normally
used. Dampers allow isolation of compartments for -
offline cleaning and online service entry. Some units
include bypass dampers.

Bag materials and supports

Substantial research and development on bags and
their materials have taken place to lengthen their life
and to select bags for various applications. (See Table
1) The flexing action during cleaning is the major fac-
tor affecting bag life. Bag blinding, which occurs when
small pazticulate becomes trapped in the fabricinter-
stices, limits bag life by causing excessive pressure drop
in the flue gas. Finishes on the bag surface are also
used 1o make some bags more acid resistant and to
enhance cleaning,

The most common bag material in coal fired utility
units with reverse fabric filters is woven fiberglass.
Typical bag size is 12 in. (305 mm) diameter with a
length of 80 to 36 ft (9.1 to 11.0 m), Bag life of three
to five years is common. The shake deflate filters also
use mostly fiberglass bags. On both of these units, the
fiberglass bag is fastened at the bottom to a thimble
in the tubesheet. At the top, a metal cap is fitted into
the bag and the bag has a spring loaded support for
the reverse air filters. The bags are attached to the
tubesheet commonly using a thimble and clampless
designed bag. The upper operating temperature limit

“is 500K (260C) for most fiberglass bags.

The most common bag material in coal-fired utility
units with pulse jet fabric filters is polyphenylene sul-
fide (PPS) needled felt. In addition to polyphenylene
sulfide, fiberglass, acrylic, polyester, polypropylene,
Nomex®, P84, special high temperature fiberglass me-
dia, membrane covered media, and ceramic are used
in vaxious applications. For the pulse jet filters, the
typical bag size is 5 or 6 in. (127 or 152 mm} diameter
round or oval with a length of 10 to 26 £t (3 to 8 m).
Advances in cleaning technology are increasing the
ability to provide longer bags. Pulse jet bags are com-
monly sealed to the tubesheet using a snap-band sesl.
The bagis supported internally from a metal wire cage
to prevent bag collapse during operation. Cages are
normally carbon steel and may include a variety of
coatings from pre-galvanized to coated wire, Some ap-
phcations use a stainless steel cage. .

Filter media cleaning

Reverse air fabricfilters employ the most gentle form
of cleaning. The method dislodges collected particulate
by closing compartment dampers and, with the use ofa
reverse air fan, reversing the direction of gas flow, Duz-
ing reverse flow, gas passes from the outside of the bag
to the inside, dislodging the collected ash from the in-
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side surface of the bag. Sonic horns have proven success-
ful is certain applications to assist in reverse air cleaning.

The shaker style of cleaning begins with the isola-
tion of a compartment. Next, mechanical energy in the
form of sinusoida) acceleration is applied to the top of
the bag and travels along the bag to distodge the ma-
terial eaked on the filter.

Pulse jet cleaning can be accomplished with all com-
partments operating, which is more normal, or by re-

moving a compartment from service. Pulse air varies -

from low pressure, high volume to high pressure, low
volume. The components of most pulse cleaning sys-
tems are similar. Blowats or air compressors are used
to supply the cleaning air. Pulse valves are rapid open-
ing and closing valves. Air is discharged from the out-
let of the pulse valve along a supply pipe to nozzles or
holes for discharge into the top of the bag. This air in-
flates the bag, dislodging collscted filter cake from the
outside surface of the bag. The more common style of
pulse system has fixed supply pipes called blowpipes. An
alternate type of pulse system has a rotating blowpipe.

Mechanical collectors

Mechanical dust collectors, often called cyclones or
multiclones, have been used extensively to separate
large particles from a flue gas stream. The eyclonic
flow of gas within the collector and the centrifugal
force on the particulate drive the particulate out of the
flue gas (Fig. 10). Hoppers below the cyclones collect
the particulate and feed an ash removal system. The
mechanical collector is most effective on particles
larger than 10 microns. For smaller particles, the col-
lection efficiency drops considerably below 90%.

Mechanical collectors were adequate when the emis-
sions regulations were less stringent and when popu-
lar firing techniques produced larger particles. 'Fhese
collectors were frequently used for reinjection to im-
prove unit efficiency on stoker firing of coal and biomass.
With stricteremissions regulations, mechanical collectors
can no longer be used as the primaiy control device.
However, with the onset of fluidized-bed boilers, there
has been a resurgence of mechanical collectors for re-
circulating the bed material. A high efficiency collector
is then used in series with the mechanical one to meet
particulate emissions requirements. (See Chapter 17 for
more information on fluidized-bed combustion )

The Babecock & Wilcox Company

Wet particulate scrubbers

A wet scrubber can be used to collect particulate
from a flue gas stream with the intimate contact be-
tween a gas stream and the serubber liquid. The ven-
turi-type wet scrubber (Fig. 11) is used to transfer the
suspended particulate from the gas to the liquid. Col-
leetion efficiency, dust particle size and gas pressure
drop are closely related in the operation of a wet serub-
ber. The required operating pressure drop varies in-
versely with the dust particle size for a given collection
efficiency; or, for a given dust particle size, collection
efficiency increases asoperating pressure drop increases.

Due to the excessive pressure drop and the strin-
gent particulate regulations, wet paxticulate scrubbers
are now infrequently used as a primary collection de-
vice, However, on most coal-fired applications where
wet FGD scrubbers are required in series with a high
efficiency collector for control of acid gas emissions, the
extra particulate removal of the FGD scrubber is an
added benefit,

Equipment selection

Major evaluation factors to consider when select-
ing particulate control equipment include emissions
requirements, boiler opsrating conditions with result-
ing particulate quantity and sizing, allowable pres-
sure drop/power consumption, combined pollution con-
trol requirements, capital cost, operating cost, and
maintenance cost. For new units that must meat the
stringent federal, state and local 1egulations, the se-
lection is reduced to a comparison of electrostatic pre-
cipitators and fabric filters because these are the only
high efficiency, high reliability choices. For retrofits
on operating units, the pexformance of existing con-
trol equipment as well as unique flue gas conditions
may require specialized equipment.

The advantages of a well designed ESP are high
fotal collection efficiency, high reliability, low flue gas
pressure loss, resistance to moisture and temperature
upsets, and low maintenance. Advantages of a fabric
iilter include high collection efficiency throughoutthe
particle size range, high reliability, resistance to flow
upsets, little impact of ash chemical constituents on
performance, and good dustcake characteristics for
combination with dry acid gas removal equipment.

Table 1
Fabric Filter Typical Media Applications
Fabric Typical Maximum Chemical
Filter Type Construction Materials Operating Temperature Resistance
Reverse gas Woven Treated 500F (260C) £ Acid resistant
Shake deflate fiberglass coatings available
Pulse jet Felted PPS Ambient to 350F (177C) £ Highly variable —
Nomex® depending on specific consult manufacturer
P4® media selected
Acrylic
Polyester

3312
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Sulfur appears in the life cycle of most plants and
animals. Most sulfur emitted to the atmosphere origi-
nates in the form of hydrogen sulfide from the decay
of organic matter. These emissions slowly oxidize to
sulfur dioxide (SO2). Under atmospheric conditions,
S0z 1s a reactive, acrid gas that can be rapidly assimi-
lated back to the environment. However, the combus-
tion of fossil fuels, in which large quantities of 80, are
emitted to relatively emall portions of the atmosphere,
can stress the ecosyetem in the path of these emissions,

Man is responsible for the majority of the 80: emit-
ted to the atmosphere. Annual worldwide emissions

are approximately 160 million tons, nearly half of

which are from industrial sources. The two principal
industrial sources are foseil fuel combustion and met-
allurgical ore refining.

When gaseous SO; combines with liquid (£) watez,
it forms a dilute aqueous solution of sulfurons acid
(H2803). Sulfurons acid can easily oxidize in the at-
mosphere to form sulfuric acid (H:80,). Dilute sulfu-
ricacidis a major constituent of acid rain. (Nitric acid
is the other mejor acidie constituent of acid rain ) The
respective reactions are written:

50, (g) + H,0(8) - H,50,(aq) (1)
0q (g) + 2H,80; (aq) - 2H, S0, (aq) @)

S50 can also oxidize in the atmosphere to producs gas-
eous sulfur trioxide (SOg). Sulfur trioxide reactions are
written:

280, (g)+ 0, () — 280,(g) 3)
80;(8) + H,0(g) — H,80,(8) @

While Equations 1 and 2 deseribe the mechanism
by which SO, is converted to sulfuric acid in acid rain,
Equations 8 and 4 characterize dry deposition of acidi-
fied dust pazticles and aerosols. -

The pH scale, a measure of the degree of acidity or
alkalinity, is the method used to quantify the acidity
of acid rain.
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Chapter 35

Sulfur Dioxide Control

Puze water has a pH of 7 and is defined as neutral,
while lower values are defined as acidic and higher
values as alkaline. If rainwater contained no sulfuric
or nitric acid, its pH would be approximately 5.7 due
to absorption of carbon dioxide (CO3) from the atmo-
sphere. The contributions of man-made SO; and ni-
trogen cxides (NO,) further reduce the pH of 1ainwa-
tex: Nouniformly accepted definition exists as to what
pH constitutes acid rain. Some authorities believe that
a pH of about 4 6 is sufficient to cause sustained dam-
age to lakes and forests in the northeastern portion of
NorthAmerica and in the Black Forestregion of Europe.

S0, emissions regulations

Legislative action has been responsible for most in-
dustrial SOz controls Major landmark regulations in-
c¢lude the Clean Air Act Amendments of 1970, 1877 and
1990 in the United States (U.S.), the Stationary Emis-
sions Standards of 1970 in Japan, and the 1983 80,
Emissions Regulations of the Federal Republic of Ger-
many. Since the mid-1980s, SO, emissions regulations
have been implemented in most other industrialized
nations and many developing nations

S0; control

Most utilities have adopted cne of two strategies for
B0; control, either switching to low sulfur coal or in-
stalling serubbers.

A variety of S0 control processes and technologies
are in use and others are in various stages of devel-
opment Commercialized processesinclude wet, semi-
dry (shurry spray with drying) and completely dry pro-
cesses. The wet flue gas desulfurization (WFGD)
scrubber is the dominant worldwide technology for the
control of SO, from utility power plants, with approxi-
mately 85% of the installed capacity, although the dry
flue gas desulfurization (DFGD) systems aze also used
for selected lower sulfur applications.

Total annual SO, emissions in the U.S,, including
electrie utility SO, emissions, have declined since 1970
as various regulations have been adopted. During the
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same period, electricity generation from eosl has almost
tripled (see Table 1).1%

A significant portion of this emissions reduction has
been the resultof switching to low sulfur coal, predomi-
nantly from the western U.S. In 1970 virtually all of
the utility coal came from the eastern, higher sulfur
eozl Helds, while by 2000 approximately half of the
coal came from western low sulfox sources. Slightly
less than two-thirds of SO; emission reductions have
been attributed to fuel switching while over a third
has been through the installation of flue gas desulfu-
rization systems, predominantly wet scrubbers. More
than 30% of the U 3. coal fired capacity already has
FGD systems installed and operating. This may come
close to doubling over the next decade and a half as
existing regulations are implemented and proposed
regulations are adopted.

Wet scrubbers

Reagents

Wet scrubbing processes are often categorized by
reagent and other process parameters. The primary
reagent used in wet scrubbers is limestone. However,
any alkaline reagent can be used, especially where
site-specific economics provide an advantage. Other
common reagents are lime (Ca0), magnesium en-
hanced lime (MgQ and Ca0), ammonia (NH;), and
sodium carbonate (Na;COjs). The first part of this
chapter concentrates on imestone-based wet scrub-
bing systems with forced oxidation to produce gyp-
sum. The next major section focuses on lime-based
semi-dry or dry systems.

Reagentregeneration Anumber of the wet processes
are also classified as either non-regenerable or regen-
erable systems. In non-1egenerable systems, the re-
agent in the scrubber is consumed to directly gener-
ate a byproduct containing the sulfor, such as gyp-
sum, In regenerable sysiems, the spent reagent is
regenerated in a separate step to renew the reagent
material for further use and io produce a separate
byproduct, such as elemental sulfur. Thé dominant
limestone and lime reagent systems used today are
non-regenerable. In many cases the regenerable sys-
tems have been retrofitted with non-regenerable lime-
stone or lime reagent systems to reduce costs and im-
prove unit availability

Absorber design

Evolution The first WFGD scrubbers installed in
the U1.S. were combined particulate collectors and SO
absorbers. However, the energy requirements for the
venturi scrubbers used for particulate collection
proved to be excessive High efficiency dust collectors,
usually electrostatic precipitators (ESPs), replaced
venturi scrubbers, and separate, much lower pressure
drop absorber towers were used to absorb the SO;.

The WFGD systemsinstalled in the 1970s and early
1980s were typically sized with multiple modules with
spare spray headers and sometimes spare serubber
{absorber) modules. Prior to about 1978, most of the
lime and limestone WFGD systems were not designed
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with forced oxidation. These absorber internals were
subject to severe scaling and plugging of internal com-
ponents, such as spray nozzles. With the development
of forced oxidation, the scaling has effectively been
eliminated This, along with improvements in acces-
sory eguipment such as pumps, has eliminated the
need for spare scrubber modules Most wet scrubbers
include a spare recirculation pump and spray header.
However, the pump and header reliability are such that
even spare pumps are not required in some designs.

Since the mid-1990s the use of a single absorber
module in WFGD systems has become an acecepted
design. Single absorber modules have been supplied
to handle 1300 MW boilers. Somae designs use a single
absorber to treat the flue gas from multiple boilers. The
availability of most of these systems has been ap-
proaching 100% . In most cases, forced outages or Ioad
reductions have been due to problems with suppozrt
systems such asreagent preparation, dewatering and
gypsum handling rather than the absorber module.

General arrangement and design Fig. 1 provides a
side view of a 660 MW modern coal-fired power sys-
tem showing the location of the SO, scrubber absorber
module. Absorber modules are located on either side
of the stack though other arrangements are possible.
The dust collector, in this case an ESP, is placed up-
stream of the wet scrubber. In this arrangement, the
induced draft (ID) fan is between the dust collector
and the scrubber, permitting the fan to operate in a
particulate-free, dry flue gas. In cases of retrofit to
existing units, it is sometimes necessary to add a
booster fan between the ID fan and the scrubber. In
some systems, the booster fan is installed after thewet
scrubberin what isreferred to as the wet position. This
is not the preferred method as wet fans require more
maintenance and are more expensive.

The most common WFGD absorber module is the
spray tower design shown in Fig. 2. The flue gas en-
ters the side of the spray tower at approximately its
midpoint and exits through a transition at the top, The
upper portion of the module (absorption zone) provides
for the scrubbing of the flue gas to remove the 50,
while the lower portion of the module serves as an
integral slurry reaction tank (also frequently referred
toastherecirculation tank and oxidation zone) to com-
plete the chemical reactions to produce gypsum. The
self-supporting absorber towers typically range in di-
ameter from 20 to 80 ft (6 to 24 m) and can reach 150
ft (46 m) in height In some designs, the lower reac-
tion tank is flared downward to provide a larger di-

Table 1
U.8, 80, Emissicns and Coal-Fired Power Generation
Coal Fired
Total U.S. 50, Utility 80, Utility Generation

10° tyr 10% tiyr 102 kWh
1970 31 17 0.7
1880 26 17 1.2
1890 23 16 : 1.6
2000 16 i1 20
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Fig. 1 Typical emisslon control components for a coalfired utility boiler

ameter tank for larger slurry inventory and longer
retention time. Other key components shown include
the slurty recirculation pumps, interspatial spray
headers and nozzles for slurry injection, moisture
separators to minimize moisture carryover, oxidizing
air injection system, slurry reaction tank agitators to
prevent setfling, and the perforated tray to enhance
S0; removal performance. The following sections dis-
cuss the gas flow path, slurry flow path, and the ma-
terials used in the tower shell design to accommodate
the highly corrosive environment.

Gas flow path As noted above, the flue gas enters
the absorber at about the midpoint and turns and flows
up through an absorption tray, a spray zone, and
moisture separators before exiting the absorber and
flowing to the stack. Because the flue gas enters the
absorber from the side, gas flow non-uniformity in the
tower is a potential issue. This non-uniformity reduces
overall SO; removal performance and aggravates
moistare separator carxryover. The absorber design
depicted in Fig. 2 incorporates a perforated plate tray
that reduces flue gas flow maldistribution The pres-
sure drop across the tray is usually between 1 and 3
in. wg {0.2 and 0.7 kPa). The tray provides intimate
gasfliquid contacting and increases the shury resi-
dence time in the absorption zone Some absorbers
have two trays providing multiple contact zones for
80z removal. Absorber modules that do not use a tray
are referred to as open spray towers. Flue gas enters
the scrubber module at a tempezature of 250 to 350F
(121 to 177C) and is evaporatively cooled to its adia-
batic saturation temperature by a slurry cascading
from the absorber tray. A wet-dry interface exists at
the scrubber inlet where the inlet fluework at the gas
temperature of approximately 300F (149C) merges
with the scrubber shell which is at saturation tempera-
ture of around 125F (52C). Reagent slurry droplets
impinging and drying out on.the relatively hot sur-

Steam 41 / Sulfur Dioxide Control

faces can create growing deposits which can affect
scrubber operation. Deposits are minimized by a com-
bination of features that effectively keep the slury
away from the wet-dry interface region.

