TECHNICAL PAPER

[SSN 1047-3289 . Air & Waste Manage. Assoc. 51:1676-1688

Copynght 2001 Air & Waste Management AsaociEtian

Flue Gas Desulfurization; The State of the Art

R.K. Srivastava

Office of Research and Development, National Risk Management Research Laboratory,
Air Pollution Prevention and Control Division, U.S. Environmental Protection Agency,

Research Triangle Park, North Carolina

W. Jozewicz

ARCADIS Geraghty & Miller, Inc., Research Triangle Park, North Carolina

ABSTRACT

Coal-fired electricity-generating plants may use SO, scrub-
bers to meet the requirements of Phase 11 of the Acid Rain
SO, Reduction Program. Additionally, the use of scrub-
bers can result in reduction of Hg and other emissions
from combustion sources. It is timely, therefore, to exam-
ine the current status of SO, scrubbing technologies. This
paper presents a comprehensive review of the state of the
art in flue gas desulfurization (FGD) technologies for coal-
fired boilers.

Data on worldwide FGD applications reveal that wet
FGD technologies, and specifically wet limestone FGD,
have been predominantly selected over other FGD tech-
nologies. However, lime spray drying (LSD) is being used
at the majority of the plants employing dry FGD tech-
nologies. Additional review of the U.S. FGD technology
applications that began operation in 1991 through 1995
reveals that FGD processes of choice recently in the United
States have been wet limestone FGD, magnesium-
enhanced lime (MEL), and LSD. Further, of the wet lime-
stone processes, limestone forced oxidation (LSFO) has
been used most often in recent applications.

The SO, removal performance of scrubbers has been
reviewed. Data reflect that most wet limestone and LSD
installations appear to be capable of ~90% S0, removal.
Advanced, state-of-the-art wet scrubbers can provide 50,
removal in excess of 95%.

IMPLICATIONS

Coal-fired power plants may use SO, scrubbers to meet
the requirements of Phase Il of the Acid Raln SO, Re-
duction Program. Additionally, the use of scrubbers can
result in reduction of Hg and other emissions from com-
bustion sources. This paper presents a comprehensive
review of the state of the art in FGD technologies for
coal-fired boilers,
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Costs associated with state-of-the-art applications of
.SFO, MEL, and LSD technologies have been analyzed
with appropriate cost models. Analyses indicate that the
capital cost of an LSD system is lower than those of same
capacity LSFO and MEL systems, reflective of the relatively
less complex hardware used in LSD. Analyses also reflect
that, based on total annualized cost and 50, removal re-
quirements: (1) plants up to -250 MW _in size and firing
low- to medium-sulfur coals (i.e., coals with a sulfur con-
tent of 2% or lower) may use LSD); and (2) plants larger
than 250 MW _and firing medium- to high-sulfur coals
(i.e., coals with a sulfur centent of 2% or higher) may use
either LSFO or MEL.

INTRODUCTION
SO, emissions are known to cause detrimental impacts
on human health and the environment. The major health
concerns associated with exposure to high ambient con-
centrations of 50, include breathing difficulty, respira-
tory illness, and aggravation of existing cardiovascular
disease. In addition to the health impacts, 50, leads to
acid deposition in the environment. This deposition
causes acidification of lakes and streams and damage to
tree foliage and agricultural crops. Furthermore, acid depo-
sition accelerates the deterioration of buildings and monu-
ments. While airborne, SO, and its particulate matter (PM)
derivatives contribute to visibilitv degradation.
Combustion of sulfur-containing fuels, such as coal
and oil, results in SO, formation. Llectricity-generating
plants account for the majority of 50, emissions in the
United States. The Acid Rain SO, Reduction Program, es-
tablished under Title IV of the Clean Air Act Amendments
of 1990, was designed to reduce 50, emissions from the
power-generating industry. Phase I of this program began
on January 1, 1995, and ended on December 31, 1999, In
1997, 423 electricity-generating units, affected under
Phase 1, emitted 5.4 million tons (4903.2 x 10" kg) of SO,
compared with the allowable 7.1 million tons (6446.8 x
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10° kg).! Thus, the SO, emissions in 1997 were 23% below
the allowable amount. Phase 11 of the Acid Rain 50, Re-
duction Program began on January 1, 2000, To meet the
requirements of this phase, some power plants may use
flue gas desulfurization (FGD) technologies. Additional
environmental benefits that may result from the use of
these technologies are synergistic reductions in Hg emis-
sions, as well as reductions in fine PM concentrations in
the atmosphere. It is timely, therefore, to examine the
current status of FGD (or SO, scrubbing) technologies
applicable to electricity-generating plants.

The review of FGD technologies presented in this
paper describes these technologies, assesses their applica-
tions, and characterizes their performance. Then, the pa-
per presents an analysis of the costs associated with
limestone forced oxidation (LSFO), lime spray drying
(LSD), and magnesium-enhanced lime (MEL) FGD tech-
nology applications. It is expected that this review will be
useful to a broad audience, including individuals respon-
sible for developing and implementing SO, control strat-
egies at sources, persons involved in developing SO, and
other regulations, state regulatory authorities implement-
ing 50, control programs, and the interested public at
large. Persons engaged in research and development ef-
forts aimed at improving cost-effectiveness of FGD tech-
nologies may also benefit from this review.

CLASSIFICATION OF FGD TECHNOLOGIES
Various technologies exist to remove SO, from flue gas
produced by electricity-generating plants. Existing FGD
technologies were comprehensively evaluated by the Elec-
tric Power Research Institute in their review report.’ The
technologies discussed in this report represent a broad
spectrum of maturity. Some can claim tens of thousands
of hours of commercial operating experience, while oth-
ers have been tested only at pilot-scale. A compendium
of FGD technology applications is provided in the
CoalPower3 database, available from the International
Energy Agency’'s Clean Coal Centre in London.*
Conventionally, FGD processes can be classified as
once-through or regenerable, depending on how the sor-
bent is treated after it has sorbed 50,. In once-through
technologies, the spent sorbent is disposed of as a waste
or utilized as a byproduct. In regenerable technologies,
50, is released from the sorbent during the sorbent’s re-
generation, and the 50O, may be further processed to vield
H,50,, elemental sulfur, or liquid SO,. No waste is pro-
duced in regenerable technology applications. Both once-
through and regenerable technologies can be further
classified as either wet or dry. In wet processes, wet slurry
waste or byproduct is produced, and the flue gas leaving
the absorber is saturated with water. In dry processes,
dry waste material or byproduct is produced, and the
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flue gas leaving the absorber is not saturated. The classifi-
cation of FGD processes is shown in Figure 1.

