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FOREWORD

This Electric Utility Engineer’s Flue Gas Desulfurization (FGD) Manual is a
compilation of up-to-date technical information describing the application of lime- and
limestone-based FGD processes to control sulfur dioxide (SO,) emissions from coal-fired

steam electric generating stations. It was written with two objectives in mind:

o To provide utility engineers with technical information needed to
successfully specify and procure a lime- or limestone-based wet FGD
system; and

. To provide utility engineers with process knowledge useful for

operating and optimizing a lime- or limestone-based wet FGD system.

By meeting these objectives, utility engineers using the manual will gain the
background information needed to procure and operate a cost-effective FGD system
considering capital and operating costs, SO, removal efficiency, reliability, and byproduct
solids disposal. Cost-effectiveness should be considered equal in importance to reliability and

ability to meet the performance requirements.

This manual is not intended to be a step-by-step process or equipment design
guide; qualified FGD system vendors and equipment suppliers are ultimately responsible for
offering their best detailed designs on the basis of their specialized knowledge and experience.
Instead, the manual highlights the various technical and economic decisions that must be made
by utility engineers to ensure that they specify and procure an FGD system that is well suited
to their specific application. The manual also provides technical details about FGD process
design and performance variables and their interactions so that utility engineers can
distinguish and evaluate the advantages and disadvantages of competing FGD system
proposals. This same information will also prove useful for the enginéers responsible for

successfully operating the FGD system once it is placed into service.




The manual consists of five parts, each covering a different aspect of FGD

design, purchase, or operation. As illustrated in Figure 1, these parts consist of the following:

. Part [--FGD Process Design;
. Part II--Major Mechanical Equipment;
. Part III--FGD Proposal Evaluations;

. Part IV--Use of FGDPRISM™ in System Modification, Proposal
Evaluation, and Design; and

° Part V--FGD System Case Study.

Part I--FGD Process Design. Part I opens with a simplified process
description intended to orient the reader who has limited prior knowledge of lime- or
limestone-based wet FGD systems. The arrangement and purpose of major equipment items
are described, and key process design and performance variables are defined. This
introductory material is followed by a detailed discussion of process FGD chemistry.
Potential FGD process options are presented next, and the factors that must be considered in
selecting the best process configuration for a specific application are discussed. This is
followed by discussions of materials-of-construction options and factors that affect FGD
system reliability. Requirements for chemical monitoring and laboratory facilities are
described next, followed by discussions of lime and limestone reagents and various available

chemical additives.

Part I concludes with sections on typical and recommended ranges of major

FGD process design parameters, construction schedule, and performance guarantees and tests.

Part II--Major Mechanical Equipment. Part II of the manual provides more
detailed technical information on the selection and design of individual pieces of equipment
used in the FGD system. For each equipment item described, the manual presents the

alternatives normally considered, the design considerations that affect the selection, available
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materials of construction, and specific recommendations based on recent utility and vendor

experience.

Part III--FGD Proposal Evaluations. This part of the manual describes
procedures for evaluating competitive proposals received from FGD system vendors. A
utility’s proposal evaluation should include consideration of both technical and economic -
factors. A primary objective of the technical evaluation is to determine whether a proposal is
likely to meet the specified performance guarantees. A procedure for assigning weighted
scores to the various technical factors is described so that an overall technical rating can be
developed for each vendor’s proposal. The use of FGDPRISM in evaluating the relative
degree of design conservatism among competing proposals is also introduced in this section.
For the economic evaluation, a procedure is recommended for determining the lowest-cost
proposal considering both initial installed capital cost and annual operating and maintenance

costs.

Part IV--Use of FGDPRISM"™ in FGD System Modification, Proposal
Evaluation, and Design. The use of the Electric Power Research Institute’s (EPRI’s)
FGDPRISM computer model is introduced at appropriate points in Parts I and III of this
manual. In Part IV, more detailed descriptions of this model and its potential uses are given.
These uses include evaluating process modifications, preparing system specifications, and

~ contributing to proposal evaluations.

Part V--FGD System Case Study. In Part V of this manual, a case study is
presented to illustrate the way in which the information presented earlier in the manual can be
used in preparing an FGD system purchase specification and evaluating the responding
proposals. A hypothetical design basis is introduced, and then, based on the information in
Parts I and II of the manual, example procedures are given for developing design and
performance parameters for inclusion in a specification. In the final section of Part V, two
hypothetical responses to the example specification are evaluated using the procedures

described in Parts III and IV of the manual.
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PART I
FGD PROCESS DESIGN

1.0 INTRODUCTION

Part I of the FElectric Utility Engineer’s Flue Gas Desulfurization (FGD)
Manual emphasizes the chemical and physical proceSses that form the basis for design and
operation of lime- and limestone-based FGD systems applied-to coal- or oil-fired steam
electric generating stations. The objectives, organization, and content of this part of the

manual are described below.

1.1 Objectives

The objectives of Part I are:

* To provide a description of the chemical and physical design basis for
lime- and limestone-based wet FGD systems;

o To identify and discuss the various process design parameters and
process options that must be considered in developing a specification for
a new FGD system; and

. To provide utility engineers with process knowledge useful for operating
and optimizing a lime- or limestone-based wet FGD system.

1.2 Organization and Content

The organization of Part I is illustrated in Figure 1-1. Following this
introduction, Part I of the manual begins with a simplified process description (Section 2)
intended to orient the reader who has limited prior knowledge of lime- or limestone-based wet
FGD systems. The arrangement and purpose of major equipment items are described, and key

process design and performance variables are defined.
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This introductory material is followed by a detailed discussion of process
chemistry in Section 3, which includes absorption of SO, from the flue gas, neutralization of
acidic species by lime or limestone reagent, oxidation of some or all of the absorbed SO,, and
precipitation of the calcium sulfite and sulfate byproduct solids. The process material balance
is also described. The process chemistry discussion introduces important process design and

performance variables and provides a basis for the remaining sections of Part I.

Section 4 of Part I presents the. major FGD process options that are available
and discusses the factors that must be considered in selecting_the best process configuration
for a specific application. The section begins by explaining how the entire FGD process
design basis is affected by boiler and fuel parameters, site conditions, and regulatory

requirements. Then, process and equipment options in the following categories are discussed:

. Absorber;
U Reaction tank;

. Mist eliminators;

U Wet stack;

. Flue gas reheat;

o Reagent preparation;

. Byproduct solids handling;

. Wastewater treatment;
. Process controls and instruments; and
o Equipment arrangement.

Materials-of-construction options are discussed in Section 5 of Part I. The
information in this section is based on more than 20 years of in-service experience with FGD
materials. The discussion shows how different zones of the FGD process are subject to
different requirements for corrosion-resistant materials, depending on factors such as
temperature, pH, solids content, and chloride concentration. Major classes of materials

meeting these requirements are identified. Installation and maintenance costs for various
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materials are compared, and the concept of life-cycle costing is introduced as a means of
comparing the total costs of materials that have different initial costs and service life. The
close relationship between FGD process design decisions and materials selection is

emphasized throughout this section.

Section 6 of Part I discusses FGD system reliability. High reliability is attained
through careful attention to process chemistry and control and proper selection of redundant
equipment items.

Requirements for chemical monitoring and laboratory facilities are described in
Section 7. Chemical monitoring is an important element of process control and optimization

of FGD systems.

Section 8 is a discussion of lime and limestone reagent source considerations.
The relationships between reagent composition, reactivity, and particle size and process
performance are explained. This section provides a basis for selecting the optimum lime or

limestone reagent supply from available sources.

In Section 9, the use of chemical additives for improving process performance
is addressed. Organic acid additives can be a cost-effective method of obtaining high SO,
removal efficiency. Sulfur is used to inhibit sulfite oxidation as a means of scale control.
The advantages and applications of these additives are discussed and some example data

showing potential cost savings are presented.

Major FGD proceés design parameters such as flue gas velocity, absorber
liquid-to-gas ratio, reagent ratio, chemical additive concentrations, and dissolved chloride level
are discussed in Section 10. Example performance data are presented showing the interrelated
effects of these parameters on process performance and operating costs. Typical design

ranges for these parameters are given and different approaches for including design limits in a
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specification are described. Potential uses of EPRI’s Flue Gas Desulfurization Process

Integration and Simulation Model (FGDPRISM™) are also introduced in this section.

Section 11 describes a typical construction schedule and performance test

program for the completed system.

Section 12, the final section in Part I, discusses the FGD system performance
guarantees and equipment/material warranties that should be included in the purchase
specification. The discussion includes typical guarantee values and recommended compliance

test procedures.
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2.0 PROCESS DESCRIPTION AND BASIC TERMINOLOGY

The following description provides a brief introduction to lime- and limestone-
based wet FGD systems for the reader who has limited previous knowledge of the operating
principles and equipment used in these processes. ‘The terms in beldface are those most
critical to understanding the material presented in the remainder of Part I. These terms are

defined in Section 2.2--Glossary of Terms.

2.1 Process Description

Figure 2-1 is a general process flow sheet showing some of the important
elements of a lime- or limestone-based wet FGD system. The flue gas is processed in one or
more absorbers where the SO, (along with some oxygen) is transferred from the flue gas to
the recycle slurry. The hot flue gas is also cooled and saturated with water in the absorber.
The absorber shown in the figure is a countercurrent spray tower. Countercurrent means
that the flue gas and slurry flow in opposite directions in the absorber. Other absorber styles
are discussed in Part I, Section 4.2--Absorber Module. The recycle slurry is pumped
continuously from the reaction tank in the base of the absorber to one or more spray
headers that penetrate the sides of the absorber. Each header has numerous individual spray
nozzles that atomize the slurry into droplets. In some absorbers, a perforated tray or
packing is placed below the spray headers. The tray improves gas distribution. Both the tray
and packing enhance SO, removal. |

Treated flue gas passes through a mist eliminator before exiting the absorber.
The mist eliminator removes entrained slurry droplets. Mist eliminator wash is required to

keep the passages free of solids.

Lime reagent is prepared by slaking, and limestone reagent is prepared by
grinding. In both cases, the reagent is stored in a reagent slurry tank. Other chemical

additives may be added to the reagent slurry tank or to the reaction tank to enhance SO,
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removal or to control sulfite oxidation. The reagent slurry is added to the reaction tank to

neutralize absorbed SO,. The reagent slurry feed rate is regulated automatically to control the

reaction tank pH.

As the reagent and SO, react, byproduct solids precipitate in the reaction tank.
In the forced oxidation limestone process, compressed air is sparged into the reaction tank to
convert absorbed SO, to sulfate and precipitate gypsum. In the inhibited oxidation process,
the byproduct is a solid solution of calcium sulfite and sulfate.

A slurry bleed stream is pumped from the reaction tank to the dewatering
system equipment. The slurry bleed stream contains the byproduct solids, which must be
removed from the reaction tank as they precipitate. The dewatering system equipment for
calcium sulfite waste byproduct usually includes a thickener followed by a vacuum filter. In
the forced oxidation process, the thickener is often replaced by hydrocyclones. In the
dewatering system, the byproduct solids are separated from the bleed slurry. The dewatered
byproduct solids are either sold or sent to a landfill. In some cases, partially dewatered
byproduct solids are pumped to a disposal pond. If commercial-grade gypsum is produced
by the FGD system, the byproduct solids are sold by the utility to a third party for off-site

use.

The liquid that is separated from the bleed slurry is stored in the reclaim water
tank. Makeup water is also added to this tank to replace water that is evaporated by the flue
gas in the absorber, and water that is lost with the byproduct solids. The combined makeup
and reclaim water is returned to the absorber reaction tank or used as mist eliminator wash or
to prepare reagent slurry. Separate fresh water makeup may also be used for these purposes
and for supplying slurry pump seal water. The pump seal water is used to flush solids from
the seal between the rotating shaft and the outer pump casing. In some processes a
blowdown stream is discharged from the FGD system to control the level of total dissolved

solids (especially chloride) in the process liquor.
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Key process design and operating variables include the following:

. Absorber Gas Velocity--The average, superficial velocity of saturated
flue gas in the absorber vessel is equal to the flue gas volumetric flow
rate divided by the absorber cross-sectional area perpendicular to the gas
flow. The area lost to support, spray headers, and other internal
structures in not deducted from the cross-sectional area in this
calculation.

. Liquid-to-Gas Ratio (L/G)--L/G is equal to the recycle slurry flow rate
divided by the saturated flue gas flow rate.

. Reaction Tank pH--A key process control parameter is the pH of the
mixed slurry in the reaction tank.

o Solids Retention Time--The solids retention time is equal to the
reaction tank volume divided by the slurry bleed rate. It is also equal to
the byproduct solids inventory in the reaction tank divided by the solids
production rate.

. Reagent Utilization--Reagent utilization is equal to the total moles of
SO, absorbed from the flue gas divided by the total moles of calcium in
the reagent fed to the system.

o Oxidation Fraction--Oxidation fraction is equal to the total moles of

sulfate leaving the process (less any sulfate added in the makeup water)
divided by the total moles of SO, absorbed from the flue gas.

2.2 Glossary of Terms

Absorber--a process vessel designed to promote transfer of SO, from the flue

gas to the lime or limestone slurry in the FGD process.

Blowdown--a liquid stream that is discharged from the FGD process to control

the dissolved solids content in the process liquor.




Byproduct solids--a mixture of calcium sulfite, calcium sulfate, calcium
carbonate, fly ash, and other inert solids that is the reaction product resulting from SO,

removal with the wet lime- or limestone-based FGD process.