The fluework from the exit of the wet scrubber to
the stack is an important facet of the system design.
The potential for severe corrosion and deposition in
these flues is well documented. This potential for se-
vere corrosion arises from many factors. The flue gas
leaves the moisture separator saturated with water
vapor, Some carryover of slurry droplets smaller than
20 microns is inevitable. These droplets will usually
be slightly acidic and may contain high concentrations
of dissolved chlorides. The flue gases will contain some
residual SO; and ample oxygen to oxidize the SO; to
S50;. Because the flue gas is saturated with water
vapor, surface condensation is inevitable. This con-
densate can become severely acidic (pH less than 1) -
leading to the formation and accumulation of acidic
deposits of sulfuric acid and caleium salts on the walls
and floor of the flue.

Two approaches are used to minimize these effects:
flue gas reheat and flue/stack lining. The former op-
tion involves reheating the flue gas so that no drop-
lets remain. Reheating the flue gas thatis leaving the
scrubber has been accomplished by various means:
1. steam coil heaters,

. mixing with some hot flue gas which is bypassed
around the scrubber,
mixing with hot air, and

. regemerative heat exchangers that transfer heat
from the hot flue gas inlet to the cooler flue gas
outlet.

Several problems are associated with each of the
reheat methods, primarily corrosion and deposition.
As a result, operation without flue gas reheat, ie,
with a wet stack, has become popularin the U.S Under
these conditions, the fluework from ths scrubber to the.

2
3
4.
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stdck is made of high alloy materials or lined with
corrosion resistant materials, and the stack is lined
with acid resistant linings or is made of allays. Mois-
ture collection devices are installed in the outlet flues and
stack, and drains are provided to capture the moisture
carryover and condensate collected in these devices The
use of regenerative gas-gas heaters is prevalent inter-
nationally becausa of restyictions on stack plumes,
Siurry flow path The bottom of the absorber is an
integral reaction or recirenlation tank, Sha ry-contain.
ingreaction products and unreacted fresh reagentare
pumped from the recirculation tank to the spray head-
ers and fall through the spray zone, tray and gas in-
let zone to the tank. The slurry is continuouely recir-
culated in this loop Fresh reagent such as limestone
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ig added to replenish the alkalinity required to remove
S0; Reaction products are pumpad from the absorber
to the dewatering system. Spray nozzles are used in
wet scrubbers to atomize the slurry into fine droplets
and provide contact surface area for the slurzy and
flue gas. The cperating pressures typically vary be-
tween about 5 and 20 psi (34 and 138 kPa). Spray
nozzles without internal ohstructions are favored to
minimize plugging by tramp debzis. The arr angement
of the spray headers and nozzles is designed to ensure
complete coverage of the absorber cross-section and pre-
vent gas bypassing through areas of low slurry spray
flux, which reduces overall S0, removal efficiency.

A portion of the slurry droplets is entrained by the
gas and carried up to the moisture separators. The

Clean Fiue
Gas Out

Moistura
Separaler Levels

~Absomption Zone

| .....—=~Parforated Tray

Allay Parforaled Tray
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moisture separators eollect and coalesce these slurry
droplets so that they will drain back down into the ab-
sorber. Otherwise, slurry droplet carryover would re-
sult in the buildup of slurry in outlet flues, fallout in
the area around the power plant, and exeessive par-
ticulate emissions. The moisture separators in mostwet
scrubbers are of the chevron design {see Fig. 2). Chev-
rons are closely spaced corrugated plates that collect
slurry droplets by impaction, They efficienily collect
droplets larger than about 20 microns in diameter.

The recirculation tank size is set: 1) to meet the
requirements of the recirculation pump suction head,
2) to allow time for the chemical reactions of sulfite
oxidation and imestone disselution, and 3) to provide
time and surface area for gypsum crystal growth de-
velopment. Some of these rate processes are descxibed
in more detail later.

Materials of construction The slurry pH of the re-
circulated slurry is typically between b and 6 in the
recirculation tank of a imestone system. The pH in
the apray zone and on the iray can be aslow as 3.5 ta
4. Chloride concentrations (controlled by blowdown)
are usually designed at 20,000 ppm by weight. How-
ever, some systems run up to 60,000 ppm Systemsthat
use seawater as makeup water can run as high as
100,000 ppm. Alloy construetion has been the most
popular selection for absorber matezials in the U S.
(see Table 2). Rubber-lined, earbon steel scrubber mod-
ules are popular in Europe. In addition, there are a
number of quality lining systems available.

Tke industry has used a number of different alloys
for the absorber shell, tray and internal supports.
Rubber linings, flake-glass linings and ceramic tile
systems have also been used. The material selection
on any project is dependent on the process chemistry
and the cost-benefit analysis of the material from a
lifecycle pexspective.

Flake-glass lined carbon steelis theleast expensive
and provides the lowest installed capital cost, particu-
larly in areas with low field labor costs. However, there
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are risks to using flake-glass inings and they require
the most maintenance. It is expected that these lin-
ings would require annual inspections and repair of
about 3% of the surface area. This is, therefore, nota
good selection for absorbers requiting two to three
yearsbetween outages. Flake-glass or epoxy resin lin-
ing systems are frequently suggested for shurry tanks,
process trenches and sumps. The lining in tanks and
sumpsis less subject to problems because thereialess
erosion, no internals, alimited number of connections,
and no direct contact with the flue gas

Rubber linings have provided a range of operating
issues in the U S, because of the many failures in the
early use of scrubbers. The failures were due to in-
correct rubber selection and poor application. The tech-
nology has advanced and rubber lining can provide
good corrosion and erosion resistance over the life of the
plant. With rubber linings, inspection intervals of 12 to
18 months are recommended. Typically, minimal repair
isrequired.in the first fouryears After thatitis expected
that 8% surface repair will be required each year:

Tile-lined concrete is a good selection for absorber
modules. The tile provides excellent erosion resistance
in the impingement areas and under the agitators
It also has high chloride resistance The tile does re-
quire some grout repair The recommended time be-
tween ontages is 18 to 24 months.

Alloy construction is frequently selected for the ab-
sorber vessel. Areas of wear can be addressed with a
limited amount of erosion resistant coatings/linings.
The cutage time required to inspeet and repair ero-
sion barriers (linings) is reduced compared to coated
or lined designs.

Absorption of SO;

There are a number of parameters that control the
S0: removal capability of a wet absorber as listed in
Table 3. The effects of these patameters can be better
understood when the two primary functions cf the

Table 2
Some Alloy Cholces for Wet FGD Slurry Service
Alloy UNS Number Cx Wt % Mo Wt % NiWt% NWt% Maximum Cl ppm
316L 531603 160 20 10.0 0 10,000
20 N08020 19.0 20 32.0 0 12,000
317L 831703 180 30 110 ¢] 15,000
825 NQ8825 195 25 380 (] 15,000
317LM 831725 18.0 40 135 0 18,000
317LMN 531726 17.0 40 13.5 01 20,000
904L NO8g04 130 40 23.0 1] 20,000
2205 532205 220 3o 45 014 30,000
256 532550 240 29 45 01 45,000
G NO600TF 210 55 36.0 0 50,000
254-SMC 831254 185 60 1735 018 65,000
AL-6XN N08367 200 6.0 235 018 55,000
625 N06625 200 80 580 0 55,000
Cc.22 N0&022 200 125 50.0 4] 100,000
C-276 N10276 145 1530 510 0 100,000
Note: Compositions are ASTM minimums.
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absorber, physical and chemiesl, are considered. The -

physical parameters set the gas/slurry contacting sur-
face created in the absorber and the chemical factors
control theratethat absorbed SO;is removed from the
liquid phase of the shuryy. ) :

The SO; removal efficiency of a scrubber is deter-

mined by the amount of SO, that can be absorbed by -

a unit volume of slurry. Limestone based systems are
reaction-rate limited. That is, the SO; absorption is
controlled by how fast the ahsorbed SO; can be reacted
with limestone in the serubber. The system must pro-
vide sufficient atkalinity to react with the SOz The al-
kalinity can be present as Ca and COj; ions or as solid
CaCQO; There are thres primary methods of increas-
ing the alkalinity in the absoxption zone.

The first method is to increase the liquid to gas ra-
tio (I/G) in the absoiber. By increasing the flow of
slurry, more liquid contact is provided, The increased
flow does not change the effective surface in terms of
area per unit volume of slurry. It does provide more
total surface area and alkalinity to the absorption
zone. This does not increase the absorption per unit
volume of slurry. However, it increases the total vol-
ume of slurry in the spray zone,

The second method is to increase the total and dis-
solved alkalinity per unit volume of slurry. This is ac-
complished by increasing the limestone to SOz raticin
the slurry and/or by increasing the absorber reaction
tank solids residence time. Increasing the stoichiom-
efry increases both the dissolved alkalinity and the
solid phase alkalinity. Increasing the tank residence
time increases the dissolved alkalinity because there
is more time for limestone to dissolve.

The third method is to use one or more trays A tray
is a much more efficient contact device than a slurry
spray. Thisis because a tray creates more surface area
between the slurry and the gas. Therefore, the tray
generates more surface area per unit volume of slurry.
The tray also provides signifieant holdup time fox the
slurry This increases the limestone dissolution in the
ebsorption zone and increases the absorption per unit
volume. The limestone dissolution on the tray can be as
much as 50% of the dissolution in the entire absorber.

The benefits of the absorber tray compared to an
open spray tower include:

1educed liquid to gas ratios

increased absorption for the same I/G
more uniform gas distribution

fewer recirculation pumps

fewer spray headers

reduced pump maintenance

acts as a maintenance platform

There are absorber designs based on reagents such
as sodium carbonate which are dissolved chemistry
absorbers. In these designs, there is sufficient liquid
phase alkalinity available so that the 8Os removal be-
comes gas phase limited. For these systems, the L/G
and tray pressure drop axre much lower, Such systems
canachieve removal efficiencies as high as 99% atlow
tray pressure drops and an L/G of about 40 gpm/1000
acfin. Magnesium enhanced lime systems are solid
chemistry systemsthat runlike liquid systems because

O O 0O P e
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Table 3
Eifect of Various Design Parameters on 8O, Removal
When

Parameter Type Parameter Increases
Inlet 80, Chemical Removal decreases
LG ; Physical Removal increases
Tray AP Physical Removal increases
Stoichiomebry Chemieal Removal increases
P Chemical Removal increases
Nozzle pressure Physical Remaoval increases
Cl-concentration Chemical Removal decreases

the magnesium will be a dissolved species. Organicacid
can be added to limestone systems to achieve the re-
moval of liquid based (dissolved species) systems.

Limestone forced oxidized (LSFO)

process descripfion

Limestone based wet FGD systems are classified as
non-regenerable. This means that the reagent is con-
sumed by the process and must therefore be continu-
ally replenished. A generic diagram of non-1egenera-
tive processes is shown in Fig. 3. Each consists of four
process steps: reagent preparation, SO; absorption,
slurry dewatering, and final disposal. Within each of
these process steps many variations exist. Essentially
all wet FGD installations have some unigue aspects
The following discussion will consider the limestone
forced oxidized system, which is the most common sys-
tem in use today. The LSFO system produces a gyp-
sum byproduct that is typically sold for use in the
manufacture of wallboard. It can also be sold to the
cement industry, used as fertilizer, or sent to a landfill.

Reagent preparation

The primaxy advantages of limestone are its wide
availability and cost effectiveness; roughly 5 to 6% of
the earth’s crust consists of caleium and magnesium
carbonates and silicates. Limestone, consisting mostly
of calcium carbonate (CaCOQy), is easily mined, trans-
ported and stored. Its storage and conveying at the
plantsite are similar to coal handling Atypical analy-
sis of a limestone suitable for use in a wet scrubber is
listed in Table 4.

Limestone can be ground dry in an air-swept mill,
or wet in an overflow ball mill and can be ground
onsite at the power plant, or offsite at a separate loca-
tion In North America, most limestone wet FGD sys-
tems feature onsite wet grinding for slurry prepara-
tion. In most cases, the system of choice is a closed lcop
ball mill eireuit. A typical ball mill cireuit is shown in
Fig. 4, The energy required to achieve a given grind
size is estimated by the Bond relationship:

w o LW 10W,

5 15 ®
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Fig. 3 Wet FGD system diagram

where

W = power, kWh/t of product
W: = Bond work index, kWh (micron)'?/t
Dp = diameter in microns for which 80% of prod-
uct is finer
De = c}ii;meter in microns for which 80% of feed is
er

The Bond work index for calcitic limestones ranges from
about 8 to 15 k¥Wh (micron)*®t; 10 to 12 is typical.

For onsite grinding systems following Fig. 4, the
Hmestone is received with a maximum diameter of
about 0.75 in. (19 mm) or less and is fed through a
weigh belt feeder to the ball mill. Either fresh or re-
eycled water is added at the ball mill feed chute in pro-
portion to the feed rate of the limestone. The output
from the mill overflows to the mill product tank where
it is pumped to a set of hydroclones to separate the
fines from the coarse fraction. The coarse fraction (un-
derflow) is returned to the ball mill for further grind-
ing while the fine materialis sent to the limestone feed
tank. The water balance is maintained to provide 25
to 356% suspended limestone solids in the feed tank.

The limestone grind is usually expressed as a per-
cent passing a certain sieve size The typical grind is
90 to 95% passing 325 mesh (44 microns). Fine grind-
ing requires a larger ball mill system and higher op-
erating power consumption. Finer material provides
greater limestone utilization in a smaller reaction
tank and higher dissolution rate due to the higher sur-
face area of finer limestone particles Stoichiometry, or
reagent ratio, is defined as the molar ratio of the reac-
tant, CaCOs for limestone systems, to the SO, removed

The limestone grinding millshown in Fig, 4is a hori-
zontal ball mill. The mill consists of a cylindrical shell
containing steel balls ranging in size fiom 1to 4in.
{25 to 102 mm). The cylinder is rotated and the lime-
stone is ground by the tumbling of the balls and lime-
stonein the mill. Other types of wet mills include ver-
tical tower mills and attrition mills.
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Table 4

Typical Limestone Compaosition

Component %
CaCOq 53 ~ 97
Available CaCO, 52 - 96
M3003 06 -2
Total inerts a-7
8i0, 05 -3
T EgOa 05-3

R0, {other metal oxides) 05 - 4

For systems making marketable gypsum, limestone
purity is a primary factor (see Table 4). The concen-
tration of inerts affects the gypsum purity, defined as
the percent pure gypsum (CaSO, * 2H,0) .In addition
there are limits to the amount of 8i0s, Fe;03 and total
metal oxides (R203) in the gypsum.

Limestone can also be dxy ground at a central loca-
tion and tzansported by truck to the FGD system. At
the site, the pulverized limestone is pneumatically
conveyed to a storage bunker. It is then fed to water-
filled shirrypreparation tanks This system requiresless
space than onsite grinding facilities and reduces some
of the FGD operating burden. However, offsite grind-
ingis typically more expensive than onsite preparation.

Limestone Feed
Tank

Main Precess
WAL e s e

Fig. 4 Limesione reagent preparation sysiem
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Slurry dewatering and disposal

‘The dispesal of reaction products from limestone wet
scrubbers includes ponding, landfilling, and the pro-
duction of high grade gypsum for wallboard, cement
and fertilizer In the produetion of high grade gypsum,
the spent slurry ¢onsisting of the reaction products,
inerts from the limestone, excess reagent, and flyash
is dewatered in two stages (primary and secondary
dewatering). In addition, a purge stream is used to
remove chlorides and fine particles from the WFGD
system. A typical system is shown in Fig. 5.

Hydroclones are used for primary dewatering of
gypsumn. Multiple hydroclones are mounted in a clus-
ter and fed by slurry pumped from the absorber reac-
tion tank to a radial distributor and then to the indi-
vidual hydroclones. The hydroclone classifies the sol-
ids in the feed slurry by paxticle size. A dilute slurry
of fine particles leaves through the hydroclone over-
flow and a concentrated slurry of coarse pazticles is
discharged from the hydroclone underflow. Typically
a feed slurry containing 15 to 20% suspended solids
will produce an overflow stream containing 3 to 4%
suspended solids and an underflow stieam contain-
ing 50 to 55% suspended solids from the primary cy-
clone. Most of the hydroclone overflow is returned to
the absorber. Recycling of this finer fraction of the
solide allows for crystal growth of the gypsum and
better utilization of unreacted limestone. A portion of
the overflow is sent to a purge system for removal of
fine particles and chlorides.