At present, regenerable FGD technologies are being
used only marginally in the United States and abroad, as
evident from Table 1. This may be because these processes
involve relatively higher costs compared with other FGD
processes. For example, capital costs for FGD technology
application on a new 300-MW _ plant burning 2.6% sulfur
coal were estimated at 170 and 217 $/kW for wet once-
through FGD and sodium sulfite regenerable processes,
respectively.” Considering the relatively marginal applica-
tion of regenerable FGD processes, this paper focuses only
on once-through FGD processes. Accordingly, when wet
FGD is mentioned in the remainder of this paper, it is meant
to be once-through wet FGD, Similarly, when dry FGD is
mentioned, it is meant to be once-through dry FGD.

DESCRIPTION OF ONCE-THROUGH PROCESSES
in once-through technologies, the SO, is permanently
bound in the sorbent, which must be disposed of as a
waste or utilized as a byproduct (e.g., gypsum). This sec-
tion presents the FGD processes reported in literature? and
in an International Energy Agency database of commer-
cial applications.” For each process, typical SO, reduction,
advantages, and any constraints are described.

Once-Through Wet FGD Technologies

In these technologies, SO,-containing flue gas contacts
alkaline aqueous slurry in an absorber. The slurry is gen-
erally made from either lime [typically 90% or more
Ca(OH),] or limestone (typically 90% or more CaCo,).
The most often used absorber application is the counter-
current vertically oriented spray tower. A generic layout
of a limestone-based wet FGD process is shown schemati-
cally in Figure 2.

In the absorber, SO, dissolves in the slurry and ini-
tiates the reaction with dissolved alkaline particles. The
absorber slurry effluent, containing dissolved SO,, is held
in a reaction tank, which provides the retention time for
finely ground lime or limestone particles in the slurry to
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Figure 1. Classification of FGD processes
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Table 1. Genarating capacity (MW ) equipped with FGD feahnology through 14998

Technology United States Abroad World
Wel A2 092 114,800 196,892
Dry 14,081 10,654 24,735
Repenerabla 2198 2394 5192

Total FGD 498,971 127 848 226 814

dissolve and to complete the reaction with the dissolved
SO,. As a result of this reaction, sulfite/sulfate crystalliza-
tion occurs in the reaction tank, and alkalinity of the slurry
is depleted. Fresh slurry is added to the reaction tank to
compensate for this depletion and thereby maintain a
desired level of alkalinity. The slurry is recirculated from
the reaction tank into the absorber, Reaction products
from the reaction tank are pumped to the waste-handling
equipment, which concentrates the waste. From the waste-
handling equipment, the concentrated waste is sent for
disposal (ponding or stacking) or, alternatively, processed
to produce a salable gypsum (calcium sulfate dihydrate)
byproduct. The practical wet FGD processes are described
in the following sections.

Limestone Forced Oxidation. Over the years, LSFO, which
minimizes scaling problems in the absorber, has become
the preferred wet FGD technology process. Gypsum scale
typically forms via natural oxidation when the fraction
of CaSO, in the slurry (slurry oxidation level) is greater
than 15%. In LSFQO, scaling is prevented by forcing oxida-
tion of CaSO, to CaSO, by blowing air into the reaction
tank (in situ oxidation) or into an additional hold tank
(ex situ oxidation).! The gypsum thus formed is removed
as usual and, as a consequence, the concentration of gyp-
sum in the slurry recycled to the absorber decreases.
The LSFO process can remove in excess of 95% of
SO.. The prime benefit of scale control derived from forced
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Figure 2. Wet FGD processes.
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oxidation is greater scrubber absorber availability. As a
result, the need for redundant capacity is greatly reduced.
Additional benefits are formation of a stable product,
the potential for elimination of landfilling, and smaller
dewatering equipment. Further, depending on site-spe-
cific conditions, LSFO may produce a salable byproduct
in the torm of commercial-grade gypsum that could be
used for wallboard manufacturing. When salable gyp-
sum is not attainable, dry FGD waste is piled (gypsum
stacking) or landfilled. The operation of the LSFO pro-
cess can be improved when organic acids, such as di-
basic acid, are added to the limestone slurry, The use of
organic acid buffering allows for a smaller absorber and
increased sorbent utilization.

Variations in LSFO process design include a cocurrent,
downflow absorber with a single level of grid packing.
The cocurrent contact of slurry and flue gas allows for a
higher flue gas velocity and results in a reduced pressure
drop. Additionally, combining the cocurrent absorber
tower and reaction tank can reduce space requirements.
In this design, limestone slurry is sprayed above the grid
and is contacted by the flue gas. Simultaneous forced oxi-
dation and agitation in the reaction tank is accomplished
with a rotating air sparger. This sparger prevents solids
from settling out in the reaction tank and provides nearly
complete oxidation of CaSO, to CaSO .

Another variation in LSFO design includes contact-
ing flue gas with dilute slurry in a double-loop recycle
system. Approximately 25-30% of the SO, in the flue gas
reacts with the recycle slurry of CaSO, and CaCO | in the
lower, first stage of the absorber. The flue gas then flows
upward to the second stage, where the remaining 50, is
contacted with dilute slurry of CaSO,, CaS0O , and CaCO,
in the second recycle loop. The CaS0, reaction product
slurry from the second loop drains to the lower first loop
of the absorber, where it is oxidized to Cad0,. Minimal
addition of fresh CaCO, to a lower loop helps decrease
pH and promote CaS0, oxidation.

Limestone Inhibited Oxidation. Another wet limestone pro-
cess designed to control oxidation in the absorber is lime-
stone inhibited oxidation (LS10), in which emulsified
sodium thiosulfate is added to the limestone slurry feed
to prevent the oxidation of CaSO, to gypsum in the ab-
sorber by lowering the slurry oxidation level to less than
15%. Because of economic considerations, sulfur is of-
ten added to the limestone slurry in lieu of thiosulfate.
Sulfur is added directly to the limestone reagent tank,
and conversion to thiosulfate occurs when sulfur con-

tacts sulfite in the reaction tank. The overall conversion
of sulfur to thiosulfate is between 50 and 75%. The
amount of thiosulfate (or sulfur) required to achieve in-
hibited oxidation is a function of system chemistry and
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operating conditions. The LSIO chemistry is particularly
efficient in applications with high-sulfur coals,” because
the difficulty in inhibiting the oxidation generally in-
creases with decreasing sulfur content in coal.