Chemical additives--chemical compounds that are added to the FGD process in

relatively small quantities to improve the process performance.

Countercurrent spray tower--the most common absorber design used in the
lime/limestone FGD process. In this absorber, the flue gas flows upward and is contacted

with spray droplets flowing downward.

Dewatering system--a combination of process equipment designed to separate
the byproduct solids from the process liquor. The recovered water can be returned to the

process; the dewatered solids are removed from the system.

Disposal pond--a pond designed for partial dewatering and permanent storage
of byproduct solids.

Forced oxidation--a process operating mode in which air is blown into the
reaction tank to oxidize absorbed SO, to SO, (sulfate).

Hydrocyclones--dewatering devices that separate byproduct solids from process

liquor using centrifugal force.

Inhibited oxidation--a process operating mode in which a chemical additive

(usually, emulsified sulfur) is used to prevent oxidation of absorbed SO,.

Landfill--an area in which dewatered byproduct solids are placed for

permanent disposal.
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Makeup water--water that is added to the FGD process to replace water lost
by evaporation, by blowdown, and with the byproduct solids.

Mist eliminator--a device that separates entrained slurry droplets from the
cleaned flue gas. The type most frequently seen in FGD systems uses parallel chevron blades

to remove the entrained droplets by inertial forces.

Mist eliminator wash--water that is used to clean the mist eliminator.

Packing--material that is placed in an absorber to provide a surface over which
the recycle slurry is distributed to promote gas/liquid contact and SO, absorption.

Perforated tray--a thin metal partition with small holes through which gas and

slurry flow countercurrently in an absorber to promote gas/liquid contact and SO, absorption.

Pump seal water--clean water that is used to prevent abrasive slurry from

entering the pump shaft packing gland.
Reaction tank--a process vessel in which the reaction between absorbed SO,
and lime or limestone solids is completed. This tank may also be called a recirculation tank

by some FGD system vendors.

Reaction tank pH--the pH of the slurry in the reaction tank. Reaction tank pH

is a key process control variable.
Reagent--lime or limestone that is used to neutralize absorbed SO,.

Reagent slurry tank--a process vessel in which a finely ground slurry of lime

or limestone is stored before it is added to the process.

1.2-6




Reclaim water--water that is separated from the byproduct solids in the

dewatering equipment for return to the process.

Reclaim water tank--a process vessel in which reclaim water and makeup

water are held for return to the FGD process.
Recycle slurry--slurry that is contacted with the flue gas in the absorber.

Slurry bleed--a process stream by which byproduct solids are transferred from

the reaction tank to the dewatering system.

Spray nozzles--devices that atomize the recycle slurry into droplets to promote

gas/liquid contact and SO, absorption.

Spray header--piping that supports spray nozzles and distributes the recycle
slurry among the nozzles.

Spray pump--the pump(s) that recirculates slurry from the reaction tank to the

spray headers. Also called recirculation pump or recycle pump.

Sulfite oxidation--the reaction between absorbed SO, and absorbed O, to
produce sulfate (SO,").

Thickener--a process vessel in which byproduct solids are partially dewatered

by settling.

Vacuum filter--dewatering equipment that removes the water from byproduct

solids by applying a vacuum through a cloth-type filter medium.
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LIME- AND LIMESTONE-BASED WET SCRUBBING PROCESS
CHEMISTRY

The basic chemistry of lime- and limestone-based wet scrubbing processes for
flue gas desulfurization is described in this section. This discussion provides background for
the process design considerations that are addressed in Part I, Section 4.0--Basic Design
Considerations. Utility engineers who are primarily concerned with the specification and
purchase of FGD system equipment may not require a detailed understanding of process
chemistry and may want to proceed to Section 4. The material in this section will be most
useful for engineers who are concerned with making overall brocess design decisions (for
example, forced-oxidation versus inhibited-oxidation) prior to issuing an FGD process
specification for bids. Also, engineers or chemists who will be responsible for FGD

operations should become familiar with the material in this section.

The overall chemistries of the lime- and limestone-based process options are
quite similar. Each removes SO, from flue gas by absorption into an alkaline liquid, and each
produces a byproduct consisting of calcium sulfite and sulfate solids. However, many of the
detailed design and operating features are different for a lime-based versus a limestone-based
process. In this section, as in the remainder of this manual, the general discussion is
applicable to both processes, and the differences between the lime- and limestone-based

systems are addressed where appropriate.
3.1 SO, Removal
The process by which SO, is removed from flue gas involves both gas-liquid

reactions and liquid-solid reactions. Some of the individual steps in the overall process are

summarized below:




Absorption of SO, into the Liquid Phase
SO,(g) + H,O = H,S80,(aq)

H,SO,(aq) = H* + HSO;

Dissolution of Reagent and Neutralization Reactions
CaCO, (limestone) + H* + HSO; - Ca** + SO; + H,0 + CO,(g)
Ca(OH), (slaked lime) + H* + HSO; -~ Ca** + SO, + 2H,0

SO; + H' = HSO;

Oxidation Reactions

s0; + %02 - 50;

HSO; + %02 - SO + H'

Precipitation Reactions

Ca* + SO; + -;-Hzo - CaSO3-%H,20(s)

Ca** + SO; + SO; + -;—1-120 - (CaSOS)O_x)o(CaSOQ(x)'-il-H20(s)

where x is the fraction of absorbed SO, that is fully oxidized to SO,".

Ca** + SO; + 2H,0 - CaSO,+2H,0(s)

G-1)

(3-2)

(3-3)
(3-4)

(3-5)

(3-6)

3-7)

(3-8)

(3-9)

(3-10)

In the initial absorption step (Reaction 3-1), SO,, which is a fairly soluble and acidic gas,

diffuses into the liquid phase and reacts with water to form sulfurous acid (H,SO;). Sulfurous

acid rapidly dissociates to produce bisulfite (HSO;) ion and hydrogen ion (Reaction 3-2). For

SO, absorption to continue, the acidity or H™ ions generated in this second reaction must be
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neuu'aliied; otherwise, the recycle slurry pH will decrease (i.e., the slurry acidity will

increase) until the slurry can no longer absorb SO,

This necessary neutralization is accomplished by dissolution of the solid
limestone or lime reagent (Reaction 3-3 or Reaction 3-4)." The dissolution of limestone
generates CO,, which is normally evolved from the process. The sulfite ion (SO;") formed by
Reaction 3-3 or 3-4 can react further to neutralize an additional H* ion (Reaction 3-5).
Ultimately, dissolution of one mole of lime or limestone reagent is required to neutralize one
mole of absorbed SO,. )

The role that sulfite plays in neutralizing H*, Reaction 3-5, depends primarily
on the operating pH of the absorber recycle slurry. Figure 3-1 is a typical equilibrium
relationship calculated for Reactions 3-2 and 3-5 showing how absorbed SO, is distributed
among sulfurous acid, bisulfite ion, and sulfite ion as a function of slurry pH. At low pH
(below 2.0), much of the absorbed SO, is in the form of sulfurous acid (H,S0O,). As pH
increases, sulfurous acid dissociates to form first bisulfite (HSO;"), between pH 4 and 5, then

sulfite, at pH above 6.

Limestone-based processes are generally limited to operating pH’s below about
6.2 in order to increase limestone solubility. At a more typical limestone operating pH of 5.5
to 6.0, most of the dissolved SO, in the recycle slurry is in the form of bisulfite ion and
incapable of reacting with H". The amount of sulfite available for Reaction 3-5 is very small
compared to the amount of SO, that is absorbed per unit volume of slurry. Since lime is
more soluble than limestone, a lime-based process can operate at a higher pH and still
maximize reagent solubility. The lime process recycle slurry typically is controlled in the pH
range from 6.5 to 7.5. In this pH range, the available liquid-phase alkalinity in the recycle
slurry increases because much of the dissolved SO, is in the form of SO,”, which can

neutralize H™ by accepting a proton.




Mole Fraction

Figure 3-1. Typical Sulfite Equilibrium Curves
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Reagent dissolution (Reaction 3-3 or 3-4) can occur both in the absorber and in
the reaction tank. Under some conditions, especially in the forced-oxidation limestone
process, there is a minimal amount of sulfite ion present in the liquid phase compared to the
amount of SO, that must be neutralized. As a result, dissolution of limestone (Reaction 3-3)
must occur in the absorber as the recycle slurry absorbs SO,. Under other conditions, usually
in the inhibited-oxidation lime-based process, sufficient dissolved sulfite is present in the
absorber recycle slurry to neutralize H* as SO, is absorbed (Reaction 3-5) so that nearly all of
the lime reagent dissolution occurs in the reaction tank. In the lime-based process, soluble
magnesium (in the form of dolomitic lime) is often added to the process to increase the

solubility of sulfite by forming a MgSO, ion pair. The use of magnesium to improve lime

process performance is described further in Part I, Section 3.4--Chemical Additives for SO,

Removal Enhancement.

Another important FGD process reaction is the oxidation of sulfite (SO,") and
bisulfite (HSO;") to sulfate (SO,) as shown in Reactions 3-6 and 3-7. Oxidation is a result of
metal-catalyzed, free radical, chain reactions involving sulfite and bisulfite free radicals and
oxygen. The source of oxygen for these reactions is the flue gas and, in forced-oxidation
processes, the oxidation air injected near the bottom of the reaction tank. The trace amounts

of fly ash removed from the flue gas by the absorber are a significant source of metal ions.

Calcium sulfite and sulfate salts are only slightly soluble at typical operating
pH levels, so precipitation of these salts occurs as the final step in the overall process.
Depending on the extent of oxidation, the reaction product is either calcium sulfite hemi-
hydrate (Reaction 3-8), a solid solution composed of calcium sulfite and calcium sulfate hemi-
hydrate (Reaction 3-9), calcium sulfate dihydrate (gypsum) (Reaction 3-10), or a mixture of

the solid solution and gypsum.

The phase diagram for the calcium sulfite/sulfate hemi-hydrate solid solution is
known from laboratory experiments. When the fraction of absorbed SO, oxidized to sulfate

(x in Reaction 3-9) exceeds about 0.15, the solid solution becomes saturated with sulfate, and
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any additional sulfate formed by oxidation will precipitate as calcium sulfate dihydrate,

gypsum, as shown in Reaction 3-10.

In practice, all of the reaction steps described above are occurring
simultaneously, so that the overall rate of SO, absorption may be limited by the rates of one
or more of the individual reaction steps. In limestone-based systems, the rate of dissolution
of the limestone reagent (Reaction 3-3) is usually the slowest or "rate-limiting" step and can
have a significant effect on the overall SO, removal rate. In lime-based systems, where the
reagent is more solﬁble, the SO, absorption step (Reaction 3-1) is usually the slowest or "rate-

limiting" step.

3.2 FGD Process Variables

A useful model for this type of gas absorption process can be developed using
a simplified approach called the "two-film" theory, which can be found in many standard
chemical engineering textbooks. The two-film model can be used to explain how several
important FGD process variables affect SO, removal efficiency. The model assumes that the
rate of SO, removal is governed by the rate at which SO, diffuses through thin stagnant films
of gas and liquid on either side of the gas/liquid interface. The interface can be, for example,
the surface of a spray droplet, or of a wetted packing. Figure 3-2 illustrates the two-film
model for gas absorption and shows some of the simultaneous gas-liquid-solid reaction steps

in the lime- and limestone-based FGD processes.

Using the two-film theory, absorber performance can be approximately

described by the following expression:

m=m[soz"n)—K’A (3-11)
G

2, out
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where: NTU = Number of Transfer Units, dimensionless;
SO, i, = Inlet SO, mole fraction;
SO, ou = Outlet SO, mole fraction,;

K = Average overall gas-phase mass transfer coefficient,
kg/s-m?;

A = Total interfacial area for mass transfer, m? and

G = Total gas flow rate, kg/s.

It is assumed in the above expression that the equilibrium partial pressin-e of
SO, above the FGD liquor is small compared to the inlet and outlet concentrations. This is
approximately true for most lime- and limestone-based FGD systems. This same equation
could also be written in terms of n, the fractional SO, removal efficiency
[NTU = -In(1 - n)], but the logarithmic expression in terms of NTU is more convenient when

explaining the effects of different process variables on SO, removal.

Equation 3-11 shows that for a fixed gas flow rate (G), SO, removal will
increase as the product of K and A increases. The A term in Equation 3-11 is
straightforward. It is the total liquid surface area exposed to the flue gas in the absorber. In
a spray tower, for example, A would be equal to the total surface area of all of the spray
droplets. In a packed tower, A would be equal to the wetted surface area of the packing (plus
any droplets that drain from the packing). In a tray tower, A includes both the droplet surface
and the surface of gas bubbles that rise through the slurry held on the tray. Surface area is,
therefore, a function of the mechanical design of the absorber. It can be increased, for
example, by increasing the liquid spray rate in a spray or tray tower or the packing depth in a

packed tower.
The K term is more complex. The overall coefficient K can be expressed as a

function of two individual coefficients, k, and k), that represent diffusion rates across the gas

and liquid films, respectively:
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where H is a Henry’s law constant, and ¢ is the liquid-film "enhancement factor." The

constants k, and k; are a function of the diffusivity of SO, and physical variables, such as

droplet size and relative velocity of the gas and liquid, that influence the film thicknesses.

The enhancement factor is a function of the liquid composition or alkalinity. As the alkalinity

of the liquid increases, ¢ increases. Therefore, the value of K (and the rate of SO,

absorption) can be increased either by increasing the effectiveness of contact between the gas

and liquid (e.g., decreasing the film thicknesses by increasing turbulence) or by increasing the

alkalinity of the liquid.