! Flnal Purge to

Waste

_,To Absorber Treatment

Raw Purga
Fy | Purga
Hydrociona

Absorber

Primary
il To Abscrber

Table /
‘Vacuum Filter

To Atmosphere q.——.-.‘@w

Filrats
Retumn
Pump
Fittrata
Watay
To Absorber Tank
and Mt

Fig. 5 Siurry dewaterng system.
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Secondary dewatering of the gypsum is typically ac-
complished using either horizontal belt or drum vacuum
filters. Horizontal belt filters are typically used for wall-
board grade gypsum production because the final eake
must contain no more than 10% moisture, Drum filters
are prevalent when higher moisture fractions are aceept-
able (20%), such as for the cement industry and fertil-
izer. However, with recent design improvements, some
drum filters can achieve 10% cake moisture Centrifuges
have also been used in secondary dewatering.

The production of wallbeard grade gypsum requires
that the slurry on the vacuum filter be washed with
fresh watex to remove total dissolved solids (TDS) and
specific ions such as chloride, CI" The actual specifi-
cations will vary based on the wallboard manufac.
turer’s requirements.

Purge system _ :
The hydroclone overflow eontaing a higher percent-

* age of fine particles of inerts and flyash than the

shurry fed to the hydroclones Thisstream is the source
for the purge stream. The purge stream flow rate can
be set by the amount needed to purge dissolved solids
from the systém or by the need to remove impurities
and fines. Typically, the raw purge stream issenttoa
second set of (purge) hydroclones to further concen-
trate fines in the overflow and reduce the final purge
stream total suspended solids (T'SS) to about 1.5%. The
underflow is returned to the absorber. Concentrating
the fines in the overflow helps reduce the amount of °
pure gypsum in the final purge stream.

The purge stream flow is usually set to control chlo-
ride concentration, typically to a design concentration
of 20,000 ppm or less.

The final purge stream is typically ponded or sent
toa waste water treatment system for removal of other
chemical species and suspended solids. The treated
water can then be returned to a river or other body of
water. The solids removedin the treatment system are
concentrated or sent to a landfll

WFGD system water balance

The wet FAD system loses water to evaporation when
the incoming gas is quenched. There is also some loss to
the gypsum cake. In addition, there is a loss of water in
the purge stream. Within the system, water is used for
preparing the limestone slurry, washing the moisture
separators, cake wash, and as seal water for the vacuum
filter seal pumps. Reclaim water (filtrate) from the
vacuum filters is collected and used for limestone prepa-
ration and level control in the absorber reaction tank.

Cake wash water and vacuum pump seal water
must be fresh water from a well, river or lake. For all
other uses including moisture separator wash water,
the requirements are less stringent. Sources for the
remaining water can be cooling tower blowdown, sec-
ondary sewage treatment plant effluent, and seawa-
ter, among others.

Process flow diagram and mass balance

A typical limestone based wet scxubbing process us-
ing in-situ forced oxidation is shown in Fig. 6. In this
example, the reagent preparation system includes a
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closed circuit ball mill system using water thatis recyeIed
from the slurry dewatering system. The feed shuty is
pumped to the absorber reaction tank as required to
control the pH in the tank or to achieve the desired SO,
removal efficiency or emission concentration. Thause of
pH control can result in excessive limestone consump-
tion atlow boiler loads or when firing lower than design
sulfur coals without operator intervention. Excess lime-
stone can adversely affect gypsum purity. By contrast,
limestone consumption ean be minimized by controlling
to a removal efficiency or SOz emission set point.

Airis also pumped to this reaction tank and distrib-
uted by a sparge grid or agitator. Oxidation air can
also beintroduced into the tank by air lances and dis-

- persed with specially designed agitators. The oxygen
in the air reacts with sulfite present in the shurry to
produce gypsum (CaSO, ' 2H.0)

The slurry is pumped from the reaction tank to the
spray headers shown in Fig. 2. The slurty is sprayed
countercurrently into the flue gas where it abaorbs the
S0;. From there, the slurry falls to the sieve tray where
additional SO. is absorbed into the froth created by
the interaction of the flue gas and slurry on the tray.
The slurry then drains to the reaction tank.

The reaction products, primarily gypsum, are con-
tinuously withdrawn from the wet scrubber. This
spent slurry is pumped via.gypsum blowdown pumps
to the dewatering system. The spent slurry typically
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- A summary of the major power requirements for
this limestone to gypsum process is shown in Table 6.
The operating power requirement for the example’
displayedin this tableis 1.9% of gross unit output. This
percentage will vary with coal sulfur content and the
required removal efficiency. Higher overall sulfur re-
moval or high sulfurloading requires higher L/G, more
pressure drop, more oxidation air, ete.

Wet scrubber chemistry

S0; absorptionin a wet scrubber and its subsequent
reaction with alkaline earth materials such as lime-
stoneis anelementary acid-base reaction which takes
place in an agqueous environment. However, the
chemical processes involved are complex. SOz is arela-
tively inscluble gas in water. Calcium carbonate
(CaCO0;y) also has a low solubility in water. The princi-
pal reaction products are caleium sulfite hemi-hydrate
(CaS0; - % H,0) and calecium sulfate dihydrate
(CaS0, - 2H;30), or gypsum. These two salts also have
low sclubility in water.

In a limestone system with forced oxidation, the fol-
lowing reaction model can be used to describe the pro-
cess using the chemical species in Table 7.

In the gas/liquid contact zone:

SOs (g = Soz (aq)

contains about 15 to 209% suspended solids. A . - (®)
hydroclone is used to concentrate the slurry. The un- e g pase
derflow from the hydroclone is concentrated to 50%
solids. The overflow containing 4% suspended solids g E
is sent back to the absorber and fo the purge stream. 50, (aq) + H,0 = HSO; + H @
The underflow from the hydroclone is directed to a Hydrolysis of SO
vacuum filter where the filtered solids are washed with R
fresh water and dewatered to form a filter cake con-
taining about 10% free moisture. The cakeis then sent + s 1 -
by truck to a wallboard manufacturer. Amass balance GaC0;0e) 1 B == Cu™ £ HOO; (8
for this example is presented in Table 5. Dissolution of limestone
Limestone Bncrn Vi IDFan  Absorbar Towar Stack—> ]
Limestone Flue Gas from Flue Gas to Stack |
Day Bin ® Dust Collector T > 1
Maisture Separators I
- b,f’g“" ey Hdrocione
sorber Spray
#" Head CHntida
yarodone | StomgeTatk 1 Nl ST / & P
vil ! Hydtaclone Tkobsarh‘ er —
L MRV & SR
a5 == sy J L, B
I | 18 #o C}:Dl
s
Mbars L
Filter
Tank Pump Recycle Water
Mil Product
Tank
Fig. 6 Wet scrubber FGD sysiem flow diagram (see Table 5 for mass balance)
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Table 5 !
Mass Balance for the Limestone Forced OxIdation System Shown in Fig. 6
Gas side Inlet - Exit
Stream designation : A B
Flow rate, ACFM 1,710,000 1,462,000
Total mass flow rate, lbth 5,521,000 5,924,175 300 MW boiler burning coal with 4.1% sulfur
ﬁass guw rate of le)o’lll;w}]:l 240,000 550,000 S.Liﬁnz%one stoichiometiy =103
ass flow rate of SO,, . 34,900 698 ciency = 98%
Mess flow 1ate of HCi, Ib/h 458 5 —-2
Static pressure, in wg 12 1
Temperature, F 300 129
Feed _ To  Hydroclons Hydroclone Filter Wash Filter Recycle Hydroclone Chlorids
Liguid side Slurry Hydroclone Overflow Underflow Water Cake Water Underflow Purge
Stream designation 1 3 3 4 5 6 7 8 9
gb:l %ate, GPM 330 261 648 271 a3 22 71 11 41
otal flow rate, .
onm % 204,225 573,964 354,000 197,435 26,500 107,493 380,338 6,296 20,500
W rate of sus.
solids, Ib/h 61,268 114,793 15,000 98,718 0 96,743 0 944 0
% s-uspended solids 30 20 43 50 0 90 0 15 0
cong.,
I};pm in liquid 8,000 20,003 20,000 20,000 50 1000 8,000 20,000 20,000
P 7.8 8. 5.6 55 7 7 6 5.5 5.5
Temperature, F 100 129 129 129 120 120 120 129 129
HCO; + H = CO,{ag) + H,0 ® ar
Acid-base neutralization dy ko
P el (18b)
CDR (GQ) = Coz (2) 10) where
€O, stripping G = molar gas flow rate, moles/s
In the reaction tank: y = mole fraction of SO, in flue gas
ky = gas film mass transfer coefficient, molea/m? s
CaCO,(s)+ H' = Ca™ + HCO; a = interfacial surface area, m?m3
Dissolution of i (11) y* = equilibrium SO2 concentration at the gas/lig-
1ssolution of limestone . 5 wid interface !
_ = volume of the gasfliquid regime, m
HCO; + H” = CO,(aq) + H,0 a2 N, = number of gas phase transfer L{nits, dimen-
Acid-base neutralization 5 sionless
Although %, can be approximated, the interfacial
COy(ag) = CO,(g) surface area can not. The gas phase mass transfer rate
CO, stripping (13)  must be detexmined experimentally. This involves op-
2 erating the scrubber under conditions in which y* — 0
0,(g)+ 2HS0- > 250% + 2H* Equation 16 can then be integrated to:
2 3 4 ’
Sulfite oxidation a4 Ny ==in(1-E) = ka VIG am
Ca™+ 50 + O <= CaSO, KO i
EERTT 5 N; = overall number of gas phase transfer units,
Precipitation of gypsum Atmenatinlass

Reaction 6 expresses the mass transfer rate of SO,
from the gas phase to the liquid or aqueous phase Its
mass transfer rate can be expressed by:

d(Gy)

v - e (=9

(16a)

35410

E = overall 50, fractional efficiency

. Many factors determine the number of gas phase
transferunits (V). These include the slurty spray rate,
the droplet size and spatial distributions, the gas phase
residence time (height of spray zone), the liquid residence
time, wall effects, and the gas flow distribution.
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In 2 limestone based wet scrubber, the rate-limit-
ing reactionsin the gas/liquid contact zone are belisved
to be Reaction 8 The reaction rate for limestone dis-
solution can be expressed by:
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stonae is added directly to the reaction tank. The pH of
the slurry returning from the gasfliquid contact zone
to the reaction tank can be as low as 8.5. The pH in
the reaction tank is usually 5 2 to 6 2 Therefore, the
overall reaction in the reaction tank is:

d[CaCO,] s
= ey ([m*]-[#*],, ) s». [cacoy] as) CaCO,(s) + H* 4 HSO; + % 0, + H,0 -
: CaSO0, -2H,0(s) + CO, (2) an
where :
[CaCO;] = caleium earbonate concentration in the The rate of gypsum crystallization in the reaction
slurry, moles/l tank can be expressed by:
ke = reaction rate constant
[H*] = hydrogen ion concentration, mcles/ ¥
[H'lq = equilibrium (H*) at the limestone sur- glgfggi_g_ﬂ_igl
face, moles/l ' ‘ dt (20) 3
Spe. = gpecific surface area of limestone in = k(R -1)8p,[CaSO,-2H,0] ‘
slurry 4 !
The reaction tank permits Reactions 12 thiough 16 ~ Where :
to approach completion. In a limestone serubber, lime- &k = crystallization rate constant
R =44, Asc: /Ky
Acerr = activity of Ca*™ ion E
Table 6 Ay, = activity of SOj ion
Typical Power Requirements for Limestone K, = solubility product of gypsum ]
Scrubber with Forced Oxidation 8p, = specific surface area of gypsum :
Absorber System K. Pevedie . Ris a measure of the level of supersaturation If R j
e 5 L is greater than 1, the solution is supersaturated with
s L gypsum If Risless than 1, the solution is subsaturated
Absorber recire. tank agitators 250 i ,%ﬂp sumc.t_ fank el tanit B
iciskure sapavaton wash waket pHinp =0 _ The 1eaction tank serves a second impo1tant fune-
Mise. pumps and agitators 50 tion in lime/limestone scrubber systems. The tank is
Subtotal 2500 sized to provide sufficient time for the dissolved gyp-
sum to crystallize and precipitate. Typically, the reac-
Dewatering Area Avg Power (kW) tion tank is designed for three to ciilve minutes g:‘.‘;es;.- i
dence time based upon the recirculation rate. An ad- i
gﬁfﬁii Evl;ﬁ?: ﬁﬁ;m 328 ditional consideration in gizing the reaction tankis to :
Filter drive 15 provide sufficient solids retention Hime, based on gyp-
Misc. pumps and agitators 30 sum produced, to allow the crystals to grow to a suit-
Subtotal 435 able particle size.
Reagent Preparation Avg. Power (kW)
Ball mill 1200
Mill praduct tank pump 30 Table 7
Iﬁ?ces;ou?:pf: Zi?:;-‘;g::m gg Chemical Species Found in Scrubber Reaction Modei
Subtotal 1340 IS'.I?é o i
water
Other Systems Avg. Power (kW) ! H50; bisulfite ion
General-instrument aix 80 ' H* hydrogen ion
Booster fan power 2830 ! CaCO, calcium carbonate (main limestone
Subtotal 2910 1 constituent) :
I Ca™ caleium ion
Total 9575 Co, carbon dioxide
_Notes' HCOj . Iégjcarbona&eﬂion
o AT L 4 3 x CaSO, 1/2 cium sulfite hemihydrate !
e <L e G501 30" akiom suas et ()
Absorber L/G = 130 gal/1000 ACF 4 i i 5
Total pressure drop =12 in, wg £ ga PARESES |
Parasiti = 0575 LKW/500 MW ! (aq) denotes dissolved specie in water i
aramitl; power = 1"9% ) i (s) denates solid phase i
e i I
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Performance enhancing additives

The steady-state hydrogen ion concentration of the
slurzy in the gasfliquid contact zone is determined by
the balance betwean the rate of H* generation in Re-
action 7 and the rate of H* consumption by Reactions
8 and 8. As the hydrogen ion concentration increases,
ie., as the pH drops, the equilibrium SOz vapor pres-
sure increases and SO; removal efficiency is reduced.
This equilibrium relationship can he expressed by:

C’xlO’IH‘!

y L
(k, +[H* ) 21
where
k1 = the equilibrium constant for Reaction 7,
moles/latm
k2 = the equilibrium constant for Reaction 8,
moles/]
C” = total concentration of dissolved SO», milli-
moles/l

= [SOg)aq + [HSO7]
[H"] = steady-state hydmgen ion concentration
y* =80, vapor pressure expressed as ppm (as-
suming barometric pressura = 1 atm)

At 122F (50C):

ky = 0.4643 moles/] atm
ke = 7162 x 109 moles/I

As the SO; vapox pressure rises, the rate of S0z ab-
sorption diminishes and approaches zero as y¥* = .
(See Equation 16 ) If a simple means existed toreduce
the hydrogen ion concentration in the gasfliquid con-
tact zone, then the SO2 vapor pressure could be con-
trolled and the SO; absorption rate would be maxi-
mized. A buffer is a chemical specie which performs
this function. A class of weak organic acids has been
found suitable for use in limestone scrubbezrs to con-
trol pH and improve overall S0, removal. These buff.
ers can be described by:

H' + A~ = AH (22)

where AH is the generalized acid group. When the pH
falls in the gas/liquid contact zone, Reaction 22 is
driven to the right. Some organic acids which buffer
in this range include adipic, formic and suceinic acid.
Because these are water soluble, the pH buffering is
nearly instantaneous compared to the lime or lime-
stone dissclution. Because the SO; vapor pressure,ie.,
the equilibrium SO; concentration of the gasfliquid
interface, is proportional to the hydrogen ion concen-
tration, buffers minimize the rise in SO; vapor pres-
sure. The buffer concentration required to achieve a
given absorption depends upon SO; concentration, L/G
ratio (the ratio of shurry flow to gas flow), and contact
time. Typically, the concentration of these additives
which is required to achieve adequate control ranges
from 3 to 30 millimoles/l.

A second additive used in wet FGD systemsismag-
nesium gxide, which reacts with SQ; to form magne-
sinm sulfite. Because magnesium sulfite is highly
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soluble, the sulfite ion is the primary reactant in the .

~ gas/liguid interface as follows:

SO; + H* = HSO0; (28)

Sodium carbonate can also be added to the hmeihme-
stone system for a similar benefit,

The total concentration of dissolved alkaline species
such as CO;, HCO;, SO; and OH" in the slurry is re-
ferred to as dzsso ved alkalmuy If the dissolved al-
kalinity is sufficiently high, the scrubber may become
gas-phase diffusion controlled. This is fllustrated in
Fig. 73 Under these conditions the rate of SO, absorp-
tion is dependent only upon the amount of intexfacial
surface area, i.e., the spray droplet surface area plus
the tray froth surface area.

Dry scrubbers

Dry serubbingis more correctly referred to as spray
dryer absorption (SDA) toreflect the primary reaction
mechanisms involved in the process: drying alkaline
reagent slurry atomized into fine drops in the hot flue
gas stream and absorption of SOz and other acid gases
from the gas stream. The process is also called semi-
dry scrubbing to distinguish it from injection of a dry
solid reagent into the flue gas.