In some instances, LSIO may be economically pre-
ferred over LSFO when a salable gypsum byproduct is not
required. This is because LSIO does not require the use of
air compressors, as does LSFO. An additional benefit of
using LSIO may be increased limestone solubility, which
ernthances sorbent utilization, However, in general, solids
dewatering is more difficult in LSIO compared with LSFO
due to a higher level of sulfites. The waste product, CaSO ,
resulting from the LSIO process is landfilled. Note that
the LSIO waste has improved dewatering characteristics
compared with the waste from natural oxidation opera-
tion of a wet FGD absorber, This is because the CaSO,
product from the LSIO tends to form larger crystals, simi-
lar to gypsum solids.

Jet Bubbling Reactor. The jet bubbling reactor (JBR) pro-
cess represents a different approach to gas/liquid contact-
ing for SO, removal than does LSFO or LSIO. In JBR, SO,
absorption, sulfite/bisulfite oxidation, and precipitation
of gypsum are accomplished in a single reaction vessel,
The contact is achieved by injecting flue gas through gas
sparger tubes immersed below the surface of the limestone
scrubbing slurry. The so-called “jet bubbling zone” is
formed, in which the flue gas vigorously bubbles through
the surrounding liquid, thus creating a large gas/liquid
interfacial area for SO, absorption.” In this zone. main-
tained at a slightly lower pH than that for LSFO (3.5-4.5
compared with 5.5-6.5) to increase reaction rates and pre-
vent sulfite and carbonate scale formation, neutralization
and oxidation of bisulfites and formation of gypsum crys-
tals occur. The lower pH allows the |BR to attain essen-
tially 100% utilization of limestone.

The overall chemical reactions in the JBR are similar
to those occurring in the LSFO. However, the intermedi-
ate reaction compound is a nonscaling bisulfite instead
of the scale-producing sulfite. As a result, |BR produces
gypsum crystals, which are larger and dewater better than
gypsum crystals from LSFO, The total system pressure drop
is greater than most conventional spray tower LSFOs.
However, the |BR design allows elimination of high-
energy-demand slurry spray pumps.

Lime and Magnesium-Enhanced Lime, The lime process uses
hydrated calcitic lime slurry in a spray tower, which pre-
dominantly is countercurrent flow. Because this slurry is
more reactive than limestone slurry, the absorber designed
for lime sorbent is generally smaller compared with one
designed for limestone slurry. However, lime sorbent is
more expensive than limestone sorbent,
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The MEL process is a variation of the lime process in
that it uses a special type of lime that contains magne-
sium in addition to its calcitic component. Because of the
greater solubility of magnesium salts compared with cal-
citic sorbents, the scrubbing liquor Is signiticantly more
alkaline. Therefore, MEL is able to achieve high SO, re-
moval efficiencies in significantly smaller absorber tow-
ers than its calcitic lime sorbent counterparts. Additionally,
less MEL slurry is needed compared with LSFO for the
same level of SO, removal. Also, because ot the lower lig-
uid recirculation requirement, pumps are smaller, and the
scrubber-gas-side pressure drop is lower in an MEL sys-
tem than in a comparable LSFO system, For these and
other reasons, process energy requirements are lower in
MEL compared with those needed in LSFO. Furthermore,
gypsum produced from the MEL process may be lighter
in color than that produced by LSFO. If desired, Mg(OH),
byproduct can also be produced from the MEL process.’
Mg(OH), is an alkaline reagent, which can be used to re-
duce SO emissions and also to treat plant liquid effluents
prior to discharge.

Dual Alkali. This process utilizes two alkaline materials: a
sodium solution for scrubbing and lime for treatment of
the scrubbing solution. A sodium sulfite solution is sprayed
into an open spray tower to remove S0, from the flue
gas. Lime is added to the product solution in an external
tank to recover the sodium solution and form a CaSO -
rich sludge. Because the absorption step uses a soluble
alkali, the dissolution rate of the reagent is not the rate-
limiting step as it js in LSFO. Consequently, lower liquid/
gas (L/G) ratios are used in the dual alkali process com-
pared with those used in LSFO.

The dual alkali process produces CaSO /CaSO, sludge,
This sludge must be disposed of in a lined landfill be-
cause of sodium scrubbing solution losses to the product
material and the resulting sodium salt concentration in
the filter cake. Scrubbing solution losses may be decreased
by improved filter cake washing techniques.

In a variation of the dual alkali process, limestone
may be added to a slipstream from an open spray tower
removing SO,. Limestone simultaneously recovers sodium
sulfite and forms sludge rich in CaSO . Similarly to the
requirements for the lime-based dual alkali process, a lined
landfill may be required because of the soluble sodium
salts entrained in the solid product. Additionally, these
solids must be fixated with lime and fly ash.

e Seawater Process, This process utilizes the natural al-
kalinity of seawater to neutralize SO,. The chemistry of
the process is similar to that of LSFO, except it does not
involve any dissolution or precipitation of solids, Seawa-
ter may be available in large amounts at the power plant
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as a cooling medium in the condensers. It then can be
used as a sorbent downstream of the condensers for the
purpose of FGD. Seawater is alkaline by nature, and has a
large neutralizing capacity with respect to SO..

The absorption of SO, takes place in an absorber, where
seawater and flue gas are brought into close contact in a
countercurrent flow. The scrubber effluent flows to the treat-
ment plant, where it is air-sparged to oxidize absorbed SO,
into sulfate before discharge.” Since sulfate is completely
dissolved in seawater, it does not result in any waste prod-
uct that would require disposal. Sulfate is a natural ingre-
dient in seawater, and typically there is only a slight increase
in its concentration in the discharge. This increase is within
the variation naturally occurring in seawater. The differ-
ence from the background level is normally not detectable
within even a short distance from the point of discharge.

Because the utilization of seawater for SO, scrubbing
introduces a discharge to the ocean, it is necessary to make
an assessiment based on local conditions, Typically, this as-
sessment includes effluent dilution and dispersion calcula-
tions, a description of the effluent, a comparison of effluent
data with local quality criteria, a description of the local
marine environment, and evaluation of possible effects from
the discharge. High chloride concentrations, characteristic
of systems using seawater, result in a requirement for con-
struction materials with increased corrosion resistance.”