The form of Equation 3-12 suggests that the effects of increasing liquid-phase
alkalinity on the overall mass transfer coefficient (and therefore on NTU or SO, removal
efficiency) will diminish at some point when H/k¢ becomes small compared to 1/k,. This is
referred to as "gas-film-limited" absorption. When this point is reached for a given absorber,

there is no benefit to further increasing the liquid alkalinity.

Using the above model for SO, removal, FGD process variables that affect SO,
removal efficiency can be described in terms of their effect on the product of K and A and
the ratio of this product to G. The major process variables that affect SO, removal are

discussed below.
3.2.1 Flue Gas Flow Rate (G)

Equation 3-11 shows that increasing flue gas flow rate (G in the denominator)
will decrease NTU and, therefore, decrease SO, removal efficiency under otherwise constant
conditions. That is, if the flue gas is exposed to the same absorber surface area for a shorter
period of time, the relative fraction of SO, that is removed must decrease. On the other hand,

treating more flue gas per unit of absorber vessel cross sectional area (resulting in a higher
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flue gas velocity in the absorber module) will decrease the absorber module’s capital cost. In
practice, selection of the design flue gas flow rate is closely tied to the physical characteristics
of the particular absorber type that will be used. Some general guidelines regarding flue gas
flow rate and resuiting flue gas velocity are given here. The different absorber design

alternatives are described in more detail in Part I, Section 4.2--Absorber Module.

The absorber type most widely used in lime- and limestone-based FGD
processes is the countercurrent spray tower. In this absorber, the flue gas flows upward while
a slurry containing finely ground lime or limestone reagent is sprayed downward. SO, is

absorbed by the spray droplets. In a spray tower, the design flue gas velocity normally ranges

from about 3 to 5 m/s ( 10 to 15 ft/s). Increasing gas velocity increases K by decreasing the
film thicknesses at the interface between the gas and spray droplets. However, if the velocity
is too high, the spray droplets will be carried from the absorber along with the flue gas. The
upper limit for flue gas velocity in a countercurrent spray tower is usually fixed by the
capability of the mist eliminators, as described in Part I, Section 4.4--Mist Eliminator

Systems.

Some vendors supply a countercurrent spray tower with a'perforated tray added
to improve SO, absorption. The flue gas bubbles through a layer of slurry held on the tray.
In the spray/tray absorber, the optimum flue gas velocity is fixed by the hydraulic
characteristics of the tray design. If the velocity is too low, all of the liquid will drain from
the tray. If the velocity is too high, the slurry cannot drain from the tray and the tray will

"flood," causing excess flue gas pressure loss.

A cocurrent packed absorber may be used in a limestone FGD process. In this
absorber, the flue gas and recycle slurry flow in the same direction. The surface area for SO,
absorption is provided by a wetted-film packing over which the recycle slurry is distributed.
Because the packed absorber does not depend on small-diameter slurry droplets to provide the

required mass transfer surface area, a higher flue gas velocity can be used with this absorber
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type--typically 5 to 7 m/s (15 to 22 ft/s)--without overloading the mist eliminators and causing

. excessive droplet carryover.
3.2.2 Liquid-to-Gas Ratio (L/G)

The liquid-to-gas ratio (L/G) in lime- and limestone-based FGD processes
describes the amount of alkaline slurry that is recirculated to the absorber per unit volume of
flue gas. L/G is usually expressed by international FGD vendors as liters of slurry/1000 Nm?
of flue gas (1 atmosphere and 298 K). In the United States, L/G is most often expressed as
gallons of slurry/1000 ft* of flue gas at absorber temperature and pressure conditions.

L/G has some important effects in lime- and limestone-based FGD processes.
First, in most absorber designs, the amount of recirculated liquid determines the amount of
surface area (A in Equation 3-11) that is available for SO, absorption. This is especially true
for spray and spray/tray absorbers. For a countercurrent spray absorber, the amount of spray
droplet surface area is approximately proportional to the liquid spray rate (or L/G at a
constant gas flow). After the optimum flue gas flow rate has been selected for a particular
absorber, L/G becomes one of the most important design variables for obtaining the specified
SO, removal efficiency. Because the total liquid recirculation rate is not the only variable
that affects surface area, the required L/G will also vary with other absorber design aspects
such as spray droplet size or packing depth. More details of absorber design features are
described in Part I, Section 4.2--Absorber Module.

Another important effect of L/G occurs through its affect on ¢, the liquid film
enhancement factor (Equation 3-12). When L/G is increased, not only does surface area
increase, but the amount of available alkalinity for neutralizing absorbed SO, increases,

increasing ¢. This increases the overall value of K in Equation 3-11.

The final effect of L/G is related to oxidation. Researchers have shown that

the oxidation rate of sulfite and bisulfite (Reactions 3-6 and 3-7) in the absorber module is
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very much dependent on the rate at which O, is absorbed. O, absorption, in turn, will depend
primarily on two factors, the O, available (concentration) in the flue gas and the liquid recycle
flow rate, the L factor in L/G. The oxidation rate increases with increases in either of these
two factors. The oxidation rate in the absorber module is important because it can affect the
tendency for scale to form in the absorber and can also affect the physical properties of the
precipitating solids. These effects will be discussed further in subsequent sections of this
manual.

3.23 Slurry pH and Limestone Reagent Ratio

Along with flue gas velocity and L/G, another process variable that has a
significant effect on SO, removal efficiency is the pH of the recycle slurry. Slurry pH is also
the primary control variable in lime- and limestone-based FGD processes. The slurry pH is
normally measured in the reaction tank where spent recycle slurry from the absorber is mixed
with fresh lime or limestone slurry. The amount of lime or limestone reagent that is added to
the process is adjusted automatically to maintain a slurry pH setpoint (instrumentation and
controls are described in more detail in Part I, Section 4.10--Process Controls and

Instrumentation).

Slurry pH affects SO, removal through its effect on the liquid-film
enhancement factor, ¢, in Equation 3-12. The value of ¢ increases with increasing pH,
thereby increasing K, the overall mass transfer coefficient. Slurry pH affects ¢ and therefore
SO, removal efficiency in two ways. First, increasing slurry pH increases the concentration
of soluble alkaline species such as sulfite ion that act to neutralize absorbed SO,. Second,

increasing pH also increases the amount of undissolved lime or limestone reagent (reagent

1.3-12




ratio)” in the recycle slurry. When more solid reagent is circulated to the absorber, more
reagent is available to dissolve as the liquid-phase alkalinity is depleted. However, too much
excess reagent in the recycle slurry is not economical, so the slurry pH is usually controlled to
maintain an optimum reagent ratio. The optimum is determined by the trade-off between
higher reagenf purchase costs versus higher capital and auxiliary power cost for increased
L/G.

The optimum slurry pH (and reagent ratio) is substantially different for lime-
and limestone-based FGD processes. In the limestone-based process, the typical pH setpoint
is in the range of 5.0 to 6.0, depending on the cost of reagent and whether the process is
operated to produce gypsum or calcium sulfite. A typical limestone reagent ratio for a
process not designed to produce a commercial-quality gypsum byproduct is in the range of
1.05 to about 1.1. Processes which are designed to produce commercial-quality gypsum
byproducts are usually operated at a lower reagent ratio (1.01-1.03) for two reasons. First,
excess limestone must be minimized in order to achieve the required gypsum purity
specification, normally >95%, in the final solid byproduct. Second, a lower operating pH
generally improves the oxidation rate of sulfite to sulfate, minimizing the cost of the oxidation

air supply.

A limestone process that produces commercial-quality gypsum will often be
designed with a bank of hydrocyclones for the primary dewatering of the slurry (discussed in
Part I, Section 4.8--Byproduct Solids Handling Equipment). Most of the gypsum crystals in
the slurry are larger than the unreacted limestone particles. Therefore, the hydrocyclones
enrich the concentration of limestone in the overflow stream, which is returned to the absorber

reaction tanks, and deplete the concentration of limestone in the underflow slurry, which

" Reagent ratio, also termed stoichiometric ratio, is defined as the number of moles of
calcium added per mole of SO, removed. This value is typically in the range of 1.01 to 1.10
and indicates the amount of excess reagent present in the slurry. Reagent ratio is also the
numerical inverse of reagent utilization (i.e., 90% utilization is the same as a reagent ratio of
1.11).
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contains the byproduct solids. This arrangement results in a higher reagent ratio (more excess
limestone) measured in the recycle slurry than measured in the byproduct solids. The higher
reagent ratio in the recycle slurry maintains a high SO, removal efficiency, while the lower
overall reagent ratio in the byproduct keeps the limestone content of the byproduct below the

maximum value permitted in commercial-quality gypsum.

Lime is more soluble and more alkaline than limestone; therefore, the operating
pH for a lime-based process is higher than for a limestone-based process. In most cases,
lime-based processes are designed to take advantage of soluble sulfite alkalinity to neutralize
absorbed SO, (Reaction 3-5). The amount of sulfite in solution is often increased by adding
soluble magnesium to the process (see Part I, Section 3.4--Chemical Additives for SO,

Removal Enhancement).

The reaction tank pH in a lime-based process is usually maintained in the range
from 6.5 to 7.0. The optimum slurry pH range for the lime-based process is determined on
the basis of a trade-off between two competing reactions. When lime is dissolved in the
reaction tank, the pH should be kept high enough to convert as much bisulfite to sulfite as
possible (Reaction 3-4), so that the sulfite can neutralize absorbed SO, in the absorber
(Reaction 3-5). However, if the pH is held high enough for complete conversion of bisulfite
to sulfite, CO, is absorbed from the flue gas. The absorbed CO, then reacts with the lime to
form insoluble CaCO,. The precipitated CaCO, is removed from the FGD process with the
byproduct solids. The result is a increased reagent use and byproduct solids production with
no increase in SO, removal. Because lime reagent is usually much more expensive than
limestone, a lime-based process is typically operated to maintain a reagent ratio in the range
of 1.01 to 1.02. At the pH setpoint selected to maintain this low reagent ratio, only partial
conversion of bisulfite to sulfite will occur in the reaction tank. (The effect of pH on

bisulfite/sulfite conversion was described in more detail in Part I, Section 3.1.)
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3.24 Flue Gas SO, Concentration

Increasing fuel sulfur content and, therefore, the flue gas SO, concentration will
generally decrease SO, removal efficiency in limestone-based FGD systems at otherwise
constant operating conditions. Higher inlet SO, depletes the available liquid-phase alkalinity
more rapidly, causing the liquid-film resistance to absorption to increase. The effect of
varying inlet SO, concentration on scrubbing efficiency of a lime-based FGD process is less
significant because more liquid-phase alkalinity is available.

3.2.5 Slurry Solids Concentration and Solids Retention Time

In a properly designed process, the precipitation step (Reaction 3-8, 3-9, or 3-
10) occurs continually on the surface of recirculating solids. Sufficient "seed" solids must be
maintained and sufficient reaction time allowed to ensure that the process slurry does not
become supersaturated resulting in the potential formation of scale on the surfaces of
equipment within the absorber. Sufficient time must also be allowed for the lime or
limestone reagent to dissolve (Reactions 3-2 and 3-3). The amount of "seed" solids
maintained in the process is normally expressed as slurry density or slurry solids
concentration. A minimum of 1 to 2 wt % solids is normally sufficient to ensure adequate
seed material; however, it is more typical to operate a limestone-based process at a slurry
density of 10 to 15 wt % solids. The slurry density in the reaction tank is controlled by

removing a portion of the slurry in a "bleed" stream for dewatering and processing.

The length of time solids that remain in the reaction tank is usually expressed
in terms of solids retention time. This is equal to the solids inventory in the reaction tank
divided by the average solids production rate. It is also equal to the reaction tank volume
divided by the average bleed rate of slurry to the dewatering equipment. Typical solids
retention times in lime- and limestone-based FGD processes are in the 12- to 24-hour range.

Retention times much longer than this can have a detrimental effect on the solids’ physical,
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dewatering, and handling properties as a result of crystal breakage and attrition from the shear

forces and particle impacts applied by the large recirculation pumps and agitators.

33 - Sulfite/Sulfate Scaling Control

Early installations of lime- and limestone-based FGD processes experienced
operating problems caused by homogeneous nucleation and precipitation of the solid reaction
products on equipment surfaces. This problem is usually referred to as "scaling." In modern

systems, scaling generally can be avoided by proper design and operation.

The most significant process variable affecting scaling tendency is the extent of
sulfite oxidation (Reactions 3-6 and 3-7). If the oxidation fraction (x) is less than 0.15, the
reaction products will precipitate as a solid solution of calcium sulfite and calcium sulfate
hemihydrate (Reaction 3-9). Under most conditions, this product will not form scale on
equipment. If oxidation is nearly complete (0.9 or greater), the reaction product is primarily
gypsum (Reaction 3-10) and scale will normally not form because gypsum precipitates

preferentially on seed crystals that are maintained in the circulating slurry.

Experience has shown that gypsum scale formation is most likely to be a
problem when the sulfite oxidation fraction is in the range from about 0.15 to 0.3. In this
oxidation range, the calcium sulfite crystal lattice is saturated with respect to sulfate, so some
of the sulfate must precipitate directly as gypsum. However, since oxidation of sulfite to
sulfate is substantially incomplete in this range, only a small amount of gypsum is present in
the reaction solids, and there is insufficient gypsum seed surface area to prevent homogeneous

nucleation from occurring. This results in the formation of gypsum scale.