Dry scrubbing is the principel alternative to wet
serubbing for SOz control on utility boilers. Since the
initial installation in 1980, more than 13,000 MW of
dry sczubbers have beeninstalled at U.S. electric utili-
ties. The allowable SO, emission permit limits have
steadily decreased over time to levels requiring 90 to
95% removal, and the technology has proven to oper-
ate reliably at these levels. The application of dry
scrubbets to large electric utility boilers is generally
limited o those burning low sulfur coals. This is due
primarily to the higher unit reagent costs for dry
scrubbing. However, for smaller utility and industrial
boiler applications, the simplicity and lower capital
costs of dry scrubbing make it an attractive alterna-
tive for higher sulfur coals. Spray dryer systems are
also considered maximum achievable control technol-
ogy (MACT) for combined HCI and SOz control on
waste-to-energy unita, In the U 8. utility market, dry
scrubbers have mainly been applied to units west of
the Mississippi River, burning low sulfur fuels, with
generating capacities of 90 to 900 MW. However, of
the more than 50 current U.S. utility and large coal-
fired industrial cogeneration installations, over 40%
of the installations are located in the east.

The advantages of dry scrubbing over wet scmb-
bing include:

less costly construetion materials (carbon steel),
fewer process unit operations,

simplicity of control and operation,

lower water consumption,

lower auxiliary power consumption,

use of available alkalinity in the flyash for SO; ab-
sorption,

integral SO; emissions control, and

production of dry solid byproducts without the
need for dewatering. _

WV GG
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Fig. 7 Influence of dissolved alkalinity on SO performance (1 mil-
lisquivalant = 50 ppm CaC0s)

System design

Fig. 8 depicts the equipment orientation foz a typi-
cal utility SDA installation coupled with a baghouse
(BH). Unlike a wet scrubber installation, the SDA is
positioned before the dust collector. Flue gases Jeav-
ing the air heater at a temperature of 250 to 350F (121
to 177C) enter the spray chamber where the reagent
slurry is sprayed into the gas stream, cooling the gas
to 150 to 170F (66 to 77C). An electrostatic precipita-
tor (ESP) or fabric filter (baghouse) may be used to
collect the reagent, flyash and reaction products.
Baghouses are the dominant selection for U.S. SDA
installations (over 90%) and provide for lower reagent
consumption to achieve similar overall system SOz
emissions reductions Both reverse-air and pulse-jet
baghouse designs are in use (see Chapter 33). The
baghouse is an integral part of the process and acts
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as a second stage 50; removal reactor that can con-
tribute a significant fraction of the overall perfor-
mance, Operating data from an SDA/baghouse sys-

tem achieving 90% overall SO; emissions reductionhas . . ‘

shown that the SDA accounted for 79% of the total
and the remaining 21% was obtained across the
baghouse, The particulate filter cake on the bags was
actually removing 63% of the SOz entering the baghouse.

For large utility applications, the flue gases are in:
troduced to the spray chamber through a compound
gas disperser (upper and lower) as shown in Fig. 9 for
a vertical flow design. Forlower gas flow applications,
all of the gas flow enters through the roof gas disperser,
The gas disperser is designed to assure good mixing
of the flue gases with the reagent spray, and to make
use of the full volume of the spray chambe:. The ver-
tical gas flow configuration dominates utility boiler

- SDA applications although there are a few horizon-

tal flow units in operation. The SDA chamber is sized
to provide sufficient gas-phase residence time for dry-
ing of the reagent slurry to produce free-flowing sol-
ids in the particulate collector. The required residence
time depends on the inlet flue gas temperature, feed
shurzy solids loading, degree of atomization, and exit
gas temperature. In general, for atomization systems
producing a Sauter mean drop diameter of 50 to 60
mierons, 10 to 12 seconds is sufficient. This residence
time is calculated based on the spray chamber volume
and the outlet flue gas temperature and pressure Field
studies have shown that the flue gas temperature is
within 10 to 20F (6 to 11C) of the SDA outlet tempera-
ture throughout the entire spray chamber:

The reagent shurry is introduced to the reaction
chamber as a fine mist of droplets using a single,
high-capacity rotary atomizer or multiple dual-fluid
(high pressure air/slurry) atomizers. A rotary atom-
izer assembly for a large utility application is shown
in Fig. 10. The assembly shown includes the 200 hp
drive motoz, a speed-increasing gearbox, the atomizer

r — Steam Generator
Selective Catalyiic Spray Dryer Absorber
Reduelion (SCR} lem {Scrubber}
m Z Air Heater
/ E P* Fabric Fiter
(Baghouse}
] =

Flg. 8 Utiity spray dryer absorption (SDA) system.
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wheel, and associated hardware. Rotary atomizatien

far dominates (90+%) the utility and large industrial -

installed technology base. This is primarily because
the rotary design provides higher shurry flow capac.
ity per atomizer and better performance with higher
solids slurries. Both systems have proven relinble and
capable of consistently achievinglow SO; emissions. Key
performance requirements for SDA atomizers include:

ability to handle variable slurry flow 1ates,
rapid response to flow zate changes,

uniform spray coverage of the SDA chamber,
low susceptibility to pluggage and build-up, and
ease of removal for servicing.

For rotaty atomizers, the spray droplet size distri-
bution is'a function of the speed of rotation, wheel di-
ameter and wheel design as well as, to alesser extent,
reagent slurry feed propertiesincluding the flow rate,
viscosity, density, and surface tension ¢ Increasing the
wheel speed reduces the droplet size at the cost of
higher power consumption. Note that for a rotary unit,
atomization quality is not sensitive to the diameter of
the exit nozzles and so does not degrade as the nozzles
wear from erosion by the reagent slurzy. In addition
to the sluriy properties, key design eriteria for dual-
fluid nozzle atomizers include the nozzle exit orifice
dimensions and orientation, air pressure, and air-to-
slurry ratio. Water spray from a typical dual-fluid
atomizer with multiple exit orifices is shown in Fig
il. For this system, minimizing formation of large

O 0910

Inlet Flug
Gas (Upper)

To
Particulate
Collaction

Fig. 9 Spray dryer absorber cutaway.
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(+100 micron) drops from primary atomization or the .
coalescence of sprays from multiple atomizezs is a key
criteria for successful operation.

Fig. 12 shows a compact selective catalytic redue-
tion/SDA/BH installation for a 5560 MW power plant,
At this site, the two SDA chambers, each with a single
rotaxy atomizer, treat approximately 1,800,000 ACFM
{850 m¥s) of flue gases from a pulverized coal-fired
boiler burning Powder River Basin coal to reduce SO:
emissions by 94%.

Process description

The guantity of water in the reagent slurry intro-
duced into the SDA is controlled so that it almost com-
pletely evaporates in suspension, leaving the solids
exiting the spray chamber with a free moisture con-
tent of 1 to 2%. SO absorption takes place primarily
while the wateris evaporating and the flus gasis adia-
batically cooled by the spray. The difference between
the temperature of flue gas leaving the diy scrubber
and the adiabatic saturation femperatureis known as
the epproach temperature. Flue gas saturation tem-

Fig. 10 Rotary atomizer assembly.
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peratures are typically in'the range of 115 to 125F (46
to 52C) for low moisture bituminous coals and 125 to
135F (52 to 57C) for high moisture subbituminous
coals, The stoichiometry is the molar ratio of the re-
agent consumed to either the inlet 80; or the quan-
tity of SO2 removed in the process Both definifionsare
in common use, Reagent stoichiometry and approach
temperature are the two primary variables that con-
trol the scrubber’s SQ; removal efficiency. The optimal
conditions for SO absorption must be balanced with
practical drying considerations. The approach tem-
perature selected must be consistent with the atom-
izer feed shurry solids loading for efficient drying of
the reagent solids. The spraydown, or difference be-
tween the inlet and outlet flue gas temperatures, and
the solids loading of the atomizer feed slurry, determine
how much reagent may be introduced to the process.
The predominant reagent used in dry scrubbers is

lime slurry produced by slaking a high-calcium pebble -

lime. The slaking process can use a ball mill or a simple
detention slaker SDAsystems that use onlylime slurry
as the reagent are known as single pass systems.
Some of the lime remains unreacted following an ini~
tialpass through the spray chamber and is potentially
available for further SO; collection. Solids collected
in the ESP or baghouse may be mixed with water and
reinjected in the spray chamber. This solids recycle sys-
temn is used at most utility SDA installations to make
use of the available alkalinity inherent in the flyash
and to minimize reagent use. Some of the recycled

Tz A &
2 i3 S
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Fig. 12 B&W's SDAs and fabric fiter baghouse provide an integrated SO2 and pa

rticulate removal process.
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solids form an inert core supporting the finer lime sol-

* ids on the surface, thereby exposing more lime sur- -

face area for SO. absorption. The flyash may be re-
moved from the flue gas before the SDA by a pre-col-
lector. This is common practice in Europe where mazx-
keting of the flyash from coal-fired utility boilers is a
well-established industry practice. Even with flyash
pre-collection, a recycle system resultsin more efficient
lime utilization. :

The processis controlled by monitoring the flue gas

temperature at the SDA outlet to control the amount

of water or recycle shurry added to the atomizer feed.
S0. emissions at the stack are compared fo a desired
operating set point and the lime slury flow to the at-
omizers is adjusted to reduce the outlet SOz as neces-
sary. For a rotary atomizer, the atomizer spindle, which
connects the motor to the atomizer wheel, is monitored
continucusly for vibrations to provide an early indica-
tHon of unbalance or pluggage of the wheel.

Process flow diagram and mass balance

A typieal SDA process flow diagram isshown in Fig.
13. The flue gases, with or without pre-collection of
the flyash, enter the spray dryer absorber where the
gas stream is cooled by the reagent slurty spray. The
mixture then passes on to the baghouse for removal
of particulate before entering the ID} fan and passing
up the stack. Pebble lime (C20) is mixed with water
at a controlled rate to maintain a high slaking tem-
perature that helps generate fine hydrated lime
(Ca(OH),) particles with high surface area in the hy-
drated lime slurry (18 to 25% solids). A portion of the
flyash, unreacted lime and reaction products collected
in the baghouse is mixed with water and returned to
the process as a high solids (35 to 45% typical) slurry.
The remaining solids are directed to a storage silo for
byproduct utilization or disposal. The fresh lime and
reeycle slurries are combined just prior to the
atomizer(s) to enable fast response to changes in gas
flow, inlet SO, concentrations, and SO; emissions as
well as to minimize the potential fo1 scaling.

Process mass balances for recyele and single pass
SDA system designs for a typical application are pre-
sented in Table 8 while the power requirements are
provided in Table 9. In this example, use of the recycle
system reduces lime consumption by 3141 1b/h (1424.7
kg/h), or 42% over that expected with single-pass op-
eration. The stoichiometry for the single pass system
is 1.78 on an inlet SO, basis compared to 1.04 for the
recycle system. Note the difference in acceptable ap-
proach temperatures for long-term operation of the two
systems. The 7% solids feed slurry with the single pass
system requires operation at a 45F (25C) approach tem-
perature or above for adequate drying while a 30F (17C)
approach is used with the recycle system.

Dry scrubber chemistry

The mechanism of SOz absorptionin an SDA is simi-
lar to that attained by wet serubbing when viewed on
the level of what takes place in the individual slurry
droplets. Most of the reactions take place in the aque-
ous phase; the S0; and the alkaline constituents dis-
solve into the liguid phase where ionic reactions p1o-
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Head Tank .

Spray
Dryer
Absorber |

Baghouse

5 e r
Opfional Flyash i
P?&Ccﬂedy:m _______________

Lime

&

Water

Lime Feed

Optional Salids Recycle

Fig. 13 Dry scrubber FGD system flow diagram (see Table 8 for
mass balance).

duee relatively insoluble products. The reaction path
can be described as follows:

S0,(g) = SO, (aq)

Dissolving gaseous SO, (24)

Ca(OH), (s) —» Ca™ + 20H" o
Dissolution of lime )

80, (ag)+ H,0 = HSO; +H'

Hydrolysis of SO, (26)
S0, (ag) + OH™ = HSO; e
OH" +H' = H,0 (28)
HSO; +OH™ = 80; +H,0 24

Neutralization o

Ca™ + 80; + % H,0 — CaS0, % H.,0(s)

Precipitation (80)

These reactions generally describe activity that

takes place as heat transfer from the flue gas to the °

slurry droplet is evaporating water from the droplet.
The rate-determining reaction may vary at different
stages of the drying and absorption proeess. The high
pHin the droplet environment (10 to 12 5) helps main-
tain a low concentration of acid in the liguid phase
that enhances SOz absorption fiom the gas stream.
Rapid 80; absorption occurs when liquid water is
present. The drying rate can be slowed down to pro-
long this period of efficient SOz removal by adding deli-
quescent salts to the reagent feed slurry. Salts such

Steam 41 / Sulfur Dioxide Conirol
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Table 8
Mass Bafance for Process Flowsheet Shown In Fig. 13
Reeycle System Design
Flue gas stream SDA Inlet BHInlet  ID FanInlet
HEFSHh Cefen st & i 5 500 MW boilex burning 0.44% sulfur coal
Flow rate, ACFM 1,729,848 1,571,895 = 1,609,250 with high calcium flyash
Flow rate, 1b/h 5,244,973 5,454,664 5,508,400 Available flyash alkalinity = 0.40
80,, ppmv 380 89 21 milliequivalents/gram
50,, Ib/h 4,381 1,086 263 Flue gas saturation temperature = 133F
Particulate, Ih/h 286,833 148,511 6 S0, emissions reduction = 94%
Temperature, F 275 163 159 80, emissions rate = 0 05 Ib/10° Btu
Pressure, n. wg -16.0 -195 -270 Particulate emissions rate = 0,016 1b/10° Btu
Pebble Slaking Lime  Recycle Process Recycle Atomizer Byproduct
Solids/siurry streams Lime Water Shurzy Solids Water Shurry Feed Solids
Stream designation 1 2 3 TR 8 7 8
Total flow rate, GPM 48 50 269 363 413
Total flow rate, Ib/h 4,394 24,060 28,463 114,384 134,747 249,132 277,594 34,881
Solids flow, Ib/h 4,394 0 5,693 112,096 0 112,096 117,782 34,167
Flyash, Ib/h 24,273
Byproducts; Ib/h 9,894
Water flow, Ib/h 24,069 22,770 2,288 134,747 137,038 159,805 694
Solids loading, wt. % 100 0 20 98 0 45 42 98
Single Pasg System Design
Flue gas stream SDA Inlet BHInlet IDFanlInlet
Stream designation A B c
Flow rate, ACFM 1,729,848 1,594,410 1,632,843
Flow rate, b/ 5,244,973 5,424,712 5,478,350
S0,, ppmv 380 73 21
S0, Ib/h 4,381 880 263
Particulate, Ib/h 26,835 40,936 76
Temperature, F 275 177 173
Pressuve, in. wg -160 -195 -270
Pebble Slaking Lime  Recycle Process Recycle Atomizer Byproduct
Solids/gluzry streams Lime Water Sharry Solids Water*  Slurry Feed Solids
Stream designation 1 2 3 4 5 6 7 8
Total flow rate, GPM 83 86 183 0 269
Totel flow rate, 1b/h 7,535 41,278 48,813 0 91,254 0 140,067 41,467
Solids flow, Ib/h 7.53% 0 - 9783 0 0 Q 9,763 40,638
Flyash, ib/h 26,787
Byproducts, tb/h 13,851
Watex flow, Ib/h 41,278 39,080 0 91,254 D 130,304 829
Solids loading, wt. % 100 Q 20 0 0 % 98
*Process water addition to lime sluryy for atomizer feed to achieve desired SDA outlet temperature.

asealeium chloride also increase the equilibrium mois-
ture content of the end product. However, since the
use of these additives alters the drying performance
of the system, the operating conditions must be ad-
justed (gensrally increasing the approach tempera-
ture) to provide for good Iong-term operability of the
SDA and the ash handling system. Ammonia injection
upstream of a dry scrubber also increases SOy ramoval

Steam 41 I Sulfur Dioxide Controf

performance. SO; absorption continues at a slower rate
by reaction with the solids in the downstream particu-
late collector.

An SDAfbaghouse combination also provides effi-
cient conirol of HC}, HF and SC; emissions by the sum-
mary reactions of:

Ca(OH), + 2HC1 — CaCl, +2H,0  (31)
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. Table8
Typical Power Requirements for 500 MW
SDA/Baghouse Sysfem in Table 8

Recycle :Syst.em‘ Single Pass

The Babcock & Wilcox Company

Design System Design
Atomizers and -
accessories, kW 1190 640
Reagent preparation, kW 230 125
Baghouse accessories, kW 445 445
ID fan power 6780 6880
Total 8645 ; 8090
% of net 500 MW output 1.73 162
Ca(OH), + 2HF — Ca¥F, +2H,0 (32)
Ca(OH), + SO, — CaSO, + H,0 (33)

Proper accounting of the reagent consumption must
include these side reactions, in addition to the SO2re-
moved in the process. i

The SDA process can make use of a variety of wa-
ter sources for preparation of the reagent slurry and
cooling of the flue gas. River water, well water, cool-
ing tower blowdown, municipal waste water treatment
effluent, and seawater have all been used successfully
in SDA applications. In general, ime slaking requires
good guality water with limitations on the sulfite,
sulfate and TDS concentrations being the primary con-
cerns for producing good quality fresh reagent slurry.
Preparation of the recycle solids slurry and humidifi-
cation of the flue gas to the desired operating tempera-
ture can be achieved with lower quality water sources,
Selection of the process operating conditions must also
consider the chloride content of the water sources to
avoid problems with drying the reagent slurry and
potential corrosion.