Once-Through Dry FGD Technologies

[n these technologies, SO,-containing flue gas contacts al-
kaline (most often lime) sorbent. As a result, dry waste is
produced, which is generally easier to dispose of than waste
produced from wet FGD processes. The sorbent can be de-
livered to the flue gas in an aqueous slurry form (LSD) or as
a dry powder [furnace sorbent injection (FSI), LIFAC process
(LIFAC), economizer sorbent injection (ESI), duct sorbent
injection (DSI), duct spray drying (DSD), circulating fluid-
ized bed (CFB), or Hypas sorbent injection (HSI)]. LSD and
CFB require dedicated absorber vessels for sorbent to react
with 50,, while in DSI and FSI, new hardware requirements
are limited to sorbent delivery equipment, In dry processes,
sorbent recirculation may be used to increase its utilization.
A schematic of dry FGD processes involving dry powder in-
jection and DSD is shown in Figure 3. In this figure, the flue
gas flow for a plant without FGD is shown with the solid
line. Sorbent injection locations for alternative dry FGD pro-
cesses with dry powder injection or DSD are shown sche-
matically with broken lines. These processes are discussed
in the following sections.

Lime Spray Drying. This process is most often used by
sources that burn low- to medium-sulfur coal. The sche-
matic of LSD is shown in Figure 4. Rotary atomizers or
two-fluid nozzles are used to finely disperse lime slurry
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Figure 3. Sorben! injection processes,

into the flue gas. Hot flue gas mixes in a spray dryer ves-
sel with a mist of finely atomized fresh lime slurry. Simul-
taneous heat and mass transfer between alkali in the finely
dispersed lime slurry and SO, from the gas phase results
in a series of reactions and a drying of reacted products. A
close approach to adiabatic saturation (from 10 to 15 °C
for coal-derived flue gas) is required to achieve high S0,
removal. However, complete saturation can impair op-
eration of a spray dryer because of wet solids adhering to
vessel walls, to gas flow passages from the vessel, and in
the particulate collector." Therefore, the water content
of the slurry fed into the spray dryer is carefully controlled
to avoid complete saturation of the flue gas.

Studies indicate that most SO, capture in the spray
dryer occurs when the sorbent is still moist. Therefore,
deliquescent additives may be used to increase the dura-
tion of time in which the sorbent remains moist. A simi-
lar effect is achieved when spray dryers are used on coals
with elevated chloride content. However, the addition of
deliquescent materials needs to be closely controlled to
avoid the wet solids problem noted previously.

Fumace Sorbent Injection. In FSl, dry sorbent is injected
directly into the section of the furnace where temperatures
are between 950 and 1000 °C. Sorbent particles (most
often hydrated lime, sometimes limestone) decompose
and become porous solids with high surface area."
CaSO, and any remaining unreacted sorbent leave the

Ouecaliinm Flom Cim  —

T i

Fhas Comg
Ll

Himek

[ 1

Fuar NI Frod Tark Spray Faeticlmbe

Gilruk i Ciryss ol
[dmiton
inpcan|

=
Hicychh | oo
Hecycle Sallos
Slurty Tanh

L

Figure 4. The |5 process,

Vialume 51 December 2001



furnace with the flue gas and are captured as solids in a
particulate collection device.

Up to 50% SO, removal can be achieved with the FSI
process. Critical parameters for the FSI process include
injection temperature and residence time in the furnace.
Proper injection temperature in the furnace is important
so that the CaO formed in the calcination reactions is not
dead-burned and sintered. Sufficient residence time in the
furnace is also needed to allow reaction of the lime par-
ticles with SO .

LIFAC. In LIFAC, finely pulverized limestone is injected
into the upper part of the furnace, where a portion ot
the SO, is removed in @a manner described above for the
SI. The reaction products entrained in the flue gas
(along with the fly ash) pass into the activation reac-
tor, where water is sprayed to humidify the flue gas for
additional SO, removal and particulate conditioning.
Dry solid product is captured downstream in the ¢lec-
trostatic precipitator (ESP). The LIFAC process could be
considered as FS] with downstream humidification and
was developed to improve the SO, removal efficiency,
improve reagent utilization, and reduce the potential
adverse effects on ESP performance that may occur with
use of FSI alone."

50, removal in excess of 80% can be achieved with
the LIFAC process. Critical parameters for the LIFAC pro-
cess include temperature of the flue gas at sorbent injec-
tion location, residence time in the furnace, temperature
of the flue gas entering the activation reactor, droplet
size of the water sprayed into the reactor, and residence
time in the reactor. Both the flue gas temperature at the
reactor inlet and the injected water droplet size affect
the water evaporation rate in the reactor. Longer resi-
dence time in the reactor is needed for evaporation of
the larger water droplets.

Economizer Sorbent Iijection. In this process, lime is in-
jected into the convective pass of a coal-fired utility
boiler to react with 50O.. The optimum temperature
range for SO, removal is between 500 and 570 °C. Upon
injection, the sorbent reacts directly with 50, to form
particles of CaSO,. A portion of lime (~10%) decom-
poses to form reactive CaO particles, which react with
SO, to form CaSO, and some CaSO "' Additionally,
water may be injected into the ductwork between the
air preheater and the existing ESP to increase SO, re-
moval efficiency by hydrating any unreacted CaO. The
reaction product solids and fly ash are collected in the
ESP and sent to an unlined landfill for disposal. With
optimum sorbent preparation and proper injection
temperature, SO, removal etficiencies of up to 80% can
be achieved.
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Diuct Sorbent Injection. This process is intended to control
SO, directly in the flue gas duct between the air preheater
and the particulate control device. In this process, finely
dispersed dry sorbent (most often hydrated lime, occa-
sionally sodium bicarbonate) is injected into the flue gas
downstream of the boiler’s air preheater. Water may be
injected into the flue gas upstream of the sorbent to en-
hance the SO /sorbent reaction,' Fly ash, reaction prod-
ucts, and any unreacted sorbent are collected in the
particulate control device. Some of the particulate con-
trol device's catch is recirculated into the duct to increase
sorbent utilization, while the remaining catch is disposed.
Approximately 50-60% SO, capture may be expected with
the DSI using lime, and up to 80% S0, capture could be
achieved with sodium bicarbonate sorbent.

An advanced version ot DS is the ADVACATE pro-
cess, in which fresh CaO is hydrated and mixed in one
step with recvcled solids to form a slurry containing -30%
by weight of solids, This slurry is processed in a vertical
ball mill to expose fresh silica surfaces for reaction with
hvdrated lime to form highly reactive, noncrystalline,
calcium silicate slurry, The slurry from the mill is pumped
to a large mix tank that provides sufficient residence time
for the complete reaction of lime with Si0, spheres."” Dry
recycle solids are mixed in a pug mill with the fresh sor-
bent/recycle slurry to make a slurry with -70% by weiglt
of solids. This slurry can be injected into the duct down-
stream of the air preheaters. SO, removal of 90% or more
can be achieved with ADVACATE.