In practlce, most lime- and limestone-based FGD processes are operated in
elther an "inhibited-oxidation" mode, to keep the system oxidation fraction below 0.15, or in a
"forced-oxidation" mode, to keep the oxidation fraction above 0.95. The choice between the

two process options depends primarily on the methods feasible for byproduct solids disposal
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at a specific site (see Part I, Section 4.8--Byproduct Solids Handling). From the standpoint of
SO, removal efficiency, the two processes are not substantially different.

3.3.1 Inhibited Oxidation

An inhibited-oxidation process is designed and operated so that the oxidation
fraction of the absorbed SO, is less than 0.15. Below an oxidation fraction of 0.15, all of the
sulfate that is formed by Reactions 3-6 and 3-7 precipitates as a solid solution of calcium
sulfite and sulfate hemihydrate (Reaction 3-9). Oxidation is inhibited in lime- and limestone-
based FGD systems by adding thiosulfate ion to the circulating slurry. Sodium thiosulfate
was originally used for this purpose, but thiosulfate can be generated at lower cost by adding
emulsified elemental sulfur to the slurry. Elemental sulfur reacts with sulfite, in situ, to form

thiosulfate according to the reaction: .

S + SO; - §,0; (3-13)

Typically, the net conversion of elemental sulfur to dissolved thiosulfate ion is
about 50 percent. This conversion rate will increase with increases in pH, sulfite

concentration, and temperature.

Sulfite oxidation is thought to be an autocatalytic, free radical, chain reaction
involving a sequence of reaction steps including initiation reactions, propagation reactions, and
termination reactions. Thiosulfate inhibits sulfite oxidation by reacting with the free radicals
generated in the initiation and propagation steps. The products of these reactions are
trithionate, S;0,", and tetrathionate, S,0,~. In the presence of sulfite, tetrathionate is rapidly
converted to trithionate. Trithionate will react with water to regenerate thiosulfate and sulfate

according to the following reaction:



$,0, + HO ~ 5,0, + SO, + 2H" (3-14)

At sufficiently high concentrations of thiosulfate, the rate at which thiosulfate
reacts with free radicals will be limited by their production in the initiation reactions in the
free radical chain reaction. Under these conditions, the oxidation rate in the absorber module
will be fixed by the rate of the initiation reactions and the rate of the trithionate hydrolysis
reaction (3-14) that produces sulfate and regenerates thiosulfate. Researchers have estimated
that this oxidation can be as low as 1 to 2 percent.

Process factors which determine the oxidation rate in the absorber module and,
as a result, the concentration of thiosulfate that is required to inhibit oxidation include the
soluble sulfite concentration, soluble trace metal concentration, temperature, and pH. In
addition, the oxidation rate is very sensitive to the rate at which O, is absorbed in the
absorber module, increasing at higher levels of O, absorption. Factors which determine the
O, absorption rate in the absorber module, such as L/G and the O, concentration in the flue
gas, can have a significant effect on the concentration of thiosulfate required to maintain the

oxidation fraction below 0.13.
3.3.2 Forced Oxidation

Forced oxidation is obtained by sparging air into the slurry in the reaction tank,
converting the dissolved sulfite and bisulfite to sulfate, and causing gypsum to precipitate.
The extent of oxidation that can be obtained depends on the reaction tank depth and quantity
of air. A typical design for complete (>99%) oxidation would supply about 1.5 moles of O,
per mole of absorbed SO,. Nearly complete oxidation is requirec'i‘ if commercial-quality
byproduct gypsum will be produced. If the byproduct will be landfilled, complete oxidation

is not required.
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In situ forced oxidation (oxidation in the reaction tank) is usually applied only
to the limestone-based process because the lime-based process depends on dissolved sulfite for
liquid-phase alkalinity to neutralize absorbed SO,. However, this problem can be avoided by
ex situ forced oxidation (oxidation in a separate tank as part of the byproduct dewatering
system). While uncommon, ex situ oxidation of a lime-based FGD system has been

conducted at an installation in Grand Haven, Michigan, for several years.

333 Natural Oxidation

Under "natural”" oxidation conditions, the fraction of sulfite oxidized to sulfate
is not deliberately controlled, but is instead determined by the inherent rates of the oxidation
reactions in the system, and the ratio of SO, to O, that is absorbed from the flue gas. Some
FGD processes can be operated without sulfur additive or thiosulfate while maintaining low
oxidation if the coal sulfur content is high and the excess air in the flue gas is low. Under
these conditions the oxidation fraction will be low because the ratio of absorbed SO, to
absorbed O, will be high. Conversely, near-complete oxidation in an FGD process can be
obtained, without forced air sparging, if the rate at which the sulfite is oxidized is nearly as
great as the rate at which SO, is absorbed. Normally, this is possible only if the coal sulfur
content is low and the slurry pH is controlled in the 5.0 to 5.5 range. Fof most applications it
is beneficial to operate either in an inhibited-oxidation mode to control the oxidation fraction

below 0.15, through the addition of sulfur additive, or in a forced-oxidation mode with air

sparging.
34 Chemical Additives for SO, Removal Enhancement

SO, removal efficiency in lime- or limestone-based FGD systems can be
increased by increasing the surface area in the absorber, either by increasing the L/G, adding a
tray, or adding internal packing. However, these options to increase absorber surface area can
be expensive. Experience has shown that much of the overall resistance to SO, absorption is
accounted for by the liquid-film diffusion (that is, 1/k, is much smaller than H/k¢$ in Equation
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3-12). When SO, absorption is "liquid-film-limited," the cost-effectiveness of high-efficiency
scrubbing can be greatly '_improved by the use of additives that enhance liquid-phase alkalinity.
Additives may also be used to increase process flexibility. For example, in applications where
fuel sulfur content is highly variable, it may be more cost-effective to design the absorber for
average inlet SO, conditions and use a chemical additive to maintain desired SO, removal
when higher-sulfur fuel is burned.

Three additives have been used in currently operating lime- or limestone-based
FGD systems to improve SO, removal efficiency: magnesium, dibasic acid, and formic acid

(or sodium formate). Effects of these additives on process performance are discussed below.
34.1 Magnesium

Several liquid-phase species capable of neutralizing absorbed SO, are generally
present in both limestone and lime systems. The most important of these include SO;™ and
HCO;. The solubility of SO,” is low in the presence of dissolved calcium, but the use of
supplemental soluble magnesium in the process, which can be introduced with the reagent
limestone or lime, greatly increases the amount of sulfite alkalinity that can be provided by
forming the soluble MgSO, ion pair. Supplemental magnesium is usually introduced by
adding a small amount of slaked dolomitic lime [Ca(OH),*Mg(OH),] to the reagent slurry.

The use of magnesium additive is effective in an inhibited-oxidation process
only because the sulfite ion provides essential supplemental alkalinity. The effectiveness of
magnesium additive is also a strong function of slurry pH. As discussed earlier, at low pH
much of the dissolved SO, will be in the form of HSO;, which cannot neutralize H" (see
Section 3-1). Although at least one full-scale limestone-based FGD system uses supplemental
dolomitic lime, this additive is most commonly used in lime-based processes because it is
more effective at the higher operating pH of a lime-based FGD process (6.5 to 7.5).
Magnesium-enhanced lime FGD systems can operate with sufficient soluble sulfite alkalinity

to approach gas-film-limited absorption efficiency.
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Magnesium additive has some disadvantages. In the limestone-based process,
high magnesium and sulfite concentrations decrease the limestone dissolution rate (Equation
3-3) and, consequently, increase the limestone reagent ratio required for a specific SO,
removal efficiency. Magnesium ion also acts as a crystal contaminant or crystal modifier for
the precipitating solids. The result can be a significant deterioration of the solids handling

and dewatering properties.
34.2 Dibasic Acid (DBA)/Adipic Acid

Dicarboxylic acids have the general formula HOOC-(CH,),-COOH. DBA is a
mixture of three dicarboxylic acids: succinic (n=2), glutaric (n=3), and adipic acid (n=4). It
is a byproduct of adipic acid manufacture. Like soluble sulfite, DBA improves SO, removal
efficiency by providing supplemental liquid-phase alkalinity to neutralize absorbed SO,. DBA
acts by accepting protons (H") as SO, is absorbed by the recycle slurry:

"00C-(CH,),-COO~ + H* = HOOC-(CH,),-COO" (3-15)

HOOC-(CH,),-COO ~+H *= HOOC—(CH,), -COOH (3-16)

Reactions 3-15 and 3-16 are then reversed in the reaction tank as limestone dissolves to raise

the pH.

DBA is more effective than sulfite in a limestone-based process because it can
neutralize absorbed SO, and buffer the slurry over a pH range more favorable to limestone-
based systems. Figure 3-3 is a typical equilibrium relationship calculated for Reactions 3-15
and 3-16 showing the distribution of DBA species as a function of pH. In this figure, the
alkyl group, (CH,),, is abbreviated by "R." At low pH, most of the DBA is in the
undissociated (acid) form (HOOC-R-COOH). As the pH increases, the acid dissociates. The
concentrations of the acid form and the singly deprotonated form (HOOC-R-COQ’) are about
equal at pH 4. With a further increase in pH, the second ionization step proceeds, and the
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fully deprotonated form (OOC-R-COO") predominates above pH 6. Therefore, the DBA is
essentially fully deprotonated in the limestone process reaction tank before it is recirculated to

the absorber.

DBA is not consumed in the reversible Reactions 3-15 and 3-16, but is lost by
two other mechanisms, oxidative degradation and precipitation with the calcium sulfite solids.

DBA also leaves the FGD system in liquid lost with the byproduct solids.

DBA has been used in full-scale limestone FGD systems since 1981, when it
~was tested at Springfield (Missouri) City Utilities’ Southwest Station Unit 1. Adipic acid can
also be used, but the DBA byproduct is usually less expensive. The effect of DBA on SO,
removal efficiency also has been measured in full-scale tests at several limestone FGD
systems. Figures 3-4a and 3-4b show the typical extent of performance improvement that can

be expected with DBA additive in a limestone-based FGD system.

A significant increase in removal efficiency occurs as the DBA concentration is
increased over the range from 0 to 1000 mg/L. DBA. At higher DBA concentrations, the
improvement in terms of NTU (Figure 3-4a) is still significant, but as the SO, removal
efficiency approaches the gas-film-limited maximum (Figure 3-4b) that can be obtained in a
specific absorber, the marginal cost of additional SO, removal enhancement using DBA
increases rapidly. Tests at full-scale FGD systems have shown that limestone-based absorbers
designed for 85 to 90% SO, removal without DBA can achieve 95 to 97% removal with cost-
effective amounts of DBA. Absorbers designed for 90 to 95% SO, removal without DBA can
operate at 98 to 99% removal efficiency with DBA.

3.4.3 Formic Acid/Sodium Formate

Formic acid (HCOOH) is a carboxylic acid that has also been used to improve
performance in limestone FGD systems. Formic acid can also be added to the FGD system in

the form of sodium formate (NaCOOH), a dry powder that has important health and safety
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advantages over formic acid. The neutralizing effect of either formic acid or sodium formate
is similar to that of DBA, except that the formate ion accepts only one proton (H") per

molecule:
HCOO " + H* = HCOOH (3-17)

Figure 3-5is a typical equilibrium relationship calculated for Reaction 3-17
showing the distribution of formate ion (HCOOQO") and protonated formic acid (HCOOH) as a
function of pH. Most of the formic acid remains in the deprotonated form until the pH is less
than about 3.6.

Comparing the neutralizing capacity per mole, and the molecular weights of
DBA (about 130 g/mole for the typical mixture of acids) and formic acid (46 g/mole), formic
acid should have about 50% more neutralizing capacity on an equal weight basis (22 milli-
equivalents per gram of formate versus 15 milli-equivalents per gram of DBA). However, the
actual neutralizing capacity of both DBA and formic acid depends on the operating pH range
for a specific FGD system. This can be seen by examining Figures 3-3 and 3-5.

Figure 3-3 shows that in order to use the full neutralizing capacity of DBA, the
slurry pH would need to be above 6 in the reaction tank and below 3 at the absorber exit.
Figure 3-5 shows that the corresponding pH range for full neutralization using formic acid
would be above 5 in the reaction tank and less than 2 at the absorber exit. Therefore, lower-
pH operation will tend to favor formic acid relative to DBA. However, most limestone FGD
systems operate in a pH range that favors DBA. The relative performance of DBA and
formic acid has been measured in several full-scale limestone FGD systems. At equal mass
concentrations, formic acid usually provides slightly less performance enhancement compared
to DBA, in spite of the theoretical advantage of formic acid. In practice, the choice between
DBA and formic acid most likely will depend on the relative delivered costs of these two

additives.
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Additive Consumption

The cost-effectiveness of high-efficiency scrubbing using additives depends

primarily on the cost and consumption rate of the additives. For this reason, additive

consumption has been measured at a number of full-scale FGD systems.

In general, additive consumption in lime- or limestone-based FGD systems can
be divided into "solution" and "non-solution" losses. Solution losses result from the presence
of additive in liquor that is removed from the FGD system, either with the partially dewatered
byproduct solids, or with a separate blowdown stream. This is the only loss mechanism for
supplemental magnesium additive. Solution losses are easily estimated by material balance
for any specific FGD system and additive. For example, additive solution losses at a
concentration of 1000 mg/L. would typically range from 0.5 to 2 kg/1000 kg of SO, removed,
depending on the molecular weight and solids content of the FGD byproduct.