Sulfur trioxide (S0s)

S0, and acid mist formation

Sulfur trioxide (S04} is formed directly in the com-
bustion of sulfur-containing fuels, and indirectly by
the conversion of small quantities of flue gas SO; to
S0;in the presence ofiron, some ash constituents such
as vanadium, and some selective catalytic reduction
(SCR) catalysts. Under normal operating conditions
in coal-fired boilers without SCR systems, 0.76% of the
SOz typically is converted to SOs. High vanadium con-
taining ashes can increase this range to 2%. Conver-
sion of 8O to SO; by SCR catalysts is dependentupon
SQO; concentration, gas temperature, and catalyst for-
mulation with a typical range of an additional 0.7 to
1.5%. Catalysts have been formulated with relatively
low S0; to SOs oxidation potential.

As the flue gas temperature falls below 1000F
{588C}, SO; begins to react with water in the flue gas
to form sulfuric acid vapor, HoSQ4. By the time the flue
gas exits the air heater, virtually all of the SO; has
reacted to form H.SO..
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Sulfuric acid condenses on metal surfaces beginning
in the temperature range of 200 to 300F (93 to 149C)
and results in corrosion of metal surfaces in flues, air

" heaters, dry ESPs and fans. Acid dew point curves are

presented in Fig. 14. In addition, in units with wet
serubbers, any significant residual sulfuric acid mist
can cause visible plume or opacity problems (blue .
plume), visible several miles from the power plant. Wet
serubbers are not effective in removing acid mists
beeause the rapid flue gas quenching in the serubber
produces submicron aerosol mists which are not eas-
ily collected (20 to 80%). D1y scrubbers in combina-
tion with downstream baghouses are effective in re-

"moving HpSO, (> 35% iypical). Finally, in units

equipped with SCR systems, excess ammonia (NHj)
leaving the SCR can react with SO; to form sticky,
acidic particles of ammonium hisulfate (NH,HSO,)
which can foul air heaters.

Control methods

Sorbent infection The injection of wet or dry alkali
compounds (usually caleinm or magnesium oxide com-
pounds); typically in the furnace, after the SCR, or
upsiream of the particulate collection device has been
shown to be an effective means of controlling SO/
H:S0.. Sorbent injection has the advantage of low
capital cost, but has very high reagent cost due to the
high stoichiometric ratio (4 to 8) that is needed to
achieve 80 to 90% SOy/H2S0, control. Dry ESP pex-
formance may be adversely affected by removing the
S0; from the flue gas (see Chapter 33).

Humidification Cooling the flue gas by humidifica-
tion upstream of an existing dry ESP will allow the
dry ESP to collect some sulfurie acid. It is possible to
opexate a dry ESP a2t 20F (11C) below the acid dew
point without encountering excessive coxrosion, 20 to
40% sulfuric acid removal can be achieved in some in-
stances. This is possible because the acid is absorbed.
on the flyash rather than on the metal surfaces of the
dry ESP Careful attention must be paid to thexrmal
insulation integrity and in-leakage of seal air streams.

Ammonia infection Ammonia injection upstream of
the dry ESP has been used to control acid mist. How-
ever, there can be problems with ash handling, since
the ash tends to be more cohesive. It is also possible
that excess ammonia will react with the SOs to form
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submicron aerosols that are difficult to collect. Capi-
tal costs are low, but reagent costs are high. !

Wet precipitator To achieve very high removals of
acid mist, a2 wet ESP can be used. For a utility hoiler,
the wet ESP would be used downstream of the wet
FGD system.

Either a stand-alone arrangement or an integrated
close-coupled wet ESP can be used to control SOs; how-
ever, the standalone arrangement is typically more
costly than the integrated design and consumes con-
siderable additional space. Fig 15 shows the inte-
grated design. ‘

The submicron nature of the acid mist can only be
treated in 2 multi-field unit. Acid mist removal effi-
ciencies of 80 to 90% can be achieved. For example, if
theinlet is 34 ppmdy, less than 5 ppmdyv at the stack
can be achieved. Wet ESP can also remove 80 to 90%
of any solid particulate that is present, such as re-
sidual flyash from the dry ESP and the small amounts
of gypsum that result from the wet FGD moisture
separator wash systern. Even if a wet ESP is not in-
cluded in a wet FGD project today, careful thought
should be given to future needs. The addition of a wet
ESP to an existing wet FGD system may not be pos-
sible if provisions are not made before the initial wet
F'GD system installation.
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@ COOPERATIVE EXTENSION SERVICE UK
l l UNIVERSITY OF KENTUCKY » COLLEGE OF AGRICULTURE 8

Water Usage

Water has always been a very precious resource. However, many of us do not fully
understand or appreciate water’s value until there is a shortage. According to the U S, Geological
Sutvey (USGS), “the United States as a Nation possesses abundant water resources and has
developed and used those resources extensively.” *As consumers and users, we must be good
managers today, and teach future generations the importance of water-use efficiency.

Just how are we doing? According to recent water statistics compiled by the USGS, the -
United States is using Jless water (402 billion gallons per day of fresh and saline water) for all uses.
This 1995 data represents a 2 percent drop since 1990, and almost a 10 percent decrease since 1980
‘despite a continuous gain in the number of users (population). The USGS has been compiling
statistics since 1950 and reports findings in five year intervals. The drop in water usage is believed
to be the result of enhanced citizen awareness of the value of water, consetvation programs
undertaken in many communities, improved irrigation techniques, and more efficient use of water by
industry. Irrigation is the leading freshwater use category at 134 billion gallons a day, down 2% since
1990. Other categoties include public supply (up 4%), rural domestic and livestock (up 13%),
industrial (down 3%), mining, and thermoelectiic (down 3%). In a state-by-state compatison,
California leads the nation in largest total water use followed by Texas, Illinois and Florida.

According to the survey, public suppliers served approximately 225 million people during
1995. The term public supply refers to water used by public and private water suppliers and
delivered to multiple users. The chart below reflects water sources and the delivery of water for

public supply.

1995 Nationwide Public-supply Source and Delivery

SOURCE DELIVERY
H Commarzial
B Surface Water mumm
E] Groundwater B Tremosisctic Power
] omests

Source: Estimated Use of Water in the United States in 1995 U S Geological Survey Circular 1200, U 8 Department of Tnterior

AGRICULTURE & NATURAL RESOURCES + FAMILY & CONSUMER SCIENCES
4-H/YOUTH DEVELOPMENT - RURAL & ECONOMIC DEVELOPMENT
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In terms of publically supplied water, the major water-use categories are dornest:c :
commetcial, industrial, public use and losses, and thermoelecttic power (tepresenting less than 1
percent). Domestic water use includes water used for normal household purposes such as drinking, -
food preparation, bathing and personal hygiene, dish washing, laundry, general household cleaning, -
watering lawns and gardens. The average consumption per person per day is estimated at 80 gallons.
This figure has stayed the same or slightly declined in some areas ovet the past five years. Kentucky.
reported an average use of 50 gallons per person per day by individuals using private water supplies
(wells, cisterns, spnngs etc.), and 70 gallons per person per day by individuals using public water
supphcs

Water use inside the home vaties from household to household, individual to individual. The
American Water Works Association provides us with the following statistics for water use in a single
family home without the use of any type of conservation measures:

Activity Gallons Used Percent of
' per day . Total

Toilets 193 26

Clothes Washer 16 8 227
Showers 132 178
.Faucets ; 11.4 154
Leaks 9.4 127
Other domestic use 16 2.1
Baths 13 18
Dish washet 1.0 1.4

With some minor consetvation measures, the average household can reduce the inside water
use by approximately 30 percent. Conservation measures can include installing water efficient
fixtures and appliances, minimizing leaks and adjusting some personal water usage habits, Consider
the following suggestions. Just how many of these techniques are you using? Are there some other
ideas that you will consider trying?

« installing ultra-low flush toilets with 1.6 gallons Savings = 9.3 gallons per day
 use water-wise showerheads that use 2.5 gallons per

minute when open Savings = 2.1 gallons per day
+ use faucets that flow at 2.2 gallens per minute Savings = 2 gallons per day
» replace agitator washing machine with newer

horizontal-axis high efficiency machine Savings = 5 gallons per day

= practice routine common sense leak detection
‘petiodically “zero read” water meter for leaks
replace worn valves, faucet washers, O rings Savings = 4.7 gallons per day
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e take shorter showers —15 minutes instead of 20

(showers using 5 gallon per minute) , . Savings = 25 gallons per shower
* take a 10 minute shower instead of a bath :
(full tub bath uses 35 gallons) ' Savings = 15 gallons pet bathing
= turn water off in shower to soap up/shave Savings = 15 - 20 gallons pet
: e i shower
* on older/conventional toilets, displace water in ;
tank using plastic jug Savings = 15 gallons per day
* tum water off to biush teeth, shave Savings = 10 gallons per day
* 1una full load of dishes in dishwasher Savings = 15 gallons per load
» peel and clean vegetables in a bowl of water
instead of letting water run Savings = 15 gallons.per meal
* hand washing dishes—soak dirty dishes in a basin
then rinsing them off Savings = 15 gallons pet meal
* use “small load” designation on washing Savings = 20 to 30 gallons per
machine for less than full load load
« wait and launder clothing when you have a Savings = 30 to 60 gallons per
full load; however, DON’T over load load

washing machine as clothing will not be
clean and re-washing will be necessary!

Even though we have seen a decrease in the amount of water used, there remains
heightened concern for the quality of water. The quantity of water is a given; water quality is
not! With increases in population comes increased demands for water-based recreation activities
in addition to good quality drinking water. As a household, a community, a state and a nation,
we must continue to make good decisions and good use of our precious water resource.

Refetences: )
Ametican Water Works Association, Water Use Inside the Home 1998 Water Use Summary.
United States Environmental Protection Agency, Office of Water, Fact Sheet- 21 Water Conservation
Measures for Everybody. _
United States Geological Survey, U S, Department of the Interior, Estimated Use of Water in the
United States in 1993, U. S Geological Survey Circular 1200.
United States Geological Survey, USGS web site, Trends in Domestic Water Use, Water Science for
Schools.

Whitten by: Linda Heaton, Ph.D, Extension Professor for Textiles & Environment
water usage wpd [Disk: Water #2]

e e e e e e e e T S P B A ST Y |
Educatfonal programs of the Kentucky Cooperative Extension Service serve all people regardless of race, color, age, sex, religion, disability, or
national origin. Issued in furtherance of Cooperative Extension work, Acts of May 8 and June 30, 1914, in cooperation with the U $ Department
of Agriculture, C. Oran Little, Director of Cooperative Extension Service, Univesity of Kentucky, College of Agriculrure, Lexington, and
Kentucky State University, Frankfort. Copyright © 1999 for materials developed by the University of Kentucky Cooperative Extension Service
This publication may be reproduced in portions or its entirety for educational purposes only Permitted users shall give credit to the author(s) and
include this copyright notice Issued: 199
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ei o+ Energy Information Administration |
 Official Energy Statistics from the U.S. Government - Glossary

Home > Electricity > Electric Sales, Revenue, and Price > Average Monthly Bill by Sector Census Division and State

Table 5. U.S. Average Monthly Bill by Sector, Census Division, and State 2007

Date of Latest Data: 2007
Report Released: January 2009
Next Release Date: December 2009

| Residential | Commercial | ndustriat | -

http://www eia doe.gov/cneaf/electiicity/est/table5 html 3/26/2009
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' Census Division . ©~ Number of Average Monthly.- - -~ Average Retail Price Average Monthly Bill
State Consumers Consumption (kWh} (Cents per Kilowatthour) . (Dollar and cents)
New England 6,122,590 et 649 ' 16 70 " $108.46
cT 1,459,141 764 1911 $14595
MA - 2,642,144 635 . 1623 $103 09
ME 694,235 530 16.52 $87 53
NH 592,238 632 14.88 $94 06
RI 429,504 608 1405 $85 36
VT 305,328 592 14 15 $83 77
Middle Atlantic 15,535,148 722 1395 $100 71
NJ 3,394,474 730 14 14 $103.28
NY 6,033,304 604 17 10 $103.25
PA 5,207,370 874 10.95 $95.65
East North Central 19,558,522 830 974 $80.84
iL 5,065,123 790 1012 $80 01
IN 2,727,752 1,058 826 $87 44
Mi 4,298 455 686 1021 $70.02
OH 4,894,635 926 957 $88 60
Wi 2,572,557 725 1087 $7875
Hew o 8,969,792 970 831 $80.62
1A 1,323,176 886 945 $8365
KS 1,250,241 920 819 $75 40
MN 2,267,167 832 918 $76.40
MO 2,666,181 1,121 769 $86.22
ND 314,466 1,078 730 $7873
NE 790,165 1,028 7.59 $78.04
SD 358,396 891 8.07 $79.98
South Atlantic 25,336,801 1,156 1003 $11595
De 212,389 773 1118 $86 42
DE 387,923 960 1316 $126 40
FL 8,445,561 1,163 1122 $130 47
GA 4,001,957 1,171 910 $106 48
MD 2,163,625 1,086 11 89 $12915
NC 4,090,510 1,143 9.40 $107 38
scC 2,035,713 1,210 9.19 $111 20
VA 3,139,055 1,207 874 $105.55
WV 860,068 1,138 673 $76 63
e 7,895,454 1,290 835 $107.79
AL 2,093,093 1,305 932 $12170
[KY 1.017,257 1,277 734 35935 |
MS 1,227,001 1,261 936 $118 00
TN 2,658,103 1,344 7 84 $105 42
‘é‘f:;asf“th 13,968,942 1,149 1115 $128.14
AR 1,298,492 1,118 873 $97 58
LA 1,885,657 1,276 937 $11962
OK 1,617,944 1,100 858 $94 45
X 9,166,849 1,136 1234 $140.17
Mauntain 8722741 908 931 $84 54
- 3/26/2009

http://www eia.doe.gov/cneaf/electiicity/est/table5 himl
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Contact Us « Feedback « Privacy/Secutity « Careers « About EIA

Fedstats « USA.gov « Dept. of Energy

http://www eia.doe.gov/eneaffelectricity/est/tableS html

3/26/2009
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RIVERS

OF LIFE
CRepmees Chmpe SOy SRERm SRR
Compare
Cargo Capacity

Huge quantities of grain, corn, coal, petroleum, and other products make their way up and
downstream on the Mississippi River each year. How huge? Study the comparisons on this
page--then do the simple math problems at the bottom of the page, and you'll be amazed!

; One 15 Barge Tow Jumbo Hopper Car
One Barge 22 500Ton 100 Ton
1500 Ton 787.500 Bushels 3,500 Bushels
52,500 Bushels 6,804,000 Gallons 30,240 Gallons
453,600 Gallons
100 Car Train Unit Large Semi
10,000 Ton 26 Ton
350,000 Bushels 910 Bushels
3,024,000 Gallons 7,865 Gallons

One Barge carries the same quantity as:

Equivalent Units

15 Jumbo Hopper Cars
(above) & 58 Large Semis
(right)

and subsiquently. ..

One 15 Barge Tow carries the same quantity as:

2 25 100-Car Unit Trains (above) &

http://cgee hamline edu/tivers/Inquiry/RTT/Rtt_6.htm 4/14/2009
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870 Large Semis (right)

Equivalent Lengths e s Ton

2.25 100-Car Train Units is
2.75 miles long & the 870 Large
Semis are 11.5 miles long

(bumper to bumper)

In 1997, 38.8 million tons of cargo was fransported
on the Upper Mississippi River.
With the above information, figure out the answers to these questions.

1) If all the cargo transported in 1997 was done by semis, how many semis would it have
taken?

2) If all the cargo transported in 1997 was done on barges, how many 15-barge tows would it
have taken?

2) How many bushels of cargo is in the 11.5 mile long string of large semis?