Duct Spray Drving. In the DSD process, slaked lime slurry
is sprayed directly into the ductwork upstream of the ex-
isting ESDP. Fither a rotary atomizer or a dual-fluid atom-
izer is used to disperse the sorbent into the flue gas.'" The
SO, in the flue gas reacts with the alkaline slurry droplets
as they drv, forming CaS0O, and CaSO,. To allow for sulfi-
cient drying of the slurry droplets, the existing ductwork
must be capable of providing at least a 1-sec, but prefer-
ably a 2-sec, residence time and must not contain any
flow obstructions, The water entering with the lime re-
agent humidifies the flue gas for better SO, removal and
ESP conditioning. The reaction products and fly ash are
captured downstream in the ESP. The solids collected from
the ESP are transported to an unlined landHll for disposal.

Circulating Fluidized Bed. Dry sorbent (hydrated lime) is
contacted with humidified flue gas in a CI'B downstream
of the air preheater. The bed provides a long contact time
between the sorbent and flue gas because sorbent passes
through the bed several times. CFB is characterized by
good SO, mass transfer conditions from the gas to the
solid phase,'” which are achieved as a result of intimate
mixing of the solids with the gas, as well as a high slip
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velocity between the two phases. An additional benefit
of the fluidized bed is continuous abrasion of sorbent
particles, resulting in the exposure of unreacted alkali.
Entrained reaction products are carried by flue gas to a
particulate control device. Some ol the particulate con-
trol device’s catch is recirculated into the bed to increase
the utilization of sorbent, while the remaining fraction is
disposed. Because of a higher PM concentration down-
stream of the fluidized bed, improvements to the existing
ESI’ may be needed to maintain the required particulate
emission levels.

Hypas Sorbent Injection. In the HSI process, the fly ash is
first removed from the flue gas by the existing particulate
control system, Next, water is injected to cool and hu-
midify the gas. A dry mixture of lime and recycled solids
is then injected into the humidified flue gas for reaction
with 5O,. The reaction byproducts and remaining fly ash
are collected in an added pulse jet fabric filter. A portion
of the used reagent collected in the fabric filter is re-
injected with fresh sorbent to improve SO, removal and
overall sorbent utilization.

TECHNOLOGY APPLICATIONS

FGD technology applications were reviewed to identify
the technologies that are predominantly being used at
power plants. This review was conducted using the data
available in ref 3. It should be noted that, as of December
2000, new data became available on the extent of MEL
application in the United States,'"* which indicate that MEL
has been applied on 15,723 MW _of capacity in the United
States. While this is noted, the review of FGD technology
applications was based solely on the information avail-
able in rel 3 to maintain consistency in the applications-
related data for the numerous technologies considered in
this work. Findings of this review are described in the fol-
lowing sections.

Table 1 statistics describe the installation of FGD sys-
tems at coal-fired electric power plants through 1998, FGD
systems were installed to control SO, emissions for 226,819
MW of generating capacity worldwide, When capacity is
mentioned in this paper, gross or maximum capacity is
meant. Of this capacity, 86.8% utilizes wet FGD technolo-
gies, 10.9% dry FGD technologies, and the remaining 2.3%
regenerable FGD technologies. A similar pattern of FGD
technology application can be seen in the United States.
Through 1998, almost 100,000 MW _ of capacity in the
United States was equipped with FGD technology. Of this
capacity, 82.9% utilizes wet FGD technologies, 14.2% dry
FGD technologies, and the remaining 2.9% regenerable
FGD technologies.

Of the U.S. electricity-generating capacity equipped
with wet FGD technologies, 68.9% uses limestone processes,
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Also, 80.4% of the LS. generating capacity equipped with
dry FGD technologies uses LSD. Limestone wet FGD tech-
nology usage also dominates the overseas applications.
Limestone processes are used for 93.2% of the overseas
electric-generating capacity equipped with wet FGID tech-
nology, which make up 89.8% of the total FGD applica-
tions abroad. Also, 64.8% of the overseas generating
capacity equipped with dry FGD technology uses LSD.
Table 2 summarizes the extenl of use through 1998
for FGD processes discussed previously. As can be seen
from Table 2, the extent of application of once-through
FGD processes varies greatly. Each of the LSFO, wet [ime
FGD, MEL, and L5D processes has been applied, world-
wide, on more than 5000 MW_ generating capacity. In
addition, more than 39,000 MW _of worldwide generat-
ing capacity uses natural oxidation-based and LSIO lime-
stone wet FGD systems. Clearly, these processes fall in
the category of fully commercial. Three other processes
in Table 2 (ESI, DSD, and HSI) may be classified as near-
commercial to recognize the fact that they have been dem-
onstrated.” However, no data on existing commercial ap-
plication for any of these three processes could be found.
The remaining processes in Table 2 may be classified as
those with limited commercial experience. This is an in-
termediate category for processes that have gained some
level of commercial application. This level can vary from,

Table 2. The axtent of application of onee-through FGD processes (through 1998).

Process Category .S. Forelgn
Applications, Applications,
MW MW
LSFO O 20,590 103,827
Other limestong” O/W 36,247 4112
JBR O/W 123 2012
Wel lime FGD O/W 14,237 4338
MEL O/w 4464 500
Dual alkall D/W 1648 (0
Seawater O/wW 5 1050
LSD /o’ 11,315 BA04
FSI 0/D 286 2108
LIFAC 0/0 Gl ayf
ES| 00 M/C’ N/C
DSl 0/0 2400 1126
DSD 0/D N/ N/C
CFB 0/u Bl 517
HSI 0/D N/C NG

"OM = onee-throughwet: Includes LSID gnd natural oxidation wel limestcne applications,
16,723 MWE of MEL application in the United States were raported by a source other than
ret 3 (rel 18) However, as stated betore, this review of FGD lschnology applications is based
solely on the data available In ref 3. The decision (o elect a single source was dictated by the
necessily [0 maintain consistency in application-relatag data for the lechnolpgies cansid-
ered in this paper; "0/0 = once-through/dry; “N/C = near commerelal
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for example, 60 MW _in the United States tor LIFAC to as
much as 2400 MW _in the United States tor DSL

Recent FGD technology selections made by the U.S.
electricity-generating industry can be further understood
by examining the pertinent data in ref 3. Between 1991
and 1995, 19,154 MW _ot U.S. electric-generating capac-
ity was retrofitted with FGD technologies. Of this capac-
ity, 75, 17.5, and 7.5% were equipped with LSFO, MEL,
and LSD, respectively. Based on these data, FGD processes
of choice recently in the United States have been wet lime-
stone FGD, MEL, and LSD) (no wet lime FGD applications).
Further, of the wet limestone processes, LSFO has been
used most often in recent applications.