The organic acid additives can also be lost through chemical degradation, co-
precipitation (inclusion of additive with the solid byproduct), and in the case of formic acid,
by vaporization into the flue gas. DBA does not vaporize to any significant extent in FGD
systems. The relative importance of degradation and precipitation is substantially different for
forced-oxidation versus inhibited-oxidation systems. The relative importance of degradation
and precipitation is also different for DBA and formic acid additives. Test results have shown
that DBA and formate do not precipitate with the gypsum byproduct in forced-oxidation
systems, but precipitation with calcium sulfite is the primary loss mechanism for organic acids
in inhibited-oxidation systems. Test results have also shown the co-precipitation losses for
DBA are higher than for formic acid under identical operating conditions. Chemical
degradation of organic acid additives via oxidation occurs in both types of limestone FGD

systems, although at a lesser rate in an inhibited-oxidation process.

A predictive correlation for additive consumption in limestone-based FGD

systems has been developed on the basis of experimental pilot-scale data. For forced-
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oxidation systems, oxidative degradation was correlated empirically as a function of additive
concentration and chloride concentration. Test data suggested that high concentrations of
chloride resulted in reduced oxidative degradation losses. The data also showed that the
oxidative degradation rate for formic acid, under these conditions, was an order of magnitude
higher than for DBA. For inhibited-oxidation systems, precipitation rates of additives were
correlated as functions of the activity product of the calcium ion and the precipitating additive
ion. For both systems, formate vaporization was correlated as a function of formate ion
concentration. The resulting additive consumption models have been incorporated into EPRI’s
FGDPRISM™ lime- or limestone-based scrubbing process simulator. The use of this process
simulation model is discussed in Part IV of this manual--Use of FGDPRISM in System

Design and Proposal Evaluation.

35 Hazardous Air Pollutant Removal in FGD Systems

The Clean Air Act Amendments of 1990 (CAAA) [Title III, Section 112(b)(1)]
address hazardous air pollutants (HAPs) and require major sources of HAPs to use the
maximum achievable control technology (MACT), as defined in the amendments. Coal-fired
electric power plant boilers are not identified as major HAP sources by the CAAA; however,
the CAAA directs the U.S. Environmental Protection Agency (EPA) to conduct a study of
mercury emissions from all sources and to make recommendations to Congress on whether

there is a risk basis for requiring control of such emissions.

With the exception of mercury, a recent review of the available literature
concluded that there is not sufficient meaningful information to allow HAP removal to be
correlated to FGD system operating parameters (1). However, it is expected that the
particulate removal efficiency of the FGD system can be used as a rough estimate of the
system’s removal efficiency of solid-phase HAPs. The particulate removal in a wet FGD
system relies on impaction of the particulate with slurry droplets (1). Generally, the typical
low-pressure-drop wet FGD absorber is not expected to be highly effective at removing the

fine particulate matter (0.1 to 2 um in diameter) that remains in the flue gas following an
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electrostatic precipitator or fabric filter, but there are few published data. Measurements of
FGD system fly ash removal efficiency are difficult because of low inlet and outlet loadings
as well as potential generation of additional particulate matter due to penetration of fine mist
droplets through the mist eliminator. In one recent publication, reported removal efficiencies

for various solid-phase HAP across a wet FGD system ranged from 0 to nearly 98% (2).

Removal of vapor-phase HAPs would tend to be affected by the same process
parameters that affect SO, removal efficiency, such as gas diffusivity, liquid-gas contact area,

contact time, and solubility in water (1). -

Prior to the passage of the CAAA, the Electric Power Research Institute (EPRI)
initiated a power plant chemical emissions study entitled "Power Plant Integrated System:
Chemical Emissions Studies (PISCES)." The data from PISCES and other studies show that,
without modification, conventional wet FGD systems are capable of removing mercury from
combustion gases (3-6). However, the extent of this reported removal efficiency varies

widely, ranging from less than 10% to over 90 percent.

Mercury exists in coal combustion flue gas in two forms: elemental mercury
(Hg") and an oxidized state (Hg™"). Although very little data on mercury speciation are
currently available, the limited results from existing studies indicate that 40 to 50% of the
mercury is present in the oxidized form and that mercury speciation seems to be dependent on
the type of coal (7).

The mercury removal efficiency obtained in a wet FGD system has been found
to be strongly dependent on the speciated form of the mercury. Tests at EPRI’s 4-MW
Environmental Control Technology Center (ECTC)" have demonstrated that over 98% of the

The ECTC is located at the New York State Electric and Gas Corporation’s Kintigh

Station and was formerly known as the High Sulfur Test Center (HSTC). This facility has

been the site of research into the operation of various flue gas desulfurization processes and
process modifications for many years.
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oxidized mercury can be removed (7). Additional tests showed that the oxidized mercury
removal efficiency was limited only by gas-film mass transfer. Elemental mercury vapor does
not appear to be removed by an FGD system. This is not surprising since elemental mercury
has a very low solubility in water. Other tests of mercury removal by FGD systems have

shown similar results, with little or no removal of elemental mercury (1,8).

The testing at the ECTC determined that all of the mercury removed by the
FGD system was incorporated into the byproduct solids, although the exact chemical form
was not reported (7). No elevated levels of mercury were found in the process liquor or

system blowdown stream.
3.6 Lime- and Limestone-Based FGD Process Material Balance

Figure 3-6 illustrates an overall material balance for a lime- or limestone-based
FGD process. The primary inlet stream (in terms of mass flow rate) is the flue gas. In most
cases, prior to entering the FGD system, the flue gas is treated by a particulate control device
such as a high-efficiency electrostatic precipitator (ESP) or fabric filter. These devices are
capable of removing over 99.5% of the fly ash in the flue gas. Although some lime- and -
limestone-based wet FGD systems are designed to remove fly ash from the flue gas or to use
alkaline fly ash as a reagent, fly ash can have several detrimental effects on the process and is
normally removed upstream of the FGD system. In any case, however, some fly ash passes
through the particulate control device and enters the FGD process. Major components of the
inlet flue gas include nitrogen, carbon dioxide, water vapor, and oxygen. Minor components
include sulfur dioxide, nitrogen oxides, hydrogen chloride, hydrogen fluoride, and sulfuric

acid vapor. Some additional soluble trace elements may be presént in the flue gas or fly ash.

In the FGD system, SO, and some oxygen are removed from the flue gas. In
the limestone-based process, about one mole of CO, is added to the flue gas per mole of SO,
absorbed. In the lime-based process, a small amount of CO, may be.removed from the flue

gas (typically, < 0.1 mole CO,/mole SO,). An FGD process that removes 95% of the SO,
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will also remove essentially all of the hydrogen chloride (HCI) from the flue gas because HCI
is more readily absorbed:' than SO,. Chloride introduced to the FGD system by the flue gas
plays an important role in process chemistry. Nitric oxide (NO) that is present in the inlet
flue gas typically passes through the FGD system. Although nitrogen dioxide (NO,) may be
absorbed, it is typically only a small fraction of the total nitrogen oxides in the flue gas.

Some vapor-phase sulfuric acid is typically present in the inlet flue gas.
Although the H,SO, (g) concentration is only about 1% of the SO, concentration, the presence
of H,SO, can have significant consequences. When the flue gas is first cooled .at the absorber
inlet, vapor-phase H,SO, rapidly condenses to form a submicrometer-sized acid mist.
Typically, less than about 50% of this mist is removed in the absorber. The remaining mist
that penetrates the absorber module may cause a visible stack plume as a result of light

scattering by the submicrometer-sized particles.

If the FGD system is downstream of a high-efficiency ESP, up to 80% of the
residual fly ash that escapes the particulate control device may be removed in the FGD
system. This fly ash typically accounts for only a small fraction of the total FGD byproduct
solids, but trace chemical species introduced with the ash can affect process chemistry,
especially if wastewater is to be discharged. Trace chemical species, such as iron and
manganese, introduced with the ash can also act as oxidation catalysts, providing a benefit to

forced-oxidation systems or a detriment to inhibited-oxidation processes.

In the absorber, the flue gas becomes saturated with water. Water evaporation
in the absorber is an extremely important material balance term. The amount of water
evaporated depends on coal composition, the inlet gas temperature, and inlet gas moisture
content, but is usually about 0.06 to 0.07 L/s (1 to 1.2 gpm) for each megawatt of electrical
power produced if all of the flue gas is treated.

Water also leaves the process as liquor that is lost with the dewatered

byproduct solids. The amount of water that leaves with the solids is small compared to the
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evaporation, but in some systems the liquor leaving with the byproduct solids can be the only
purge for soluble species such as chloride from the FGD system. Therefore, the volume of
water that leaves with the byproduct solids controls the concentration of dissolved species in
the process liquor unless there is a separate liquid purge stream (blowdown) from the system.
The amount of water that leaves with the byproduct solids is substantially different for the

inhibited- and forced-oxidation process modes.

Water must be added to the process to replace water that is evaporated and
water that leaves with the solids. Makeup water can be added in several locations, depending
on the specific process design. In some cases, especially if the boiler is operated at partial
load, the amount of water added to the FGD process can exceed the amount lost to
evaporation and with the solid byproduct. Then, excess process liquor must be temporarily
stored or discharged. FGD process water management is discussed in more detail later inthis

section.

The byproduct solids are produced in proportion to the amount of SO,
removed. In the inhibited-dxidation process, the byproduct solids molecular weight is about
131 g/mole, and the theoretical dry calcium sulfite/sulfate solids production rate is therefore
about 2.05 kg/kg of SO, removed. In the forced-oxidation process, the byproduct molecular
weight is 172 g/mole and the theoretical dry solids production rate increases to 2.69 kg/kg
SO, removed. In both process modes, the actual solids production rate is slightly higher due
to the presence of inert material in the reagent lime or limestone, fly ash, and some excess

reagent.

Calcium sulfite byproduct solids are usually disposed of in a pond or a landfill.
If the solids are to be landfilled, additional processing is required to improve their handling
properties. This processing usually consists of mixing the dewatered byproduct solids with fly
ash (stabiliiation) or fly ash and lime (fixation) to improve its physical and chemical
properties. Calcium sulfate may be ponded, landfilled without additional processing, or

placed in a gypsum stack. Calcium suifate also may be sold as a commercial gypsum
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product. Byproduct solids management is also discussed in more detail in Part I, Section 4-8

--Byproduct Solids Handling.
3.6.1 FGD Process Water Management

Table 3-1 lists typical terms in the FGD process water balance for each of the
three basic process options. Certain specific makeup water requirements are listed for the
processes. The remainder of the makeup water ("other makeup” in the table) is added as
required to maintain liquid levels in the system. At steady state, the amount of water entering
the process must equal the amount leaving. In order to illustrate the relative magnitude of the
terms, approximate flow rates are given for an FGD system treating flue gas from a 500-MW

coal-fired boiler burning bituminous coal with a sulfur content of 2 percent.

In the magnesium lime-based process, a total of about 42 L/s (666 gpm) of
water leaves the example system. Most of this [37 L/s (587 gpm)] is evaporation to the flue
gas, but water leaving with the byproduct solids is about 12% of the total. In the lime-based
process, the byproduct solids are usually dewatered to about 50% moisture. A small amount

of water is combined with the calcium sulfite as water of hydration.

Water entering the lime-based process includes water used to hydrate (slake)
the lime and to produce a 35% slurry for use as reagent makeup to the absorber. Slaking
water must be relatively low in dissolved solids and cannot be reclaimed process liquor. For
this example process, about 7 L/s (111 gpm) makeup water is required for reagent
preparation. Mist eliminator wash water in a magnesium lime-based process can be reclaimed
process liquor and, therefore, represents no net addition of water to the system. Good-quality
makeup water is also needed for pump seals and vacuum (filter) pump seals, and side-entry

agitator seals. About 7 L/s (111 gpm) is required. Other makeup to the process is required

d

* This combination of unit size and coal sulfur content will be used throughout this manual
as the basis for numerical examples.
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so that the amount of water added is equal to the amouﬁt leaving. By difference, the other

makeup water rate is about 28 L/s (444 gpm).

In the limestone-based, inhibited-oxidation process, reclaimed process water can
be used for preparing the limestone reagent slurry as well as for mist eliminator wash. The
pump and filter seal water requirement [10 L/s (159 gpm)] is somewhat greater than that for
the lime-based process because more absorber recycle pumps are used. This is the only water
added to the system at a specific location, and the balance [about 30 L/s (476 gpm)] is added
to maintain level. Note that the amount of water leaving with the limestone byproduct solids
is only about half that leaving with the lime-based system’s byproduct solids because the

lime-based process solids are more difficult to dewater.

In the example limestone-based, forced-oxidation process, it is assumed that a
commercial-quality gypsum byproduct is being produced. The evaporation is slightly higher
in the forced-oxidation process because water is evaporated by the oxidation air supply. On
the other hand, the free water leaving with the gypsum solids is quite low because gypsum is
dewatered more effectively than the calcium sulfite byproduct. The forced-oxidation process
also requires a separate "blowdown" or discharge stream to control the chloride concentration
in the process liquor. This is done because the gypsum quality specification limits chloride to
a maximum of about 200 mg/kg (dry weight) in the filter cake. The combined total water
leaving the forced-oxidation process is about 46 L/s (729 gpm).