3) EXTRA CREDIT..... .How long is a string of 58 large semis going down the highway,
bumper to bumper? :

Return to Rivers Through Time resources page

Center for Global Environmental Education

Hamline University Graduate School of Education
1536 Hewitt Avenue, St. Paul, MN 55104-1284
Phone: 651-523-2480 Fax: 651-523-2987
© 2001 CGEE. All Rights Reserved.

http://cgee hamline edu/rivers/Inquiry/RTT/Rtt_6.htm 4/14/2009
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Technical Papér

BR-1815 :
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Abstract/Introduction

Total particulate emissions are being set near detection
limits on new or revised power plant operating permits. Acid
gas emissions, such as SO3, which form particulate and make
up a portion of total particulate, must be controlled to even
lower values. Thus, the selected acid gas control technolo-
gies must be based on meeting the required emissions. This
paper provides the results of investigations that have been
performed and demonstrates achievable SO; emissions
utilizing an emissions control system approach for a range
of fuel sulfur contents. Available total particulate emission
results on both high and low sulfur fuels with multiple

control technologies are presented as demonstiation of

S0, mitigation. Consideration of multiple 05 mitigation

technologies and reagents is included. The conclusions of

this analysis can be utilized in the economic selection of the
proper control technologies for the selected primary fuel and
sulfur content to achieve the total particulate emissions

S0, emissions and total particulate

When fuel is combusted in a utility boiler, the sulfur in
the fuel combines with oxygen to form gaseous sulfur diox-
ide (S0,). Some of the SO, is further oxidized to SO;. The
SO, hydrates to form H,SO, vapor in the flue gas stream.
Finally, the H,SO, vapor condenses to form a sub-micron
aerosol, The acid aerosols that avoid capture or collection
in the downstream flue gas path (air heaters) and in the air
pollution control equipment (electrostatic precipitators,
baghouses and FGD systems) exit the stack and conttibute
to total particulate emissions.

Babcock & Wilcox Power Generation Group

When establishing or selecting the required technologies
to achieve the total particulate emissions, it is important to
understand SO; formation as well as the equipment and
technologies for $0; mitigation. SO; forms in two areas
of a fossil fuel fired power plant, the boiler and across the
catalyst on those units utilizing SCR for NO, reduction.
Combustion of fuel liberates elemental sulfur, which oxides
to form SO,. At typical combustion temperatures very litile
SO, is converted to $Os, approximately 0.1%, because the
thermodynamic equilibrium at boiler combustion tempera-
tures favor SO, formation. As heat is absorbed by the boiler

surfaces and the flue gas temperature lowers, the equilibrium

changes so that more SO; can be formed. The formation of
S0, is dependent on the existence of atomic oxygen which
is present at temperatures of 1500F (815C) and greater. SO;
is therefore formed directly from SO, as long as there is suf-
ficient atomic oxygen available. SO; formation is increased
by catalytic effect of metal oxides on the boiler tube surfaces

The percent of SO, that is oxidized to SO; in the boiler fur-
nace and convection pass is defined as the boiler 8O, to SO;
conversion rate. Furnace geomeiry (surface area), oxygen
concentration (excess air), fuel vanadium levels, fuel sulfur
levels and ash composition all have an effect on the boiler
conversion rate. Metal oxides in the ash can increase SO,
conversion and alkaline ash constituents can react with SO;
to lower the measured conversion rate.

SCR effects on SO; formation

When SCRs are installed in the typical high dust gas
stream at the boiler exit, this NO, reduction technology



contributes additional SO; to the flue gas resulting in greater
S0; that will contribute to total emissions. and requires
further SO, reduction. The SCR catalyst consists primarily
of titanium dioxide (Ti0,), vanadium pentoxide (V,05) and
tungsten trioxide (WO;) or molybdenum oxide (MoO3).
Vanadium is one of the active catalyst constituents and is the
primary constituent responsible for the conversion of SO, to
SO, as the flue gas passes across the catalyst surface. The
rate of SO, conversion will vary depending on the vanadium
concentration; however, there is an offset on catalyst NO,
reduction capability that also must be considered when
selecting the catalyst chemistry. Thus a reduction in the
catalyst SO, conversion 1ate results in a requirement to
increase catalyst volume.

Catalyst conversion rate is also dependent on flue gas
temperature and boiler load The greater the flue gas temper-
ature the greater the conversion rate. A greater temperature
than normal or typical will occur as the boiler convections
pass heating surfaces season or become fouled with an ash
layer At lower loads and reduced gas velocities there is also
an increase in conversion rate due to the greater exposure
time to the catalyst surface although this increase is some-
what offset by the lower flue gas temperature Typical SO,
conversion rates across the catalyst can vary from less than
0 5% to greater than 2% in a reactor with multiple catalyst
layers and with the ammonia injection system in service.
For those units that do not have an SCR bypass and utilize
the SCR only during the summer ozone season, there will
be an increase in SO, oxidation when the ammonia is not
present In summary, the SCR SO, conversion rate can vary
considerably depending on catalyst chemistry and operating
conditions. The total SO; concentration in the flue gas is
dependent on these factors as well as the fuel sulfur con-
tent. Fuel sulfur content becomes the dominant factor when
evaluating the SO, effects on particulate emissions and the
necessary mitigation requirements

Plant arr_angemenis and mitigation
technologies :

Other than the boiler and SCR which generate SOs, the
typical power plant equipment in the downstream flue gas
stream can affect the SO; content in the flue gas and the
resulting particulate emissions at the stack. Refer to Figure 1
for the most typical power plant equipment arrangements.

Air heaters The air heater is typically the first piece
of equipment the flue gas passes after the SCR and is com-
mon to all utility power plants. While the air heater exit gas
temperature will be above the acid dew point, the surfaces
within the air heater will expose the flue gas to temperatures
below the acid dew point. This results in the collection or
capture of a portion of the SO; present in the entering flue
gas. This reduction in SO; will vary from almost noreduction
to as great as 50% depending on many variables including
operating gas temperatures, fuel type, ash characteristics
and cold end metal temperatures
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BRoiler SCR Air Dry ESPor :
Hesfer  Fabric Filter WetFGD Stack
Boiler SCR Alr Dry FGD Fabuic Filter Stack
Heater -
Sorbent
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{when
Tequired}
Botler SCR Air DrvESPor et Wet Stack
Henter  Fabric Filler FGD ESP

Fig. 1 Typical power plant arrangements.

Electrostatic precipitators The dry electrostatic
precipitator (ESP) remains the most common high efficiency
particulate collection device in use today, When installed
after the air heater the ESP depends on the presence of SO;
.on the surface of the ash particles for optimum operation
and particulate removal. SO; conditioning of the ash is
utilized on some units burning lower sulfur coals to reduce
the ash resistivity to optimize particulate collection. ESPs
installed ahead of the air heater (hot side ESPs) are in a gas
temperature zone where the SO is all vapor and does not
attach to the ash particles; therefore the hot side ESP depends
on bulk ash resistivity for effective particulate collection
Thus, ESPs installed after the air heater result in some SO,
reduction in the flue gas. This reduction may vary from 20%
to 80% and is enhanced to the upper end of the range by the
injection of sorbent matetials ahead of the ESP, being careful
to not upset the basic ash resistivity in a negative manner
and cause a reduction in particulate-collection

Wet electrostatic precipitators (Wet ESPs) are effective
collectors of both ash particles and acid mists such as H,SO,
The Wet ESP operating principles are similar to the dry ESP
with a couple of major differences. First, the Wet ESP oper-
ates at or near saturated flue gas conditions so that moisture
plays an important role inthe Wet ESP operation. At these
conditions all of the SO; is present as H,SO, in aerosol
form for ease of collection. The second major difference is
the cleaning of internal surfaces where the Wet ESP utilizes
water sprays instead of rapping systems. This difference
is critical in the elimination of particulate re-entrainment
by the Wet ESP. Wet ESPs can be designed to collect over
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50% of the aerosol fine particulate as well as the fine ash
particulate with outlet emissions at the detection limits of
current test methods. }

Fabric filters The fabric filter is another primary high
efficiency particulate collector. It can be installed either at
the air heater outlet to collect flyash or in combination with
the spray dryer FGD to collect reagent products in addition
to flyash. The primary collection mechanism for the fabric
filter is the dust cake on the filter bags

Thus at the air heater outlet location the fabric filter is a
very efficient collecior of the H,SO, aerosol material, This
location is also favorable to maximize the SO; reduction with
sorbent injection ahead of the fabric filter Under favorable
conditions, SO reduction of the air heater effluent in excess
of 90% is easily achieved. Air heater exit gas temperature
and bag materials must be synchronized for the SO; con-
centration and for greatest bag longevity -

When used in combination with spray dryer FGD, the
fabric filter is installed downstream of the FGD module
and results in an even greater reduction of SO than other
technologies. The spray dryer reagent slurry reacts with the
SO5/H,S0, in the flue gas to form particulate sulfate com-
pounds and the temperature is reduced to well below acid
dew point driving all remaining SO5 to the H,SO, aerosol
The highly efficient filter cake drives the fabric filter effluent
H,S0, concentration to detection limits This combination of
technologies is most applicable to the lower sulfur fuels.

Wet FGD The primary putpose of the Wet Flue Gas
Desulfurization (Wet FGD) system is the capture of SO, The
Wet FGD will collect some particulate as the flue gas passes
through. The intimate contact between a flue gas stream and
the scrubber liquid will transfer some particulate in the flue
gas to the liquid in removal from the gas stream. Particulate
collection efficiency in the Wet FGD is dependent on the
particle size with the finer particulate being more difficult
to remove. Therefore, since the H,SO, acrosol is present in
the flue gas only as a fine particulate, the Wet FGD has a
limited ability to be an efficient collector of this material.
The measured and reported capture of H,SO, across the
Wet FGD varies from 30% to greater than 50% with limited
knowledge of how to maximize the removal.

Dry FGD The spray dryer FGD (Dry FGD) technology
injects lime slunty into the flue gas stream downstream of
the air heater for environmental control of SO, The slurry
brings the flue gas temperature down to a temperature that
isapproximately 25F (14C) above saturation and allows the
lime to react with SO, and SO; forming particulate calcium
compounds. Dry FGD systems are installed in combination
with a high efficiency particulate collector which is typically
a fabric filter for greatest SO, reduction In the case of high
alkaline coal ash, the particulate collected by the fabric fil-
ter is recycled for injection with the lime slurry for greater
utilization of'the ash and lime alkalinity. Due to the reduced
temperature operating conditions and the shinty alkalinity,
this combination of technologies is very effective in the
capture of H,SOy, resulting in stack H,SO, emissions of 1
ppm or less when burning a low sulfur PRB coal
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Injection sorbents Asreferenced in both the dry ESP
and fabric filter sections above; injection sorbents can be
used to enhance the capture of SO3/H,S0,; Most injection

* sorbents are injected dry, although notexclusively. With this

technology the dry sorbent, frequenily alkaline in nature,
reacts with the SO5/H,S0, vapor for collection as a particu-
late. Popular sorbents for SO; capture include magnesium
hydroxide, hydrated lime, high surface area lime, Trona, .
sodium bi-sulfite, ammonia and other proprietary products -
Considerations on sorbent usage and injection include suit-

able gas temperature for optimum reaction, effects on ash

‘resistivity and ESP performance, available residence time

for drying and reaction, affects on ash sales and disposal, air
heater fouling, and reagent storage and handling issues

This technology is suited for existing units that may have
a tendency for a visible or blue plume, particulatly after a
SCR system is added and the level of SO; in the flue gas is
increased due to the catalyst oxidation of SO,. This technol-
ogy can also be used on a new unit to achieve the low total
patticulate requirements at the stack which includes con-
tribution from H,S0, It may be logical to install a sorbent
injection system and avoid the use of a Wet ESP depending
on fuel sulfir content. Sorbents for SO; may be required
to enable the use of injection technologies for mercury
capture. An example of sorbent technology operating data
for the Gavin plant with Trona injection is given in Table 1.
The Gavin plant burns high sulfur coals and demonstrates
the high capture rates of SO; by diy sorbent teéchnologies.
These capture rates can be used in the determination of total
particulate emissions

Investigations and studies

One purpose of this paper is to assemble a sampling of
the demonstrated and available technologies which have
achieved low particulate stack emissions including the ef-
fects of SO4/H,S0,. The following provides stack emission
results for total particulate and includes the filterable and
condensable portions on a range of applications.

Table 1
S0O; Reduction Across ESP with Trona Injection
at AEP Gavin Unit 2
Injection Rate
Moles Trona : Moles SO;
SCR Qut of Service 0 20 |- 3.0 | 35
SO; Reduction, % 20 67 80 | 84
Injection Rate
Moles Trona : Moles SO;
SCR In Service 0.5 | 1.0 | 15| 20
80; Reduction, % 66 | 74|76 | 78




Low sulfur coals

Hawthorn Kansas City Power &L ight’s Hawthotn Umt :

5 is a nominal 550 MW PC fired boiler burning PRB coals.
The equipment train at Hawthorh includes the opposed wall

fired boiler, the two reactor SCR system, the air heaters, the

“two module dry FGD system, the ten compartment pulse jet
fabric filter and the ID fans. Total particulate emission test
results for two different fabric filter bag materials are pro-
vided in Table 2 This data indicates that the total particulate

emission is consistently at a very low emission value and

that the condensable portion typically makes up less than
half of the total with some dependability on type of fabric
filter bag. The available data indicates the inorganic portion
of the condensable catch ranges from 25% to 85%.

600 MW Unit The flue gas train for this operating

project includes the boiler, SCR, air heater, fabric filter.

and Wet FGD. This unit burns PRB coals. Particulate test
data results for this unit are provided in Table 3. While not
achieving as low total particulate emissions, this data also
demonstrates the small condensable portion but cons:stmg
of a high portion of inorganic material

550 MW Unit This operating PRB coal fired projecthas
aflue gas train that includes the boiler, air heater, fabric filter
and Wet FGD Particulate test data results for this unit are
provided in Table 4. This data indicates a low total particu-
late emission level with the condensables about equal to the

filterable emissions and with the condensables consisting of

about 50% inorganic material.

Medium and high sulfur coals

500 MW Unit The flue gas train for this operating unit
includes the boiler, SCR, air heater, dry ESP and Wet FGD
The boiler burns a 3.3% sulfur coal. This data, Table 5,

represents a low total particulate emissions with over half

Table 2
Hawthorn Particulate Emissions on PRB Coal
Unit Stack
Load Particulate Emissions —gt/acf | Opacity
Test MW | Total | Filterable ICondensable %
* Needle Felt Bags

Nov. 2001 585 | 0.00638 | 000443 000195 NA
Aug 2002 | NA | 000426 | 000345 000082 NA
Apr.2003 | 515 | O 00438 | 000299 000138 125

May 2004 545 | 000555 | 000346 000210 116

i Membrane Bags &
May2005 | 515 | 0.00545 { 000080 000465 2.10
Apr.2006 | 530 | 000433 | 000093 0.00341 1.54

Test | ' Method | Method
Method sB 202
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Table 3
Low Sulfur PRB Coal Application A.
Particulate Emissions

Particulate Emissions — Ib/million Btu

' Inorganic/
Organic %
1 0.0406 ; 0.0351 0.0055 91.8/8.2
2 | 00480 | 0.0387 | 00099 | 93.0/7.0

3 0.0124 | 0.00389 0.0085 - | .94.1/5.9

Avg. .
Results 0.0337 | 0.0259 | 0.0080 93.0/7.0

Test Method Method
Method 5B 202

|. TestID | Total |Filterable |Condensable

consisting of the condensable portion. Further lab testing
indicated the condensable particulate consisted mostly of
sulfates in the inorganic portion.

Petroleum cokel/heavy oil

Deepwater AES Deepwater is a petroleum coke
fired cogeneration plant located in Pasadena, Texas on the
Houston Ship Channel in a non-attainment area. This plant
is designed to burn petroleum coke with a sulfur value up
to 6% content. To limit the emissions of flyash, SO, and
sulfuric acid mist, the plant chose a three-stage flue gas
cleaning system consisting of 1) dry electrostatic precipitator
for particulate capture, 2) limestone sorbent-based wet flue
gas desulfurization (FGD) system, and 3) wet electrostatic
precipitator for removal of sulfuric acid mist and residual
particulate fines.

The Deepwater unit has been in commercial operation
since 1986 and added an SCR system in 2007 Upgrades
to the Wet ESP modules were initiated in 1999 and 2005
and modifications to the collection surface and discharge
electrodes have been completed in six of the twelve par-
alfel flow modules. These modifications have resulted in
improved performance compared to the original Wet ESP
system performance (without SCR) which had successfully
met the design stack particulate emissions of 0 005 grains/

Table 4
Low Sulfur PRB Ceal Application B
Particulate Emissions

Particulate Emissions — lb/million Btu

Inorganic/
Organic %

1 0.0019 | 0.00076 | 0.0012 | 42.4/57.6
2 0.0019 | 0.00113 | 0.0008 | 57.7/423
3 - | 0.0010 | 0.00069 NA ‘0100

Avg, il ey —
Resulis | 00016 | 0.00086 | 00010 50.0/500

Test Method Method
Method 5B 202

Test ID | Total |Filterable |Condensable
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Table 5
High Sulfur Coal Application C
Paiticulate Emissions

Particitlate Emissions — Ib/million Btu

TestID | Total. |Filteiable | Condensable g‘r‘;ﬁf;ﬁ'

1 | 0.0084 | 0:001911 0.0065: | 89.5/10.5
2 0.0073 | 0.00242 | - 0.0048 .| 77.4/22.6
3 | 00123 | 0.00243 | 0.0099 92.1/7.9

Avg, 2 -
Results 0.0093 | 0.00225 0.0070 86.3/13.7

Test Method Method
Method . 5B 202

scfd for the combined filterable flyash and sulfl.mc acid mist
concentrations

Recent emissions data is presented in Table 6. The con-

densable particulate is made up of virtually all sulfate as
indicated in the inorganic portion.