TECHNOLOGY PERFORMANCE

As discussed before, wet limestone processes (i.e., LSFO,
LSIO, [BR, and natural oxidation) and LSD represent the
most widely applied FGD technologies. Further, MEL has
been used in recent FGD applications. As such, it is useful
to assess the SO, removal performance potential of these
technologies. For this purpose, the design 50, removal
efficiencies associated with applications of these technolo-
gies reported in the CoalPower3 database’ were examined.
These data reflect that wet limestone systems have been
designed for high 50, removals of up to 98%, However,
most wet limestone systems appear to be designed for 90%
SO, removal. Even though the median design efficiency
for all units with wet limestone processes in the
CoalPower3 database is 90%, it is worth noting that state-
of-the-art wet scrubbers are capable of routinely achiev-
ing 50, removal efficiencies of greater than 95%." The
high-velocity LSFO process, with state-of-the-art design
options, is reportedly capable of removing more than
99.6% of SO, under test conditions.™

Spray dryers often achieve greater than 20% SO, re-
moval on coals with 1-2% sulfur.”* Coall’ower3 data in-
dicate that, while the median design etficiency for all
units using LSD is 90%, all spray dryers installed during
1991-1995 have a design SO, removal efficiency between
90 and 95%. While the median design efficiency for all
units with MEL processes in the CoallPower3 database is
0%, it is worth noting that state-of-the-art MEL scrub-
bers are capable of achieving 98% S0, removal while
operating at lower L/ ratios than LSFO systems designed
to remove SO, with the same efficiency. l'ilot-scale test-
ing of MEL at an L/G ratio of 45 and inlet SO, concentra-
tion of 2300 ppmv demonstrated 98% removal efficiency,
with an average removal of 97%.*

It is useful to examine the improvement in perfor-
mance of wet limestone and LSD processes over the period
of their application. Figure 5 shows ranges and medians of
design 50, removal efficiency for the pertinent populations
of wet limestone FGD and LSD installations in each of the
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Figure 5. Improvamant in design efficiency of FGD technologies.

last three decades. A steady improvement in design 50),
removal efficiency is evident for these processes. This
improvement is likely due, in part, to more stringent 50,
control requirements. However, the trends do reflect that
the SO, removal efficiencies for the processes considered
have improved with time. Note that the lime spray dry-
ing process did not become commercial until the early
1980s; therefore, no efficiency could be characterized tor
the 1970s for this process.

COSTS OF FGD TECHNOLOGIES

As discussed before, LSFO, LSD, and MEL have been the
processes of choice in recent U.S. applications, Therefore,
in this work, cost models were developed for state-of-the-
art applications of these processes. In the ensuing para-
graphs, descriptions and results are provided for the cost
models developed in this work. Additional details on these
models can be found in ref 23,

Costing Methodology and
Economic Assumptions

Pollution control technology costs can generally be cat-
egorized as capital, operating and maintenance (O&M),
and total annualized costs. Capital cost includes all costs
incurred to construct a facility and get it ready to perform
its function. O&M costs can be further subdivided into
tixed and variable components. The fixed O&M cost ac-
counts for the cost associated with operating labor, main-
tenance labor and materials, and administration and
support labor. The variable O&M cost is composed of re-
agent cost, disposal cost, energy cost, and cost of any other
consumables. Total annualized cost includes the costs as-
sociated with capital recovery and annual O&M charges.

Following the EPRI Technical Assessment Guide meth-
odology, in this work, the capital cost of an FGD technol-
ogy is determined as total capital requirement (TCR). TCR
includes the costs associated with installed equipment,
general facilities, engineering fees, contingencies, prime
contractor’s fee, allowance tor funds during construction,
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inventory cost, and preproduction costs. The  Table 4. Economic assumptions used in estimating FGD technalogy ¢osts.

TCR calculation methodology is shown in

Table 3. Moreover, Table 4 presents the as- Parameter Value(s) or Choice
sumptions used in estimating the capital and LSFO L5D MEL
O&M costs of LSFO, LSD, and MEL technolo- Con Bt 10 Dakstant ekl
gies. The correlations for various elements of Capital Cost-Related:
O&M cost applicable to LSFO, LSD, or MEL General facilities (%) 5 5 5
can be seen elsewhere.™ Engineering and home office (%) 10 10 1()
An important consideration in FGD tech-  Process (%) 5 5
nology applications is the potential ability of  Project (%) 15 15 15
a plant to sell SO, allowances. Under the Acid  Prime contractor's fee (%) 3 3 3
Rain SO, Reduction Program,' trading of SO, o (%) 78 rs r6
allnwanées is permitted. Thus, for example, Fee '[?“'}_ | 1.Q 1'F’ 1'!:]
Retrofit difficulty medium med i medium

power-generating plants may elect to comply
with their emission limit requirements by

D&M-Related:
Operaling labor rate ($/hr) 30 0 30

installing FGD technology or purchasing SO, tyq of steam ($/1b) ($/ka) 0.0035(0.0077)  0.0035(0.0077]  0.0035 [0.0077]
emission allowances. These SO, emission al- Energy cost (mills/kWh) 95 o5 5
lowances would become available if a plant  Reagent cost ($/ton) [$/xg] 1510.017] 50 [0.065] 50 [0.055]
installs FGD technology to remove more SO,  Reagent inventary (days) 30 30 0
than required. By selling these emission al-  Reagent purity (%) 9.3 9.0 94.0 {lime)
lowances, the plant may offset part of the LSFO waste pundingﬂum ($/ton) [$/kg) 30 [0.033) NA' N
costs associated with FGD technology appli- LSFO gypsum stacking FDS! (§/ton) [$/kg] 6(0.007] ik NA
cation. However, while emissions trading may Gypsim oyproduct credit (3ton) [$/kg] 2(0.002] NA 2[0.002]

! © LSD waste disposal cos! ($/ton) [$/ka] NA 12 (0.013] NA

be an important consideration affecting the

selection of FGD technology for a plant, this
potential for decreasing costs of an applica-
tion has not been analyzed in this paper. The economics
associated with emissions trading would, in general, be
plant-specific and depend on market conditions. There-
fore, the effects of emissions trading are considered to be
beyond the scope of this work.