In the forced-oxidation process, the reclaimed process liquor is saturated with
gypsum and is used primarily for reagent slurry preparation and adjusting reaction tank levels.
Reclaim water must be blended with fresh water before use as mist eliminator wash. It is
frequently recommended that, if possible, only fresh makeup water be used to wash the mist
eliminators. In the example water balance, it is assumed that half of the reagent slurry
preparation stream [4 L/s (63 gpm)] and mist eliminator wash stream [3 L/s (48 gpm)] are
fresh makeup water. Fresh makeup water [2 L/s (32 gpm)] is also used in the forced-

oxidation process to wash dissolved solids from the gypsum byproduct solids. The total
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remaining makeup water requirement is about 27 L/s (428 gpm) for the forced-oxidation

process.

The above examples do not include miscellaneous sources of water added to the
process such as rainfall and runoff from adjacent pavement, and wash-down water. In

practice, these sources of water can be significant terms in the water balance as well.

The above examples are also based on continuous high-load operation of the
boiler. When the boiler operates at reduced load, the water lost through saturation of the flue
gas and with the byproduct solids is reduced proportionately, but the pump shaft/vacuum
pump seal water and the mist eliminator wash water requirements are often not reduced
proportionately. In this case, more makeup water can sometimes be required than is lost.

This is termed a "positive water balance." If the long-term average water balance remains
negative, a short-term positive balance is often accommodated by using a surge pond. Water
is discharged to this pond when necessary and reclaimed at some later time as makeup when
the balance has become negative. If the long-term water balance is positive, water must either
be discharged, or corrective measures taken to reduce the amount of water added to the

process.

The use of mechanical seals instead of water gland seals for the slurry pumps is
one important approach that can significantly improve an FGD system water balance. These

seals are discussed in Part II, Section 5.0--Slurry Pumps.
3.6.2 Dissolved Solids (Chloride) Concentration

Another aspect of the FGD process material balance that is closely related to
the water balance is the question of dissolved solids in the process liquor. Except for
processes designed to produce commercial-quality gypsum, most lime- and limestone-based
FGD processes are operated "closed-loop." That is, the only water discharged from the

system is that associated with the byproduct solids. Because this is a small discharge,
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compared to the amount of water that is evaporated, any soluble chemical species that enter

the FGD system can become highly concentrated over time in the process liquor.

The most important soluble species that occur in lime- and limestone-based
FGD processes include magnesium, sodium, and chloride. Magnesium enters the process
along with the lime or limestone reagent, and is sometimes added deliberately in the lime-
based process. Sodium enters the process primarily in the makeup water. Sodium is usualiy
a minor species unless the makeup water is naturally brackish or is recycled from another
plant source. For example, cooling tower blowdown is often-used as makeup water for FGD
systems and can contain elevated levels of sodium. Chloride enters the system primarily from
the flue gas. Of these three soluble species, chloride is most important because of its negative
effects on process performance and its tendency to accelerate corrosion, especially with

stainless steel components.

High concentrations of chloride decrease SO, removal efficiency in limestone
FGD systems under otherwise constant conditions. The dissolved calcium concentration
increases as chloride increases, because of the ion pairing between calcium and chloride. This
can inhibit limestone dissolution and lower liquid-phase alkalinity. Tests have shown
decreases in NTU of 10 to 40% at constant limestone utilization as chloride concentration was
increased from 0 to 60,000 mg/L.. The extent of reduction is dependent on operating
conditions. In general, systems with higher SO, pickup per unit slurry volume will be more
sensitive to higher chloride concentrations. Larger decreases in NTU were also seen with the
inhibited-oxidation process than with the forced-oxidation process. The effect of dissolved

chloride on SO, removal is not significant for chloride concentrations less than about 15,000

mg/L.

The effect of chloride concentration on corrosibn of stainless steel is widely
variable and depends on many other factors, especially temperature and pH, but in general,
the least expensive alloys such as Type 316L stainless steel cannot be used for absorber
construction if the process liquor chloride concentration exceeds about 3000 mg/L. Type
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904L stainless steel is reported to be acceptable for chloride concentrations up to about 10,000
mg/L. Higher-nickel alloys such as alloy C-276 (or lined carbon steel) would be required for

chloride concentrations exceeding about 20,000 mg/L. Materials selection for FGD systems is
discussed in detail in Part I, Section 5.0--Materials-of-Construction Options.

Figure 3-7 illustrates how the chloride concentration in lime- and limestone-
based FGD process liquor varies as a function of byproduct solids dewatering, makeup water
quality, and coal composition. " In this figure, the process liquor chloride concentration
determined by material balance calculations is plotted versus the percent solids in the

dewatered byproduct.

Two extremes of coal and makeup water composition have been used to
develop these curves. The two lowest curves are for an FGD system applied to a boiler
burning a relatively high-sulfur, low-chloride coal (4.0% S, 0.04% Cl). The two highest
curves are for a medium-sulfur, medium-chloride coal (2.0% S, 0.10% Cl). Two different
ranges for molecular weight and solids content in the dewatered byproduct have also been
used to obtain these results. The results for solids contents less than 75% are calculated on
the basis of a calcium sulfite/sulfate byproduct from an inhibited-oxidation process. The
results for solids contents 75% or higher are based on a gypsum byproduct. The change in

byproduct molecular weight accounts for the discontinuity in the curves.

The high-sulfur, low-chloride coal will result in relatively low chloride
concentrations in the process liquor. The high sulfur content causes an increase in the amount
of solids produced and, as a result, an increase in the amount of water leaving the system with
the byproduct solids. The low chloride content decreases the amount of chloride entering the
system with the flue gas. Conversely, the lower-sulfur, higher-chloride coal results in a

higher chloride concentration in the process liquor.

The magnitude of change in chloride concentration with the assumed extent of

solids dewatering is as great as the change with the coal quality. Of the three processes
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described in this manual, the magnesium-enhanced lime-based process produces solids that are
the most difficult to dewater. The maximum solids content in the lime-based process
byproduct is usually about 50 percent. Byproduct from a limestone inhibited-oxidation
process can be dewatered to about 70% solids. The gypsum byproduct from the limestone

forced-oxidation process can be dewatered to as high as 90% solids.

The small difference between the two curves for each coal type results from
two different makeup water quality assumptions. The lower of the curves assumes 10 mg/L
CI' in the makeup water and the higher assumes 200 mg/L CI' in the makeup water. These
two chloride levels represent, for example, a typical surface water source and a concentrated
source such as cooling tower blowdown. The results in Figure 3-7 show that the ratio of
chloride to sulfur in the coal and the extent of solids dewatering usually are more important

variables in the chloride material balance than makeup water quality.
3.6.3 FGD Process Wastewater

Generally, if the byproduct solids produced by a lime- or limestone-based FGD
system will be disposed of, the system can be designed without a wastewater discharge.
However, if commercial-quality gypsum is to be produced, the gypsum specification will not
permit more than about 200 mg/kg (dry weight) total chloride in the solids. The gypsum
crystals themselves contain no chloride, but the product is not completely dry, and some
chloride is present in the adherent process liquor. For example, if the filtered gypsum
contains 10% process liquor by weight, then 1 kg (dry basis) of gypsum will contain 0.11 kg
of process liquor. Therefore, to meet the 200 mg/kg chloride limit, the liquor itself cannot
contain more than about 1800 mg/kg chloride (200 mg/kg divided by 0.11 kg/kg).

Figure 3-7 shows that, without a wastewater discharge, the chloride content of
the FGD system process liquor would be in the range of 15,000 to over 90,000 mg/kg.
Therefore, a wastewater discharge would be required if commercial-quality gypsum is

produced.
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One method for purging chloride from the FGD system, when commercial-
quality gypsum is produced, is to wash the gypsum filter cake with fresh water and discharge
the vacuum filter filtrate. If the chloride-to-sulfur ratio in the coal is high, additional
discharge may be necessary. Depending on regulations and on the size, quality, and use of
the receiving stream, various levels of treatment may be required before discharging FGD
process liquor. These could include lime/soda softening, metals removal by chemical
precipitation, and chemical or biological oxidation. None of these treatment steps removes
chloride, so other approaches may be necessary if the chloride-containing wastewater cannot
be discharged. Concentration and conversion to a stabilized solid waste, for example, is one
means of ultimate disposal. FGD wastewater treatment is discussed in more detail in Part I,

Section 4.9--Chloride Purge Wastewater Treatment.
3.6.4 FGD Byproduct Solids Management

There are several options for managing the solid byproduct from lime- and
limestone-based FGD systems. The two basic choices are disposal and sales. At this time,
there is a market only for gypsum produced in the forced-oxidation process. Disposal is the
(;nly option for calcium sulfite byproduct solids from the lime-based process or inhibited
oxidation, limestone-based process. Because this is a high-volume waste, disposal on or near
the power plant site is most economical. If a suitable market for the gypsum byproduct
cannot be found, disposal of this material is also required. Byproduct solids management is

discussed in more detail in Part I, Section 4.8--Byproduct Solids Handling.
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4.0 FGD SYSTEM DESIGN CONSIDERATIONS

This section of the manual discusses the basic considerations that govern the
design of a lime- or limestone-based FGD system. Generally, an FGD system’s basic design
considerations are relatively unaffected by which of these reagents is used. Areas where the

choice of reagent does affect the design are be highlighted.

4.1 Design Basis Assumptions

Underlying the many FGD system design decisions that must be made is a
foundation of basic design assumptions. These assumptions are typically site- and utility-
specific, and consist of factors that determine how much flue gas must be treated, how
efficient the FGD system must be, and what physical and process limitations are imposed by

the site.

To a great extent, these basic design assumptions are governed by fhe utility’s
overall philosophy regarding design conservatism and operating flexibility. Design
assumptions that are too conservative may unnecessarily increase capital and operating costs
without compensating benefits. Conversely, assumptions that provide insufficient
conservatism may result in a system that is unable to reliably attain the applicable regulatory
requirements over the entire range of potential operating conditions. Marginal design
assumptions also may reduce the ability of the system to respond to future changes in
regulations or fuel characteristics. The goal of the utility design engineer is to select design
assumptions that result in a reliable, flexible FGD system without unreasonable increases in

the system’s capital and operating costs.

The basic design assumptions that are discussed in this section include the

following:
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J Fuel property range;

. Flue gas property range;

. Regulatory requirements;

o Makeup water quality and availability;

U Site characteristics;

. Regional demand for commercial-quality gypsum; and

. Wastewater discharge limitations.

4.1.1 Fuel Property Range

The two fuel properties that most influence the design of the FGD system are
the fuel’s heating value and sulfur content. Unfortunately for the FGD system designer, even
for a single coal seam, these values vary in every truck and railcar load of coal delivered to
the site. Even more difficult is the common situation in which the coal supply may be
supplied by more than one mine, providing coals with widely differing characteristics. In
addition, the utility’s fuel procurement staff may request the widest possible flexibility in
future procurement activities, which can make establishing the design coal properties even

more difficult.

The principal factor that directs every design aspect of an FGD system is the
amount of SO, generated during combustion. This amount, normally expressed in nanograms
of SO, per joule of heat input (ng/J) [or its equivalent in pounds per million Btu
(I1b/MMBtu)], is a function of the coal sulfur content and heating value. The amount of SO,

generated can be calculated using the following formula:

2eSe10’
SO =< 2 - 4.1-1)
2 gen HHV
where: SO, gen = SO, generated, ng/J;
S = Fuel sulfur content, %; and

HHV = Fuel higher heating value, J/g.

1 ng/J = 0.00233 Ib/MMBtu
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This formula assumes that 100% of the coal sulfur is converted to SO,. As
discussed earlier in Part I, Section 3.5--Lime- and Limestone-Based FGD Process Material
Balance, during combustion a small fraction of the coal sulfur (approximately 1%) is
converted to H,SO,. Fractions of the coal sulfur are also present in the pyritic materials
rejected by the coal pulverizers and in the bottom ash and fly ash. This may account for up
to 3 to 4% of the total coal sulfur content. However, most designs assume 100% conversion

of coal sulfur to SO, to provide a degree of design conservatism.

A balance must be struck in the selection of coal heating value and sulfur
content used to calculate this critical FGD system design parameter. Assuming coal
characteristics that produce too low an SO, generation value will limit the capacity of the
system to respond to the normal variations in coal quality. Such a selection can also place
restraints on future coal procurement activities by eliminating the potential to burn possibly
lower cost, higher SO, generating fuels. Assuming characteristics that produce too high a
value will eliminate these problems but will result in a system with excess capacity in the
reagent preparation system, SO, absorbers, and byproduct solids handling system. This excess

capacity unnecessarily increases the capital cost of the FGD system.

The design engineer should keep in mind that some degree of coal blending
occurs naturally in the coal pile, damping out some of the fuel property variations. Active
blending of higher and lower sulfur coals is also a possibility for reducing the design SO,

generation.

The SO, generation design value must be established by closely examining all
available data on the proposed and potential future coal sources and by selecting a value that
represents a reasonable compromise. If sufficient fuel quality data are available, a statistical
study of the correlation between fuel heating value and sulfur content should be conducted.
The designer can then select a reasonable confidence limit for the SO, generation value. For
example, the analysis may determine that 95% of the fuel delivered to the site has an SO,
generation value of 1,000 ng/J or less and, considering the fuel blending in the coal pile, this
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may be a reasonable design value. With an active fuel blending program, a lower SO,
generation level could be reasonably selected. As discussed later, the use of chemical
additives or spare equipment can also be considered in setting this design value. If necessary,
economic studies can be conducted to quantify the effects of alternative coal quality

characteristics on FGD system costs.