Colson Cove In 2004 New Brunswick Power placed
high efficiency Wet ESPs into service following two new
limestone-based Wet FGD scrubbers at their 1050 MW
Coleson Cove station This was part of a plant wide effort

to reduce the cost of electricity generation by switching to .

lower cost fuels and to upgrade emission controls to reduce
SO, and particulate. New Brunswick Power’s decision to
install Wet ESPs was to assure conirol of sulfiric acid emis-
sions below 5 ppmvd @ 3% O, and limit flyash particulates
below 0 015 Ib/million Btu. To achieve this level of control
of sulfuric acid at all times, design collection efficiency
exceeded 90%.

The Wet ESP consists of a three field upflow design
constructed in an upward extension of each of the two Wet
FGD modules. Thus the Wet ESPs were installed within
the circular absorber module. Scrubbed gas enters the close
coupled inlet field of the Wet ESP after exiting the Wet FGD

mist eliminator The gas exits the top of the third field of

the Wet ESP through a final mist eliminator section which
captures any re-entrained droplets that may be present dur-

Table 6
AES Deepwater Petcoke
Particulate Emissions

Particulate Emissions — gr/dscf

Inorganic/

Test ID | Total |Filterable |Condensable Orgmiic %

1 0.0078 | 0.0016 { 0.0062 81/19

: - 100/0
2 0.0057' | 00005 | 00052 PEpcabals

3 | 00047 | 00004 | O0o0043 | 1000

{as reported)
AVE. | 00061 | 0.0008 | 0.0052

Results |
Test | Method Method
Method 3B 202
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ing flushing cycles."[his design simplifies the arrangement.
Materials of construction for the inlet field of the Wet ESP
collectmg plates are C-276. Stainless steel made of 6% Mo

was utilized for the high voltage system and the balance of*
- the collection plates. -

This application again demonstrates the successful mstal,
lation and operation of Wet ESP technology in the utility
atmosphere to control the total particulate emissions from
a high sulfur fuel.

impact on plant equipment

Aside from stack opacity/particulate issues, SO can have
a major impact on the operation of the plant equipment.
Thiese impacts include such items as an increase in the acid
dew point temperature which can limit heat recovery from
the air heater and cause backend corrosion. The SO; can
react with ammonia present from the SCR o1 SNCR system

resulting in potential fouling of the air heater and catalyst. -

S0; also impacts the activated carbon injection system’s
ability to reduce mercury when the SO; competes with
mercury for the active adsorption sites on carbon particles.
Thus, removal of SO can produce significant benefits for

" utility boilers.

The acid dew point temperature is a function of the SO
concentration and moisture content of the flue gas. The acid

dew point temperature is the temperature at which acid-

will condense at or below this temperature When the SCR
is placed in service, the acid dew point temperature can
substantially increase due to the increase in SO, concentra-
tions leaving the SCR. If the air heater outlet temperature is
not selected appropriately for new units or is not analyzed
propetly for SCR refrofits, there is an increased risk of acid
corrosion on the downstream equipment. However, when
the air heater outlet tempetature is increased, the heat rate
of the boiler is negatively affected.

Air heater fouling is an issue when acid condensation
occurs. The ash combines with the sulfuric acid under
certain. conditions and forms a moist and sticky deposit.
SCRs increase the SO; concentration. However, even if the
temperature leaving the air heater is increased to maintain
4 similar margin as existed prior to SCR installation, some
units will experience increased air heater fouling due to a
change in the cohesiveness of the material

S0, and NH; react under certain conditions and locations
to form ammonia salt deposits. If SO; is present in larger
molar concentration than that of the molar concenfration
of NH3, Ammonium Bisulfate (ABS) will form. ABS is a
sticky substance which can foul the air heater which results
in increased pressure drop through the air heater, and over
time the air heater will require an outage for cleaning Air
heater surface profile design, basket depth, number of basket
sections and cleaning devices can be utilized to minimize
ABS effects.

_ S0, has an impact on mercury absorption through the ash
or via activated carbon SO; competes with mercury for the
active adsorption sites on the flyash/carbon This reduces the



_ capability of the ash to capture mercury The same effect.is
true when using activated carbon to capture mercury Thus,
the presence of SO; can have-a significant impact on the
amount of carbon required to remove mercury and the selec-
tion of the appropriate mercury mitigation technology.

Economic considerations

When a plant is considering the use of SO; mitigation
techmologies, several areas of the boiler island and air quality
control system need to be investigated to optimize the SO;
mitigation philosophy employed. For example, most users
planto use higher sulfur coals after the retrofit of'a Wet FGD
system . This can impact boiler conversion of SO, to SO; and
economizer outlet temperature. Both of these issues could
substantially affect stack H,SOy emissions by increasing
values. Air heater operation (temperature and operating
conditions) has a large effect on the amount of SO; exiting
the air heater and even the Diy ESP. Operating conditions
and equipment sizing are important considerations in SO,
mitigation. Wet FGDs do collect some H,SO, but not to the
levels that provide optimal stack condition on higher suifur
coals. Selection of a low SO, to SO; conversion catalyst
could reduce both the cost of mitigation equipment as well
as sorbent costs.

Several sorbents are effective in removing H,S0, from
the flue gas stream but careful consideration is required on
location of injection, cost and reliability of the handling
and injection system, and sorbent costs. In some cases, use
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of alternate sorbents should be considered in design of the
sorbent handling system allowing flexibility to switch toa
different sorbent if supply interruptions occur and/or price
increases occur. In summary, the approach to SO, mitigation
based on plant-specific conditions may reduce the overall
cost of mitigation equipment.

Conclusions

SO; emissions play an important role in total particulate

‘emissions and contribute to stack opacity and blue plume

issues. SO; formation is based on the combustion of sulfur
laden fuels and is enhanced by ash constituents on tube sur-
faces and by the addition of SCR catalyst. Multiple pieces
of typical power plant equipment downstream of the boiler
contribute to the capture or reduction of SO, There is operat-
ing experience with stack test results demonstrating that low
S0;/H,S0, emissions are possible. However, the ultimate
allowable SO4/H,SO, emission is based on the allowed total
particulate emission and the portion that is allowed from
S0,/H,S04. Based on the findings of this paper, this portion
is dependent on the fuel sulfur content and ash constituents as

* well as the selection of back end equipment and any sorbent

injection needs. For the determination of the selected SO5/
H,S0, technology to achieve the final allowable emission,
some economic evaluation of the optimum technology (for
instance sorbent injection vs. Wet ESP) will be required for
the higher sulfur fuels.
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product, process or apparatus discussed in this work; and neither Babcock & Wilcox Power Generstion Group
nor any of its employees shall be liable for any losses or damages with respect to or resulting from the use of,
or the inability to use, any information, product, process or apparatus discussed in this work
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Contact Us | Careers | Custon

?ﬁﬁ&a E}EEMI&“ L
Home Markels Products MEDS News | rehid B=f Visit
:: Markets Markets > FGD > Frequently Asked Questions
Lo ! Our customer service department answers many questions regarding our lime
Products . products for all the industries we serve. The questions range from lime applications
Technical Papers and use fo storage, shipping and handling. As a resource fo our customers and
g"r‘scﬁ;?;”s website viewers, the listing below represents the most frequently asked questions.
Calculators " ; . IS
Frequently Asked e Are dry FGD systems only suited for smaller industrial applications?
Questions e What is the difference between wet and dry lime-based FGD systems?
Clossary of Terms o | require FGD, but | have no space on my site for disposal of FGD by-products. Are there lime-
ge:vst based FGD systems that produce by-products which | can sell or provide for beneficial uses?
SrElss e What references are available that describe lime-based and other options for flue gas
Construction desulfurization (FGD) and compare costs of leading systems?
Steel Industry e | have other pollutants in my flue gas that | need to remove in addition to sulfur dioxide Will a
lime-based FGD system remove other pollutants? i
Water Treatment
Environmental Are dry FGD systems only suited for smaller industrial applications? :
Treatment Dry lime-based FGD systems are suitable for both small industrial applications and ;
Masonry and Mortars large applications including coal and oil-fired power generating systems .
back to top »
What is the difference between wet and dry lime-based FGD systems?
Wet and dry systems are distinguished mainly by the type of by-product produced
immediately after capture of sulfur dioxide. In dry lime FGD, the product of reaction
of lime with sulfur dioxide is a dry powder. In wet lime FGD, the reaction product is a

liquid. In dry FGD, milk of lime is sprayed directly into hot flue gas containing sulfur
dioxide Sulfur dioxide reacts directly with lime, and the heat of the flue gas
evaporates water in the milk of lime, leaving a dry by-product. The by-product is
removed from the gas using either fabric filters in a so-called baghouse or in an
electrostatic precipitator In wet lime FGD, sulfur dioxide is removed from flue gas
using a two-step chemical process, compared with dry FGD which is a one-step
process flue gas containing sulfur dioxide flows into the side of and up through a
cylindrical vessel called an absorber (see figure) A liquid mixture of water, products
of previous reaction of sulfur dioxide and lime, including an alkaline salt (magnesium
sulfite), is sprayed into the gas from above. Sulfur dioxide is grabbed by the alkaline
salt and is absorbed into the liquid mixture (step 1). The liquid mixture containing
sulfur dioxide falls into the bottom of the absorber, where a peol of the liquid mixture !
is held The sulfur dioxide, which Is acidic, lowers the pH of the liquid pool. Milk of i
lime is then added to the pool to raise pH to about 6. Calcium hydroxide in the lime
reacts with most of the sulfur dioxide to form a solid by-product, and magnesium

hydroxide reacts with the remainder of the sulfur dioxide to replenish the alkaline salt

(step 2). The replenished liquid mixture is then available fo be sprayed again into the

top of the absorber tower to remove sulfur dioxide from additional flue gas. :
back o top »

I require FGD, buf | have no space on my site for disposal of FGD by-products. Are
there lime-based FGD systems that produce by-products which | can sell or provide
for beneficial uses?

‘Yes. Lime-based systems can produce by-products both for sale and for a number
of beneficial uses. Wet lime systems produce gypsum (calcium sulfate), a

hitp://www carmeusena com/page asp?id=119&langue=EN 4/20/2009
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beachsand-like product which is purchased by building products manufacturers for
production of plasterboard. Gypsum is also used by cement manufacturers as a set
retarder. In some areas of the US, agricultural sofls are deficient in sulfur or high in
alkali, and gypsum is used as a soil amendment to increase crop yields Dry lime
FGD systems produce dry by-products rich in alkali which have also been used for
soil amendment. Additional beneficial uses for lime FGD by-products include

structural fill, mining mortars. and production of lightweight aggregate. i
¥ ; back to top »

What references are available that describe lime-based and other options for flue
gas desulfurization (FGD) and compare costs of leading systams?

A good general reference produced by US EPA, Controlling SO2 Emissions: A
Review of Technologies, is available through the National Technical Information
Service ([EPA/600/R-00/093, Order No. PB2001-101224; Telephone: 703-605-6000;
800-553-6847 U.S only]. Leading FGD systems for large industrial or power
generating plants are wet lime FGD, dry lime FGD, and wet limestone FGD. Lime-
based systems have lower equipment costs than limestone-based systems. Wet
lime systems are suited for flue gases with all ranges of sulfur dioxide content up to
10000 parts per million by volume of sulfur dioxide and where up to 99% sulfur
removal is required. Dry lime systems have the lowest equipment costs and are
suited for flue gases with less than 1500 parts per million by volume of sulfur dioxide

and where up to 94% sulfur removal is required.
back to top »

1 have other pollutants in my flue gas that | need to remove in addition to sulfur
dioxide. Will a lime-based FGD system remove other pollutants?

Lime will remove additional acid gases such as hydrogen chloride (HCI), hydrogen
fluoride (HF) and sulfur trioxide (SO,) Wet lime and dry lime systems achieve over

95% removal of HCl and HF, and dry lime systems also achieve over 95% removal
of SO3. Sulfur frioxide in combination with moisture produces acid mist, which
produces a dark brown or bluish plume and greatly increases visual opacity of flue
gas Mercury is also efficiently removed by lime-based systems. Dry lime FGD in
combination with activated carbon is a proven technology for removal of more than
70% of mercury from flue gases produced by incineration and other industrial

facilities. Wet lime scrubbers efficiently remove water-soluble forms of mercury.
back fo top »

Carmeuse Lime & Stone
11 Stanwix Street » 11th Floor « Pittsburgh, PA 15222
" Phone: 1-412-995-5500
For general information « info@carmeusena.com
For product information - salesinfo@carmeusena com

©2008. All content on this site is copyrighted by Carmeuse Lime & Stone and may not be
reproduced or distributed without prior consent from Carmeuse Lime & Stone
: Your use of this website constitutes acceptance of the
Carmeuse Lime & Stone Privacy Pelicy and Terms and Conditions

http://www.carmeusena.com/page.asp?id=119&langue=EN 4/20/2009
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Acid Gas/S02 Control Technologies :

Wet S_crﬁhhers

Scrubber is a general term that describes air pollution control devices or systems that use
absorption, both physical and chemical, to remove pollutants from the process gas stream.
Scrubber systems rely on a chemical reaction with a sorbent to remove a wide range of pollutants,
including sulfur dioxide (S02), acid gases, and air toxics, from flue gases, When used to remove or
"scrub® SO2 from the flue gas, these devices are commonly called flue gas desulfurization (FGD) or
scrubber systems. FGD or scrubber systems are generally classified as either "wet" or "dry" Wet
scrubbers are increasingly recognized as an important part of a multi-pollutant control program.

In a wet scrubber, a liquid sorbent is sprayed into the flue gas in an absorber vessel. The gas phase
or particulate pollutant comes inte direct contact with a sorbent liquid and is dissolved or diffused
{(scrubbed) Into the liquid. The liquid interface for gas and particle absorption include liquid sheets,
wetted walls, bubbles and droplets. In the wet pracesses, a wet slurry waste or by-product is
produced. Most wet FGD systems use alkaline slurries of limestone or slaked lime as sorbents.
Sulfur oxides react with the sorbent to form calcium sulfite and calcium sulfate. Uptake of the
pollutant by the sorbent results in the formation of a wet solid by-product that may require
additional treatment, or when oxidized, results in a gypsum by-product that can be sold,

Scrubber technologies for wet scrubbing of gaseous pollutants can achieve extremely high levels of
multi-pollutant control, including acid gases, SO2, fine particulates and heavy metals (l.e., mercury)
from utility and industrial coal-fired boilers, waste-to-energy systems, and other industrial
processes. Wet scrubber technology can be applied to difficult processes such as gas absorption and
particle collection, treating combustible particles, and removal of wet, sticky or corrosive particles.
Wet scrubbers are used in industrial process mercury removal and to remove ionic forms of mercury
from the gas stream of coal-fired power generation facilities ;

Wet scrubbers generally have relatively small space requirements, low capital cost, and are able to
process high temperature, high acidity, and high humidity flue gas streams. Scrubber costs have
continued to decrease, largely because of technical innovations. Scrubber energy requirements have
also continued to decrease, helping to lower operating costs, FGD systems are an increasingly -
significant part of a multi-pollutant control approach, even as the energy requirements of these
systems are decreasing to where these systems now consume only about 1% of total boiler output.
Where low-cost high-sulfur fuels are available, or where the required reductions are very high,
scrubbing is often a viable control option.

New wet scrubbers routinely achieve SO2 removal efficiencies of 95%, with some scrubbers
achieving removal efficiencies of up to 99%. Scrubbers have been used in the EPA Acid Rain
Program on coal-fired boilers, which are significant sources of hydrochloric acid (HCl) and
hydrofluoric acid (HF). According to the EPA and others, both wet and dry scrubbers have been
shown to reduce HCl emissions by 95% and more, and wet scrubbers have been shown to reduce
HF emissions by more than one-third, Others have reported ranges of 87-94% removal of chlorine
and 43-97% removal of fluorine by both wet and dry scrubbers. In addition, wet scrubbers also
provide significant removal of arsenic, beryllium, cadmium, chromium, lead, manganese, and

4/20/2009




KPSC Case No. 2011-00401
Sierra Club's First Set of Data Requests
Dated January 13, 2012

Item No. 5
BS-10
Acid Gas/SO2 Controls - Institute of Clean Ait Companies PR Lo i s

mercury from flue gas.

Wet scrubbers can be generally grouped by geometric designs and method for gas-liquid contact.