The LSFO and LSD Cost Models
The Air Pollution Prevention and Control Division of the
U.5. Environmental Protection Agency’s (EPA’s) Office of
Research and Development has recently published the Coal

Table 3. Capital cost calculation methodology used in this work

Cost Component Symbol/Calculation
Installed equipment capital cost BM
Facilities + engineering and home office

+ process contingency A= AI + A? + Aj
Project conlingency B
Feg C
Tolal plant cost TPC=BMx{(1+A)x{1+B)x(1+[)
Financial factor® U=t
Total plant investment TPI=TPGx(1+D)
Preproduction cost” + inventory capital E

Total capital requirament TCR=TPI+E

'F . and F“F o account for total cash expended and allowance for funds during con-
struction, respectively; "Prepraduction cost incorporates one-twalfth of the projected
annual 0&M expenses and 2% of the TP| estimate.
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"NA = not applicable.

Utility Environmental Cost (CUECost) Workbook User's
Manual,* which can provide budgetary cost estimates
with £30% accuracy for LSFO and LSD applications,
based on user-defined design and economic criteria. The
algorithms in CUECost provided the starting point for
the LSFO and LSD cost models developed in this work.
First, sensitivity analyses were conducted with CUECost
LSFO and LSD algorithms to identify variables that have
a minor impact on cost (i.e., a deviation of less than
a% over selected baselines). These sensitivity analyses
revealed that for both LSFO and LSD applications, the
majority of cost impacts could be captured through
considering capacity, heat rate, coal sulfur content, and
coal heating value. The details of sensitivity analyses
are given elsewhere.*

Next, variables other than capacity, heat rate, coal
sulfur content, and coal heating value were fixed at typi-
cal values in the corresponding CUECost algorithms to
arrive at simplified LSFO and LSD cost models. The re-
sulting simplified LSFO and LSD cost models were then
validated using published data.>** Validation results
shown in Tables 5 and 6 reflect that, on average, the
simplified LSFO and LSD cost models predict the pub-
lished costs within 10.5 and 15.6%, respectively. The
results also reflect that simplified LSFO and LSD cost
models are capable of providing budgetary cost estimates
within £30% accuracy.
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cost-ettective design choices shown in

Table 7 to arrive at a cost model for

Planilnitis) Uit CoalS,  Absorhers Model Reported  Deviation,"  tatc.of-the-art MEL applications.
Capacity, wt % Cost, Cost,” %
e, Vi S FGD Technology Costs

) - Coal sulfur content and plant size are
Feterstiueg/! 234 35 1 400 7 +26.4 , o : i oo
Curiberland/1 1300 A0 : B4 2010 180 important considerations in FGD
Conemaugh/1&2 1700 98 £ 174 105 108 technology applications. Therefore, it
Ghent/4 51 35 9 913 216 01 is usetul to examine the effects of
Hallly/7&8 500 45 | 184 1A 50 these variables on the costs of state-
Milliken/142 316 32 1 368 348 57 of-the-art LSFO, LSD, and MEL appli-
Navajo/1 750 0.75 2 226 236 4.2 cations. Both capital cost (in $/kW)

and total annualized cost (in mills/

"Reported costs are from ref 25; "Deviation, % = (model cost - reported cost)/reporied cost s 100

The simplified LSFO and LSD cost models were then
further adjusted with cost-effective design choices to ar-
rive at the cost models for respective state-of-the-art ap-
plications. These design choices, developed from
information available on commercial applications, are
shown in Table 7. It is recognized, however, that alter-
nate design decisions may be made in the interest of re-
ducing site-specific costs.

The MEL Cost Model
[n the MEL process, sorbent (magnesium-enhanced slurry)
is prepared in a manner similar to that used in LSD, and
this sorbent is contacied with flue gas in an absorber simi-
lar to a typical LSFO absorber. However, because MEL sor-
bent is more reactive than LSFO sorbent, less flue gas
residence time is needed in the MEL absorber. As such, an
MEL absorber is smaller than a corresponding LSFO ab-
sorber. Further, it was assumed that a state-of-the-art MEL
system’s waste-handling equipment would include the
ability to produce gypsum byproduct and would operate
in a fashion similar to that in LSFO. Considering these char-
acteristics of MEL, for costing purposes, this pracess was
considered to be a combination of LSFO and LSD, Accord-
ingly, the simplified LSFO and LSD models described pre-
viously were appropriately combined to derive an MEL cost
maodel. This model was developed for medium difficulty
retrofits. The model was then further adjusted with the

Table 6. Modal validation summary tor LSO FGD (1954 dollars)

kWh) were examined for each tech-
nology. Note that in calculation of
total annualized costs, a capital charge factor of (.104"
and a capacity factor of 90% were used.

The effect of coal sulfur content on capital cost of state-
of-the-art LSFO, LSD, and MEL technology applications is
shown in Figure 6 for a 250-MW_plant operating with a
heat rate of 10,500 Btu/kWh and firing a coal with heating
value of 11,900 Btu/lb (2.77 = 107 J/kg). As seen in this
figure, both LSFO and MEL capital costs are higher than
the capital cost for LSD across the range of coal sulfur con-
tent. Also, MEL capital cost is lower than that for L5FO
across the range of coal sulfur content. These results are
consistent with the fact that, in general, the amount of
hardware used decreases from LSFO 1o MEL to L5D,

The corresponding predictions of total annualized
cost are shown in Figure 7. As seen in this figure, lower
cost is predicted for LSD compared with that for LSFO for
up to -2.5% coal sulfur. Also, lower cost is predicted for
LSD compared with that tor MEL for up to -1.5% coal
sulfur. Moreover, total annualized costs of MEL and LSFO
are within =10% of each other across the range of coal
sulfur content considered. Based on predictions of total
annualized costs, a plant may install either the LSD or
MEL system up to -2.5% sulfur. Beyond this sulfur con-
tent, the plant may install either MEL or L5FO,