A second coal property that strongly affects the design of the FGD system is
the coal’s chlorine content. Coal chlorine content varies widely from less than 0.02% by
weight to more than 0.5 percent. During combustion, over 80% of this chlorine is converted
to HCl. As discussed in Part I, Section 3.5--Lime- and Limestone-Based FGD Process
Material Balance, almost 100% of this HCI is removed by the FGD system, which can result
in high levels of soluble chlorides in the recycle slurry. High levels of chloride affect both
the alkalinity and corrosivity of the slurry. Slurry alkalinity can affect the L/G and reagent
ratio required to meet the required SO, removal efficiency. Slurry corrosivity affects the
selection of materials of construction and annual maintenance costs. In both cases, high levels
of chlorides in the slurry are detrimental to the system. Systems with high slurry chloride
levels require a larger L/G or reagent ratio; carefully selected, corrosion-resistant materials;

and increased maintenance.

Like coal sulfur content, the chlorine content varies over time and among coal
supplies. Because of the large volume of slurr); in an FGD system, however, the chloride
content of the recycle slurry does not change as rapidly. Generally, the normal day-to-day
variations in coal chlorine content can be neglected and the average coal chlorine value of the
highest chlorine coal (measured in ng Cl/J) can be used for design purposes. Experience has
shown, however, that systems that depend on a blowdown stream to control slurry chloride
level can experience rapid increases in chlorides (over 500 mg/L per day) if there is a
disruption in the blowdown. This should be considered in establishing a margin of safety in

the slurry chloride level.




The presence of fly ash and other trace materials can affect the FGD system in
specific instances, but typically are much less important than the sulfur and chloride content.
The degree to which these coal properties must be considered depends to a major extent on

the efficiency of the upstream particulate control device.

4.1.2 Flue Gas Property Range

Following the amount of SO, generated, the physical characteristics of the flue
gas to be treated are the most critical factors in the design of an FGD system. Important flue
gas characteristics include the gas volume, temperature, and pressure. Of these characteristics,

the gas volume has the greatest effect on the FGD system design.

Like the amount of SO, generated, the volume of flue gas can be a difficult
value to quantify for the purpose of establishing an FGD system design condition. Not only
does the amount of flue gas generated vary with the characteristics of the coal, it also is
affected by the following:

. Unit load;
] Excess combustion air;
o Air heater outlet temperature;

. Air heater leakage; and
. Other air in-leakage.

It is customary practice in the electric utility industry to use the same design
values and margins for the FGD system flue gas parameters that are used for the particulate
control device (ESP or fabric filter) or induced draft (ID) fans. However, some utilities
prefer to use a larger value such as the maximum output of the ID fans, which may include
an additional 10 to 15% margin on the expected gas volume and pressure rise. Since the
sizing of the inlet and outlet ductwork, isolation dampers, and absorbers are directly related to

the volume of flue gas treated, the value selected has major cost consequences. As with the
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SO, generation factor, capital cost increases with increasing conservatism in setting the

volume of flue gas to be treated.

The flue gas temperature influences the water mass balance around the FGD
system and the selection of materials of construction. A major consideration is the transient
gas temperature that occurs upon loss of one or more steam generator air heaters. Typical
inlet gas temperatures to the FGD system are 150°C (300°F) or less, but loss of an air heater
can raise the temperature to over 370°C (700°F) for a short period of time. The FGD system

must be designed to cope with such temperature excursions without damage to the equipment.

The flue gas pressure, in additipn to affecting the volume of flue gas to be
treated, is used in the structural design of the entire flue gas handling system: fans, ductwork,
dampers, and absorbers. If the FGD systém is located on the downstream side of the ID fans
(or FGD booster fans, if employed), typical system inlet pressures are 200 to 400 pascals (Pa)
[8 to 16 inches of water, gage (inwg)]. Often the FGD system is specified to withstand
excursions to the deadhead pressure of the fans, which may exceed 1,000 Pa (40 inwg). This
prevents structural damage to the system in the unlikely event that the gas path to the
chimney is blocked. The equipinent must also be able to withstand the maximum negative
pressure resulting from the natural draft effect of the chimney. This is typically in the range
of -100 to -200 Pa (-4 to -8 inwg).

Although much less frequently seen, the FGD system can be located upstrearﬁ
of the ID fans and operate under sub-atmospheric pressures of -500 Pa (-20 inwg) or greater.
In this case, negative pressure excursions to pressures of less than -1,250 Pa (-50 inwg) must

be considered in the structural design.




413 Regulatory Requirements

After the design flue gas composition and volume are established, the next step
in establishing the FGD system design assumptions is to determine how much SO, may be
emitted. This sets the FGD system’s overall SO, removal efficiency.

The procedures for establishing the SO, emission limit at specific geographic
locations are beyond the scope of this manual. The amount of SO, that may be emitted is

determined by a complex set of governmental regulations: national, regional, state, and local.

These regulations may set the following:

. A minimum SO, removal efficiency;

. A maximum SO, emission rate;

o A maximum ambient SO, concentration; or

o A combination of two or more of these limits.

As an example, U.S. New Source Performance Standards (NSPS) for utility
steam generating stations built after September 18, 1978, establish a multi-tier SO, emission
regulation that uses a combination of minimum removal efficiencies and maximum emission
rates. Under this regulation, the appropriate limit depends on the coal’s SO, production in
terms of ng/J (Ib/MMBtu). For a new facility or a major generating facility renovation, these
baseline limits are further modified by the requirement that the system employ best available
control technology (BACT). The situation is further complicated by the need to maintain
applicable regional ambient air quality standards for SO, and by the provisions of the Clean
Air Act Amendments of 1990. The act also requires capping Sdz emissions by the year 2000,
which means zero net increase in emissions, and allows trading and sale of SO, emissions

credits between facilities.

40 CFR 60.40a, Subpart Db--Standards of Performance for Electric Utility Steam
Generating Units for Which Construction Is Commenced After September 18, 1978.

1.4.1-7




Because of the complexity of this topic, a study of the applicable site-specific
regulations is usually required to set the FGD system’s design SO, removal efficiency. In
most cases, however, a utility burning a medium- to high-sulfur coal would expect a
requirement to achieve a minimum of 90 to 95% SO, removal. With the potential to generate
SO, emission credits that can be sold or used to offset emissions from other generating units,
most recently designed U.S. installations have elected to design their FGD systems to achieve
removal efficiencies of 95% or greater. This is well within the capabilities of modern lime-
and limestone-based FGD systems.

Additional regulations governing the disposal of byproduct solids and FGD
system wastewater must also be considered. Although FGD byproduct solids are classified by
the Resource Conservation and Recovery Act (RCRA) as nonhazardous,” a disposal landfill
must meet the regulatory requirements pertaining to disposal of nonhazardous industrial solid
wastes. Depending upon these regulations and local geological and soil conditions, an
impermeable liner and leachate collection system will be required. Disposal of leachate and
FGD system blowdown to local streams will also be subject to government regulations and
may involve adjustment of pH and treatment to control suspended solids, metals, and oxygen-
consuming chemical species. These topics are discussed in more detail in Part I, Section

4.1.5--Site Conditions.
4.1.4 Makeup Water Quality and Availability

As discussed in Part I, Section 3.5--Lime- and Limestone-Based FGD Process
Material Balance, an FGD system is a major consumer of water due to saturation of the
treated flue gas and to water lost with the waste solids. Fortunately, most of the system’s
water demands can be met with relatively low-quality water. The following are typical

sources of FGD system makeup water:

" 40 CFR 261.4(b)(4) classifies the following solid wastes as not hazardous: fly ash,
bottom ash, slag waste, and flue gas emission control waste, generated primarily from the
combustion of coal or other fossil fuels.

1.4.1-8




. Treated plant wastewater;

o Ash sluice water;

] Cooling tower blowdown;

o Once-through cooling water;
. Treated municipal wastewater;
. Raw plant makeup water;

. Stormwater runoff; and

4 Plant service water.

The listed sources have widely differing qualities and availabilities, which are
unique to each specific site. Each has been used extensively as makeup water in existing
FGD systems. Also as discussed in Part I, Section 3.5, the various demands for makeup
water have differing water quality requirements. Pump shaft seals and lime slakers require
relatively high-quality water while mist eliminators can be washed with any source which has
a calcium sulfate relative saturation of less than approximately 50% and is free of suspended

solids and debris.

Because of the problems associated with the buildup of soluble chlorides in the
FGD system, makeup water sources that are relatively low in chlorides are preferred. Other
chemical species, such as iron and manganese, may also be of concern if the byproduct is to
be sold as a commercial product. Water sources high in some species, such as magnesium

and sodium carbonate, may be advantageous to the system as sources of alkalinity.

For these reasons, the FGD system must be integrated into the water and
wastewater management plans of the site. In most cases, a study‘ of plant water and
wastewater management systems is required to identify the optimum sources of makeup water
to the FGD system. An FGD system that is well integrated into the generating plant’s water
balance should not place a large demand on high-quality water sources and can help reduce

the volume of wastewater discharges.
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Site Conditions

A typical layout for a 500 MW coal-fired generating unit is presented in Figure

4.1-1. Unique site conditions related to SO, emission limits and makeup water supply have
already been cited as design considerations. Other site-specific conditions may also influence

the design of the FGD system. These conditions include the following:

o Available space for the FGD system;
. Regional availability of lime and limestone reagent,
o Available space for reagent storage; and

. Available land for disposal of byproducts.
Available Space for the FGD System

As shown in Figure 4.1-1, an FGD system requires a substantial amount of
space at the rear of the steam generator. ’Ihebabsorber(s) alone require space comparable to
that required by the particulate control device (ESP or fabric filters). Whether at a new or
existing site, this area is relatively congested and limited by factors such as topography, access
roads, coal handling and storage, ash handling, and cooling towers. These factors are critical
at an existing facility, especially one that was not laid out with adequate provisions for the

future addition of an FGD system.

The available space may influence the decision on the reagent used, the number
of absorbers installed, and the general arrangement of the absorbers and FGD support systems.
Lime-based systems typically require much more space than limestone-based systems for the
byproduct dewatering equipment. Limited space can be more efficiently used by designing
for fewer, larger-capacity absorbers, or absorbers located behind (and even inside) the
chimney rather than the more typical location between the ID fans and the chimney. It may
be necessary to locate the support systems, such as reagent preparation and byproduct

dewatering systems, at a site remote from the absorbers. Additional discussion of FGD
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system arrangement is provided in Part I, Section 4.11--Equipment Arrangement

Considerations.

Regional Availability of Lime and Limestone

Limestone (CaCO,) is a common mineral found throughout the world. Lime
(Ca0) is formed by calcining (heating) limestone in a kiln. A detailed discussion of the
availability, composition, and other factors related to these reagents is presented in Part I,

Section 8--Lime and Limestone Reagent Source Considerations. In determining whether lime

or limestone is the preferable reagent at a specific site, the utility engineer must consider the
regional availability and delivered cost of both reagents, and the ability of the local
transportation network to handle deliveries to the site. The determination of which of these
reagents is the more advantageous at a specific site is usually the subject of an engineering

study.

Although both lime and limestone are readily available chemicals, their quality
and delivered costs can vary dramatically from site to site. Also, an FGD system consumes
large amounts of reagent, over one mole per mole of SO, removed. For a large utility FGD
system, this can involve delivery of several hundred tons of reagent per day for the life of the
system. This imposes a major new demand on the existing market for these materials. In
some cases, the quantity reqﬁired may be sufficiently large to justify new quarries or kilns

based on serving the new demand.

The ability of the local transportation network (truck, rail, or barge) to support
the delivery of large quantities of reagent oﬁ a daily basis also must be considered. Rail or
barge delivery is preferable because of the large quantities to be handled. For a 500 MW
boiler burning a 2% sulfur coal, the FGD reagent delivery system would be comparable in
scale to the coal delivery system at a 50 MW plant. This could entail as many as 20 to 25

trucks per day or ten 100-ton railcars per week for limestone delivery.
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Availability of Space for Reagent Storage

Another aspect of the reagent selection study mentioned earlier is the
availability of space at the power plant site for bulk storage of the lime or limestone. In most
cases, the factors that determine how much reagent should be stbredvat the site are identical to
those used to size the generating station’s reserve coal pile, primarily the likelihood and
duration of disruption in deliveries. Such disruptions could occur for a number of reasons,
including labor problems and inclement weather. These factors could justify a reserve storage

containing 30 to 90 days’ supply at full load operating conditions.

Limestone is usually stored in an open or covered pile similar to coal and is
received and handled by the same types of equipment: conveyors and large mobile
equipment. The limestone is placed in and removed from the reserve pile in the same manner
as coal. The limestone pile, which may cover more than 4,050 m® (1 acre), may be located

‘near the coal pile but is usually kept as close as practical to the reagent preparation equipment
to minimize conveyor lengths. The location and size of a typical limestone storage pile are

shown in Figure 4.1-1.

Lime must be stored in silos and is unloaded and handled pneumatically.
The silos require less site area than a limestone pile and can be located closer to the FGD
system’s reagent preparation equipment. Two lime storage silos could provide the same
storage capacity (in terms of hours of FGD system operation) as the limestone pile shown in
Figure 4.1-1, while requiring less than one-half of the space and eliminating the need for the
separate conveyor belt system. The smaller area requirements of lime silos is a factor

favoring lime-based FGD systems at sites with limited available space near the absorbers.
Available Land for Disposal of Byproducts

An FGD system can produce up to 3 kg of dry byproduct solids per kg of SO,
removed from the flue gas (3 Ib solids/lb SO, removed). The moisture content of the
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byproduct may range from 10% to over 40% depending on the reagent and sulfite oxidation
level. Generally, lime-based systems produce byproduct solids with a higher moisture content
than limestone-based systems. For a 2% sulfur coal, the total amount of byproduct solids
produced is comparable to the total ash produced by combustion of the coal, and presents
similar disposal problems. A 500 MW plant operating at a 65% annual capacity factor and
burning coal that generates 1,720 ng SO,/J (4 Ib SO,/MMBtu) would generate over 127,000
m® (4.5 million ft’) of byproduct material per year. During the 30-year life of an electric
utility generating plant, this would accumulate to approximately 3.8 million m* (3,900 acre-
feet). Depending upon the specific site location and topography, disposal of such quantities
may pose a problem equal in magnitude to the disposal of bottom ash and fly ash.