Several groupings include packed-bed, counter-flow, cross-flow, bubble-plate, open spray (single
. and double loop) tower, dual-flow tray, cyclonic, and venturi designs. However, there are many '

proprietary systems designed arcund specific industry needs. Design and operating parameters <

include scrubber geometrical shape, liquid spray or injection locations, gas residence time, gas

velocities, gas and liquid temperatures, gas and liquid pressure drop, and, liquid/gas flow rate ratio.

Dry Scrubbers

In a dry scrubber or FGD process, particles of an alkaline sorbent are injected into a flue gas,
producing a dry solid by-product. In dry FGD scrubbing, the flue gas leaving the absorber is not -
saturated (the major distinction between wet and dry scrubbers). Dry scrubbers generally involve
simple designs and low capital and maintenance costs. Scrubber costs have continued to decrease,
largely because of technical innovations. However, dry scrubbers are increasingly being recognized
as.an |mportant part of a multi-pollutant control program Dry scrubber energy requirements, while
less than wet FGD processes, continue to decrease which helps to lower operating costs.

Generally, the fate of absorbent in dry FGD is characterized as either once-through or regenerable.
Dry scrubbers systems can be grouped into three categories: spray dryers, circulating spray dryers,
and dry injection systems All these systems offer multi-pollutant control opportunities by
combining acid gas, SO2, particulate control, and air toxics, including mercury.

In a spray dryer, a slurry of alkaline reagent, typically lime or sodium based, is atomized into the
hot flue gas to absorb the pollutants. The resulting dry material, including fly ash, is collected in a
downstream particulate control device, typically an electrostatic precipitator or fabric filter. In some
cases, a portion of the dry material is recycled into the lime slurry mixture. Oxidation of the mixture
results in a gypsum by-product that can be sold. A lime spray dryer can typically be installed on
industrial and utility boilers, and on municipal and hazardous waste incinerators, Spray dryers
commonly are designed for SO2 removal efficiencies of 70-95%.

A circulating dry scrubber uses an entrained fluidized bed reactor for contacting-the reagent, usually
hydrated lime, with sulfur dioxide and particulate laden flue gas. The intensive gas-solid mixing that -
accurs in the reactor promotes the reaction of sulfur oxides in the flue gas with the dry lime

particles. The mixture of reaction products (calcium sulfite/sulfate), unreacted lime, and fly ash Is
carried to a downstream particulate collector that is separated from the gas stream. Part of the dry
waste product is removed for disposal, but most of the waste product is mixed with fresh calcium
hydroxide for use in the reactor. Water spray is introduced into the fluidized bed separately to
enhance performance (for maximum SO2 capture with minimum lime utilization) by optimizing the
surface moisture content of the lime Circulating dry scrubbers can provide removal efficiencles of
more than 90%.

Dry injection systems involve the injection of a dry sorbent (normally lime or limestone) into the
flue gas in the upper reaches of the boiler, or in the ductwork following the boiler. Sulfur oxides
react directly with the dry sorbent, which are collected in a downstream particulate control device
Because a separate scrubber vessel is not needed, capital costs are minimized. Low capital costs
are partially offset by lower reagent utilization, which result in higher operating costs for equivalent
S02 removal rates Dry injection systems are generally applied when lower removal efficiencies are
required, or on small plants where the capital cost for other scrubber types may not be justified.
Dry injection systems typically have removal efficiencies ranging from 50-70%

Home | Back to Top | Printer-friendly version

http://www.icac.com/i4a/pages/index.cfin?pageid=3401 4/20/2009



KPSC Case No. 2011-00401
Sierra Club's First Set of Data Requests
Dated January 13, 2012
BS-10 = Iltem No. 5
Acid Gas/SO2 Controls - Institute of Clean Air Companies ‘ Attachment 173 -Roedacted. Bagpid6fS
age o

. 1730 M Street NW  Suite 206  Washington, DC 20036
T: 202 457 0511  F:.202.331.1388 - E: icacinfo®icac com

http:/fwww.icac com/i4a/pages/index cfm?pageid=3401 4/20/2009




KPSC Case No. 2011-00401

Sierra Club's First Set of Data Requests
Dated January 13, 2012

Iltem No. 5

BS-11 ‘
Designing wet duct/stack systems for coal-fired plants 'S:ZZﬂTZ";gI;gRedadw Page 1 of 8

Designing wet duct/stack systems for coal-fired plants

As limits on SO, emissions become tighter, many coal-fired pﬁ!'rty power plants are adding new flue gas desulfurization (FGD) systems
or upgrading existing ones The majority of these systems employ wet FGD technologies. Many plants with wet FGD systenis use
reheated flue gas to.dry the saturated gases exiting the system’s absorber before they are sent to the stack '

However, due to the increasingly high cost of energy and/or the need to decrease total plant SO, emissions, flue gas reheating
typically is no longer used on new plants and is being eliminated at plants already In service Without reheat, saturated flue gases
exiting the absorber enter the stack directly. Along with droplets that are carried over from thie mist eliminator, water vapor condensing
from the saturated flue gases create a liquid film that covers the walls of the absorber outlet ducting and stack liner This film must be
collected and drained from the system by a process called wet stack operation. If the ductwork, stack liner, and liquid cellection
system are not properly designed, unacceptable amounts of liquid droplets may be discharged from the top of the stack.

Trouble-free operation of an FGD unit with wet ducts and stacks requires investigation of several potential prablem areas related to
the handiing and discharge of wet flue gas. This must be done during the design of the stack and duct system. This article outlines the
important design aspects that must be addressed if liquid discharge from a new or retrofitted wet stack installation is to be minimized.

Wetter is better. .. but

Although wet FGD systems have been used for decades, most operated with dry stacks. In the late 1970s, some utilities began using
wet ducts and stacks to reduce their operating costs, but in many cases the (unforeseen) result of this switch was unacceptably high
levels of stack liquid discharge (SLD). To improve understanding of the physical processes taking place in wet FGD systems, in the
1980s, EPRI sponsored a number of programs to determine the key variables contributing to liquid re-entrainment The results of one
of these studies were summarized in EPRI Report No. CS-2520, "Entrainment in Wet Stacks " :

By the late 1980s many utility plants were operating with wet duct/stack systems—most equipped with liquid collectors—and a
sufficient body of experience had been developed for EPRI to sponsor another program to develop practical guidelines for wet stack
design and operation. The resulfs of this study were summarized in EPRI Report No. TR-107099, "Wet Stacks Design Guide "

As the two reports detailed, the development of an effective wet stack installation requires a thorough fluid dynamic design of the wet
duct/stack system and of the liquid collectors and drains. The design process, usually performed by a flow modeling laboratory with
experience in this area, typically consists of five distinct phases:

e Phase 1—Initial review of the proposed system design

e Phase 2—Condensation calculations

e Phase 3—Design and development of the liquid collection system
o Phase 4—Study of the plume downwash

Phase 5—Field installation and operationa{l inspections

Using the results of the first four phases, utility engineers can finalize the design of the wet FGD system and write the specifications
for supply and construction bids The results of the fifth phase are used to support the installation of the liquid collection system

Phase 1—Reviewing the initial design

Experience suggests that an early review of the proposed geometry of an absorber outlet duct and stack breach/inlet often produces
recommended modifications for making the geometry more amenable to wet operation This review should be performed by a
consultant with broad experience in wet stack system design and operation Key system design variables such as gas velocities,
breach height and width, and liner diameter should be compared with values that have proven favorable for wet operation at other
plants. Simple changes in system geometry, such as adjusting the breach aspect ratio, often can significantly improve the efficacy of
the liquid collection system—by improving the flow patterns in the lower liner, minimizing the potential for liquid re-entrainment,
reducing the total number of liquid collectors required, and/or reducing system complexity

http://www.powermag com/print/coal/Designing-wet-ductstack-systems-for-coal-fired-plants_536 html 4/20/2009
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Many economic factors play a role in the design of a stack liner, including minimizing its diameter. But the primary controlling

; parameter for effective wet stack operation is the liner gas velocity Different liner materials and construction techniques have different
velocities considered favorable for wet operation. According to the EPRI "Wet Stacks Design Guide " well-constructed C276 and
ﬁberg!ass—remforced ptast:c (FRP) liners should be operated at maximum velocities of 50 to B0 ft/sec, whereas brick liners—with ) i
rougher surfaces—should be opérated at gas velocities no mgher than 35 to 45 fifsec. If properly installed, modern materials, such ASE L ¢ |
borosilicate block liners, can opera:e effectively at velocities up to 65 ft/sec (Figure 1, p 22). : |
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graph Liner material Source: Alden Research Laboratory
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1. Faster is better. Maximum stack liner gas velocities for four materials.

Sometimes the maximum recommended liner velocity must be reduced if there are horizontal discontinuities in the liner such as weld
beads or FRP joints. These discontinuities can act as sites for liquid re-entrainment. Special care must also be taken fo design the
stack entrance area, where the gas flow is three-dimensional and very nonuniform, with velecities two or more times higher than the
area-average value. Expansion joint locations in this area are particularly critical and, if at all possible, should not be located within
one to two liner diameters of the top of the breach.

Phase 2—Making condensation calculations

Much of the liquid that miust be removed from a wet stack is condensation on the duct and stack liner walls. It results from thermal
condensation on the walls (the result of heat transfer from the flue gas to the outside air through the liner, insulation, annufus air, and
conerete shell) and from adiabatic condensation of the saturated fiue gas as it flows up the stack and expands as pressure falls with
elevation

The amount of thermal condensation on the duct and liner surfaces is a function of the stack's geometry and thermal conductivity, its
internal flow conditions, ambient temperatures and wind velocity, and—in some instances—wind direction Thermal insulation can
reduce the amount of thermal condensation on a stack liner. In practice, the addition of 2 inches of liner insulation has proven capable
of reducing the quantity of thermal condensation by a factor of four i

As for adiabatic condensation, industry experience indicates that the relatively small pressure drop from the breaching duct to the top
. of the stack may produce an appreciable amount of liquid. A small fraction of this liquid will deposit on the liner surface due to
turbulent diffusion, and the rest will be discharged from the liner as part of the bulk gas stream in the form of very small droplets.

http://www powermag com/print/coal/Designing-wet-ductstack-systems-for-coal-fired-plants_3536 html 4/20/2009
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These droplets do not present a problem because they are so-small that they will evaporate before reaching the ground

: : Customlzed heat-transfer computer programs are used to calculate the total amount of liquid deposited on the stack liner walls due to
" thermal and adiabatic condensation. Such applications also can determine the rate of condensation, which is a function of ambient air
temperature, wind velocity, and liner design variables Both sets of calculations are needed to design and develop an effective fiquid -

"collection system, because the results will determine the number, size, and location of its gutters and drains

Phase 3—Modelmg liquid collection

The problem of SLD from a duct and stack system operating in “all-scrubbed” mode is exacerbated by the two-phase flow interaction
of liquid and gas. The liquid enters the ducts and stack as droplets as well as condensed water vapor carried over from the mist
eliminators of the absorbers. Rates of liquid carryover can increase significantly over "as designed"” rates dunng normal wash cycles
or if mist eliminators become fouled wﬂh normal use

How much liquid and condensate is deposited is a function of flue gas velocity, duct and stack geometry, the liquid loading level, and
the distribution of droplet size. The liquid films that form can move under the influence of gravity and gas shear forces Any film that
does move either will accumulate elsewhere or be re-entrained from liner walls, internal struts, dampers, or vanes and be discharged
from the top of the stack by the high-velocity gases .

This re-entrainment process, in turn, is dependent on flue gas velocity, surface roughness, and surface discontinuities such as
duct/liner weld seams or FRP finer joints Liner expansion joinis can be a major source of liquid re-entrainment if they are not properly
located and arranged Most of the liquid re-entrained within the stack does not redeposit on the liner wall; it exits the stack as droplets
that are large enough to reach the ground before evaporating.

The behavior of droplets entrained in the gas flow from the absorber's mist eliminators and the motion of the liquid films must be
evaluated by a physical flow model of the unit Such models facilitate the design and development of liquid collection devices capable
of maximizing primary droplet deposition and liquid collection while minimizing the potential for re-entrainment of drop!ets; from liquid
pools and films. Computational fluid dynamics (CFD) models cannot be used for this purpose, because these computer codes, though
effective at predicting droplet trajectories and droplet collection patterns, are currently incapable of accurately simulating the
development and motion of liquid films on the duct and liner walls

Physical flow models of wet duct and stack installations are usually built to a scale of 1:12 to 1:16. They typically encompass the
system from the outlet of the absorber mist eliminator to a point in the stack liner approximately three to four liner diameters above the
roof of the breaching duct. Typical single and multiple absorber wet stack flow models are shown in Figures 2 and 3, respectively To
the extent possible, models are fabricated from clear Plexiglss to allow detailed visualization of internal gas and liquid flows. To ensure
that the liquid film motion in the primary collection zone of the Jower liner is accurately simulated, care must be taken to ensure that
the surface of the material used in this area has wetting properties similar to those found in the field
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& Courtesy: Alden Research Laboratory Inc

2 Oneis good. A typical single absorber wet stack flow model
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# Courtesy: Alden Research Laboratory Inc.

3 More is better A typical multiple absorber wet stack flow model

Use of a physical flow model enables droplet trajectories and the movement of liquid films to be observed as flow pattems. These
pattems, in turn, can be used to design, develop, and optimize a system of vanes, gutters, ring collectors, dams, baffies, and drains
capable of working effectively over a range of expected boiler loads and operating scenarios. To the extent possible, the liquid
collectors and gutters are fabricated from commercially available structural shapes made of noncorrosive materials such as €276 or
FRP

Phase 4—Evaluating plume downwash

A crosswind at the top of a power plant stack will give the plume exiting it a horizontal component As the ratio of vertical plume
momentum to horizantal wind momentum decreases, the plume may become partially entrained in the wake formed on the downwind
side of the liner and stack shell At lower momentum ratios, the reduced static pressure in the wake can draw the flue gas into a
downwash pattern along the downwind side of stack shell (Figure 4)
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4 Result of reduced static pressure. Plume downwash from the stack of a coal-fired power plant

If the saturated flue gas drawn into this wake comes into contact with the roof and sides of the stack liners and the shell, problems
involving metal corrosion, concrete deterioration, and ice buildup (dus:ing winter months) can arise. Plume downwash is particularly
important to address for stacks with mulfiple, interacting discharge plumes Severe downwash situations may even produce plume
contact with lower surrounding plant structures In the most extreme cases, plumes may touch down at ground level near the stack .

The interactions between the prevailing wind and the individual plumes also play a significant role in the propensity and extent of
downwash for stacks with multiple flues. The wind direction relative to the plumes can produce different degrees of downwash. For a
given ratio of vertical to horizontal momentum, plume downwash will be greater in a dual-liner stack if the direction of the prevailing
wind is perpendicular to the axis of the two liners, compared with a condition in which the wind direction is parallel to that axis
Evaluating the downwash potential for two (or more) wind directions allows definition of the maximum downwash potentlal and
development of appropriate liner extensions and stack top geometry to mitigate the problem

Uttimately, all stacks can enter into downwash mode at low unit load and at high wind velocities. The only questions are:

s Under what conditions and how frequently will downwash occur, given the expected boiler load schedule and wind frequency
profile?
e How much downwash is considered acceptable?

In contrast to simulations of liquid collection systems, CFD modeling is ideally suited for evaluating the variables of downwash, a
phenomenon resulting aimost entirely from gas-gas interactions Figure 5 presents a fypical output from such a model showing good
stack operation without downwash Various liner velocity/atmospheric conditions can be evaluated to determine the liner extension
height or the exit choke size reduction required to eliminate downwash or the extent to which the fop of the stack shell should be
covered with an acid-resistant éoating. The potential for stack top icing also can be evaluated by including heat transfer in the model
and by predicting how quickly the plume will cool after exiting the stack
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5. Very predictable Typical results of a computational fluid dynamics model of plume downwash.

Phase 5—Supporting installation and operation

The results of this phase are used to support field installation of the liquid collection system Field construction and installation
drawings of the system should be reviewed by the engineers who designed and developed it, to ensure that their recommendations
have been interpreted correctly and to evaluate any changes made by the installation company to facilitate fabrication assembly,
installation, or structural support. :

During field installation, deviations from the specified design are often required due to unanticipated interferences or installation
issues To ensure that the liquid collection system has been installed properly, an on-site inspection of the installation by its designer
is highly recommended and should be scheduled for a day when the installation is 80% to 90% complete This way, errors can be j
identified, on-the-spot modifications can be defined if necessary, and corrections can be made while the construction crew is on-site
before the unit start-up. :

Inspecting the liquid collection system after several months of operation is also highly recommended “If any stack emission incidents
occur during normal operation, the need for inspection is abvious However, even if SLD is not experienced, it still is important to
inspect the liquid collectors as a way to ensure their satisfactory long-term operation These inspections may reveal incipient
deposition and drainage problems that can then be corrected during future plant outages.

—David K. Anderson is director of AirfGas Flow Modeling at Alden Research Laboratory Inc He ¢an be reached at
danderson@aldenlab com or 508-829-6000, ext 464 Lewis A Maroti is a senior consuitant at Alden; he can be reached at
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