LSD is most often installed on plants burning low- to
medium-sulfur coals, while LSFO and MEL can be used
by plants firing coals with a wider range of sulfur con-
tent. Therefore, coal sulfur content of
2% was selected as a common basis to

o

examine the effect of plant size on costs

Plant/Units)  Unit Coal S,  Absorbers Model Reported  Deviation," . 1o i ihe-art LSFO, LSD, and MEL
Bapaciy, " Lot Cost,’ n technology applications. The model

o, S S predictions for capital cost and total

HL Spurlock/2 0B 16 1 299 180 175 annualized cost for plants ranging from
Wyadak/ 96 08 3 203 {72 B0 100 to 2000 MW _are shown in Figures
North Valmy/2 267 05 3 205 231 413 8and 9, respectively. Note that the

discontinuities in the cost curves

"Reparted costs are from ref 27 "Deviation, % = (model cost - raported cost)/reported cost x 100
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Table 7. Cost-eflective design choloes made 10 arrive at state-ol-thie-art cost models

Parameter Value{s) or Choice
LSFO LSD MEL
Maximum absarher
size (MW ) 900" 275" T’
Material of construction ALCS or RLCS RLCS o
diloy alloy
DBA' addition Yes N/ M/
L/GY {gat/ 1000 1t') 70 N/A 4
S0, removal (%) 45 B0 98

Byproduct/wasle disposal  Wallboard or - Waste disposal is Wallboard
OyRSUMm the only choice production (s the
stacking only choice

"Rased on rel 28; "Based on ref 29: “Based on ref 18, "RLCS = rubber-lined carbon
stepl, "DBA = dibasic acid; N/A = nint applicable; "L/G = liquid-10-gas ratio

limiting the maximum absorber size to correspond to 900,
275, and 714 MW _for LSFO, LSD, and MLEL, respectively.

As seen in Figure 8, the predictions of capital cost are
lower for LSD compared with other technologies across
the plant capacity range, consistent with the increased
complexity of LSFO and MEL hardware. Further, predic-
tions of capital cost are generally higher for LSFO com-
pared with other technologies. The total annualized cost
predictions shown in Figure 9 reflect that plants up to
~250 MW _ In size may elect to use LSD for 50, control.
Plants larger than this may elect to use either of the wet
FGD technologies.

Further understanding of technology selections based
on total annualized cost and 50, reduction requirements
may be gained by considering the results of Figures 7 and
9 together. Figure 7 shows that as coal sulfur content in-
creases above ~1.5% and then above ~2.5%, LSD starts to
become more expensive than MEL and LSFO, respectively.
Also, the total annualized cost curves for LSFO and MEL
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Figure 6. The effect of coal sulfur content on capital cost (250-
MW  plant).
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Figure 7. The affect of coal sulfur content on total annualized cost
(250-MW_ plant).

are within 10% of each other across the range of sulfur
content considered. Based on these results and the be-
havior of total annualized cost curves with changes in
plant size shown in Figure 9, the following general obser-
vations may be made: (1) plants up to ~250 MW _in size
and firing low- to medium-sulfur coals (i.e., coals with a
sulfur content of 2% or lower) may use LSD; and (2) plants
larger than 250 MW _and firing medium- to high-sulfur
coals (i.e., coals with a sulfur content of 2% or higher)
may use either LSFO or MEL.

[t is recognized that the aforementioned general ob-
servations are constrained by the assumptions of the re-
spective cost models used and factors (e.g., availability of
sorbent and water, cost of sorbent, market for gypsum
byproduct, and SO, allowance market considerations).
Site-speciftic conditions may deviate from cost model as-
sumptions and be affected by the previously mentioned
factors, thereby resulting in costs different from those
presented in this work. However, the observations made
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Figure 8. The affeal of plant capacity on capital cost of LSFO, MEL,
and LSD.
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in the preceding discussion indicate what may be expected
tor medium-difficulty retrofits of state-of-the-art LSD,
LSFO, and MEL applications.

SUMMARY

This paper presents a comprehensive review of the state
of the art in FGD technologies for coal-fired boilers. The
review describes the practical FGID processes, assesses
their use, determines which of these processes dominate
the FGID applications, characterizes the SO, reduction
performance of wet limestone and LSD processes, and
analyzes the costs associated with LSFO, LSD, and MEL
FGD technology applications. The review of the pattern
of past FGD installations in the United States and abroad
reveals that wet FGD technologies, and specifically wet
limestone FGD, have been predominantly selected over
other FGD technologies. However, LSD is being used at
the majority of the plants employing drv FGD technolo-
gies. Additional review of the U.S. FGD technology ap-
plications that began operation in 1991-1995 reveals that
FGD processes of choice recently in the United States
have been wet limestone FGD, MEL, and LSD. Further,
of the wet limestone processes, LSFO has been used most
often in recent applications.

As discussed previously, wet limestone processes (i.c.,
L5FQ, LS10, IBR, and natural oxidation) and LSD repre-
sent the most widely applied FGD technologies. As such,
it 1s useful to assess the 5O, removal performance poten-
tial of these technologies. A review of data reflects that
most wet limestone systems appear to be designed for
90% 50, removal; however, the state-of-the-art wet scrub-
bers are capable of routinely achieving SO, removal effi-
ciencles of more than 95%. The data also reflect that,
while the median design efficiency for all units using
LSD is 90%, all spray dryers installed during 1991-1995
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have a design 50, removal efficiency between 90 and
95%. Finally, the data reveal that SO, removal efficien-
Cies for wet limestone and LSD applications have improved
with time.

Caosts associated with state-of-the-art applications of
LSFO, MEL, and LSD technologies have been analyzed
with appropriate cost models. Analyses indicate that the
capital cost of an LSD system is always lower than those
of same-size LSFO and MEL systems, reflective of the rela-
tively less complex hardware used in LSD. Analyses also
reflect that, based on total annualized cost and 50, re-
moval requirements, plants up to ~250 MW _in size and
firing low- to medium-sulfur coals (i.e., coals with a sul-
fur content of 2% or lower) may use LSD; and plants larger
than 250 MW _and firing medium- to high-sulfur coals
(i.e., coals with a sulfur content of 2% or higher) may use
either LSFO or MEL.

[t is recognized that the previously mentioned gen-
eral observations are constrained by the assumptions of
the respective cost models used and Jactors (e.g., avail-
ability of sorbent and water, cost of sorbent, market for
gypsum byproduct, and 50, allowance market consider-
ations). Site-specific conditions may deviate from cost
model assumptions and be affected by the aforementioned
factors, thereby resulting in costs different from those
presented in this work., However, the observations made
in the preceding discussion indicate what may be expected
for medium-difficulty retrofits ot state-of-the-art LSD,
LSFO, and MEL applications.
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