Where sufficient land is not available for byproduct disposal either at the site or
within an economical transportation distance, additional consideration must be given to the

production of commercial-quality gypsum.
4.1.6 Regional Demand for Commercial-Quality Gypsum

Commercial-quality gypsum (calcium sulfate dihydrate) has a number of uses,
such as a raw material for the production of wallboard, an ingredient in cement, and a soil
conditioner for sulfur-poor soils. Although the specifications for gypsum vary by intended
end use and user, typical vendor specifications are presented in Table 4.1-1. If a local
demand for gypsum exists or can be developed, FGD system byproduct disposal costs can be
greatly diminished.

Because the gypsum produced by an FGD system must compete in the
marketplace with naturally occurring gypsum deposits, the economics of producing
commercial-quality gypsum are highly site-specific. Like fly ash, the gypsum produced must
be actively marketed by the utility to develop and maintain a demand for gypsum. Although
it may be necessary to rely on the demand from a single byproduct gypsum consumer,

marketing to several users may result in a better long-term demand for the material. Based on
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Table 4.1-1

Commercial-Quality Gypsum Specifications

Free water, weight %, maximum 1 10 10 10 10
Calcium sulfate, 94 90 95 80-95° 95
% dry weight, minimum

Calcium sulfite, 0.5 -- 2 0.25 0.25
% dry weight, maximum

Inerts (fly ash, etc.), 3 - 1 - 8
% dry weight, maximum

Chlorides, mg/kg, maximum 400 200 120 100 --
Sodium, mg/kg, maximum 250 200 75 600 100
Magnesium, mg/kg, maximum 250 -- 50 1,000 130
Total water soluble salts, -- - 600 -- 1,000
mg/kg, maximum

pH range 6.0-8.0 | 3.0-9.0 | 6.5-8.0 | 5.0-9.0 | 6.0-8.5

* Depending on end use.
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the same set of operating assumptions previously used to illustrate the quantity of land
required for disposal of byproduct, a 500 MW plant would produce over 155,000 metric tons
(170,000 tons) per year of gypsum. The large volume of material produced emphasizes the
benefits of developing multiple markets and long-term commitments for the gypsum.
Dependence on a single user leaves the utility vulnerable to storage and disposal problems in

the event of a disruption in the operations of that user or the demand for its products.

Limestone-based FGD systems can be designed to produce a commercial-
quality gypsum with relatively few equipment and process modifications, and several have
been installed in recent years in the United States and Germany. Lime-based systems
producing commercial-quality gypsum are relatively rare, but such an installation is possible
and has been in operation for several years in Grand Haven, Michigan. Regardless of the
reagent used, the modifications are designéd to ensure that the FGD byproduct is fully
oxidized to calcium sulfate and contains relatively low levels of excess reagent, other inert

material, and soluble salts (especially chlorides).
4.1.7 Wastewater Discharge Limitations

As discussed previously, the major consumptive use of water in an FGD system
is saturation of the hot inlet flue gas. The soluble salts present in the FGD system makeup
water remain and become concentrated in the system. Also, a significant quantity of soluble
chlorides is added to the FGD system by the removal of HCl from the flue gas. Depending
on the overall water and solids balance, soluble chlorides in the recirculating slurry may
exceed 30,000 mg/L and total dissolved solids (TDS) values may exceed 100,000 mg/L. In
order to limit the buildup of dissolved solids in the FGD slurry, a blowdown from the system

may be required.
For FGD systems treating flue gas from the combustion of low-chlorine coal

(less than 0.05%) and using makeup water with relatively low TDS content (less than 500
mg/L), sufficient dissolved solids may leave the FGD system through the byproduct solids.

1.4.1-16




For example, 1000 kg of FGD byproduct material dewatered to 80% solids contains 200 kg of
entrained water (1 ton of byproduct contains 48 gallons of water). In such cases, no

additional blowdown of wastewater may be required if the byproduct solids are placed in a
disposal landfill.

For systems that treat flue gas from the combustion of high-chlorine coal
(greater than 0.2%), that use relatively high-TDS makeup water sources (greater than 1,000
mg/L), or that wash the byproduct solids to remove soluble solids from commercial gypsum, a

supplemental blowdown of wastewater is required. -

Site-specific factors will determine whether such a wastewater stream can be
discharged to local streams and how much treatment may be required prior to discharge. For
plants located on large rivers, the discharge of a relatively low-volume, high-TDS wastewater
stream may not be of concern in maintaining water quality; however, treatment to control the
levels of suspended solids, metals, and oxygen-demanding compounds in the discharge may be
required. In areas of high net evaporation, evaporation ponds may be a feasible method for
disposal of blowdown. For plants located on small streams, however, the discharge of high-
TDS wastewaters may be prohibited in order to preserve receiving stream water quality. In
some cases, the dissolved solids can be concentrated by evaporators and the concentrated
wastewater used to condition the fly ash for disposal. However, this can affect the
marketability of the fly ash. In extreme cases, the blowdown stream must be cdmpletely

evaporated and the salts produced must be placed in specially designed landfills.
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4.2 Absorber Module

The absorber module is a key equipment item in the lime- and limestone-based
FGD processes. The most important objective in absorber design is to create liquid surface
area for SO, absorption at a minimum cost and with high reliability. There are a variety of
vendor-specific absorber designs being used in lime- and limestone-based FGD applications.
The discussion in this manual is intended to familiarize the reader with the design and
operating features that affect performance for each of the major generic absorber types. It is
not intended to recommend a specific absorber type for any specific application. This is best
done by evaluation of actual vendor bids, performance guarantees, and the performance
histories of existing installations. The combined capital and operating costs of alternative
absorber designs should be compared at equivalent levels of SO, removal efficiency and
reagent consumption. Evaluation of proposals that feature different absorber design

alternatives is discussed in more detail in Part III--FGD System Proposal Evaluations.
4.2.1 Absorber Design Alternatives

The absorber types that are most widely used in lime- and limestone-based
FGD processes can be divided into two major classes--countercurrent and cocurrent--on the
basis of the relative direction of flow of the flue gas and recycle slurry through the absorber
vessel. In the countercurrent configuration, the fresh recycle slurry from the reaction tank
first contacts the flue gas at the absorber exit and the slurry flows in a direction opposite that
of the flue gas flow. In the cocurrent configuration, the fresh recycle slurry ﬁrsi contacts the
flue gas at the absorber inlet and the slurry and flue gas flow in the same direction. These

two different absorber configurations are illustrated in Figure 4.2-1.

Most of the absorber designs offered by FGD vendors feature countercurrent
flow. There is a slight theoretical advantage to this configuration with respect to absorption
efficiency. In some circumstances, when the equilibrium partial pressure of SO, above the

spent recycle slurry is not always zero (unlike the assumption that was made in deriving
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Equation 3-9), it is advantageous to contact the fresh recycle slurry with the flue gas at the
absorber exit so that the spent slurry can still absorb SO, from the inlet flue gas. In lime- and
limestone-based FGD processes, this difference between the countercurrent and cocurrent
absorber configurations is usually not significant, and either absorber type is capable of high

SO, removal efficiency.

Other advantages to countercurrent operation apply to specific absorber types.
In a spray absorber, for example, the mass transfer coefficient (see Equation 3-10) increases
with increasing relative velocity between the spray droplets and the flue gas because of
increased turbulence at the surface of the droplets. At the same time, each droplet remains in
the absorber for a longer time when sprayed countercurrent to the flue gas, thus providing
more surface area per unit volume of absorber. Therefore, the absorber will be more efficient

at otherwise equivalent conditions if the droplets and flue gas are flowing countercurrently.

The cocurrent configuration has an important practical advantage compared to
the countercurrent design in that a higher absorber gas velocity can be used. Higher velocity
in the absorber means a smaller, less expensive absorber vessel. In the countercurrent
configuration, the upper limit on flue gas velocity is fixed by the tendency for the flue gas to
carry the recycle slurry from the top of the absorber before it has contacted the flue gas. This
is especially true for the countercurrent spray absorber. For typical spray droplet sizes in the
1000 to 3000 um range, the countercurrent absorber flue gas velocity must be less than about
5 m/s (16 ft/s) so that excessive amounts of recycle slurry are not carried out of the top of the
absorber vessel. In a cocurrent absorber, the flue gas is usually directed downward toward the
surface of the reaction tank at the bottom of the vessel and then sharply upward to the
absorber exit. A large percentage of the slurry droplets carried with the gas is captured by
inertial impaction on the surface of the reaction tank slurry. Cocurrent absorbers offered by

one vendor are designed with a flue gas velocity of about 6 m/s (20 ft/s).

Other than the choice between the countercurrent and cocurrent configurations,

absorber types differ primarily by the manner in which surface area is created to promote
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transfer of SO, from the flue gas to the slurry. FGD system vendors currently offer the
following types of absorbers for lime- and limestone-based FGD service: open spray tower,
spray tower with tray, spray tower or flooded tower with packing, and jet bubbling reactor

(JBR). The features of each of these absorber types are described below.

Open Spray Tower

The open spray tower has become one of the most widely used scrubber types
in lime- and limestone-based FGD service. Figure 4.2-2 illustrates the major features of a
typical open spray tower. Both circular and rectangular cross sections are offered. Flue gas
usually enters at the bottom of the tower and flows upward. Turning vanes may be used to
distribute the inlet flue gas across the tower. Lime or limestone slurry is sprayed downward
from higher elevations in the tower. Surface area for SO, absorption is provided by spray
droplets produced by nozzles. Spray nozzles are arranged on individual headers that penetrate
the sides of the tower at various elevations. At each header elevation, there is a sufficient
number of nozzles spaced such that the individual spray patterns overlap to obtain complete
spray coverage over the cross section of the tower. Although other arrangements have been
used, the most common practice is to dedicate a single spray pump to each of the spray
header elevations. The number of operating pumps can then be adjusted as required to

maintain the desired scrubbing efficiency with variations in unit load or coal sulfur content.

Most of the spray droplets fall through the tower and are either collected in an
integral tank at the base of the tower or diverted to an external tank. Because the spray
nozzles produce a range of droplet sizes, some of the smaller droplets are carried upward with
the flue gas and must be removed by a mist eliminator. The mist eliminator is most
commonly placed horizontally across the top of the tower, but can be placed vertically after
the outlet ductwork has turned. Mist eliminator systems are described in more detail in Part I,

Section 4.4--Mist Eliminator Systems.
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Spray Header Arrangement--The spray headers in an open spray tower are
placed so that the absorber cross section is completely and evenly covered with spray droplets.
The most important header design parameters are the number of header levels (elevations) and
the vertical spacing between the header levels. These factors contribute to the total absorber

height and are therefore a key cost component.

Typical open spray tower designs for the limestone-based process feature four
to six spray header levels. Fewer headers are needed in the lime-based process because it
operates at a lower L/G for the same SO, removal efficiency. As seen in Figure 4.2-2
(previously presented), at each level the slurry flow is distributed among a sufficient number
of internal spray headers to supply the individual spray nozzles without excessive connection
lengths to each of the nozzles. The first or lowest header level must be placed far enough
above the top of the flue gas inlet duct so that the spray can effectively contact the incoming
gas and so that excessive slurry is not sprayed into the inlet duct. The first header elevation
might typically be about 2 to 3 m (6 to 10 ft) above the top of the gas inlet. Additional
headers are typically spaced at intervals of about 1 to 2 m (3 to 6 ft). A sufficient distance
niust also be provided between the uppermost header and the bottom of the mist eliminator.

This distance is typically at least 2 m (6 ft).

Spray Nozzle Characteristics and Placement--SO, removal efficiency in a
spray tower obviously will depend on the number and size of droplets as well as on the gas
velocity in the tower. The number and size of the droplets in turn depend on the total liquid
flow rate and the nozzle characteristics. In gas absorption applications, spray droplet size is
often expressed in terms of "Sauter mean diameter," which is the diameter of a droplet that
has the same surface-to-volume ratio as the average for the entire droplet size distribution.
Typical Sauter mean diameter droplet sizes in FGD applications are in the 1500 to 3000 pm
range. Smaller droplets will yield a higher scrubbing efficiency per unit volume of recycle
liquid, but there are some limitations that define the nozzle characteristics and drop size that

are most suitable for FGD scrubbers.
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The lower limit for drop size is primarily set by mist "carryover." At a typical
flue gas velocity of 3 to 4 m/s (10 to 13 ft/s) in a countercurrent spray tower, droplets smaller
than about 500 pm will be carried upward by the flue gas into the mist eliminator. If too
large a portion of the droplets are carried over into the mist eliminator, it will not function
properly, causing excess slurry to penétrate into the outlet ductwork and chimney. For a
typical FGD application, no more than about 5% of the slurry droplets should be less than
500 um in diameter. Nozzle vendors can provide detailed drop size distribution data for
specific nozzles. |

In general, smaller nozzles produce smaller droplets at the same operating
pressure. However, nozzles must be large enough to pass debris such as pieces of scale
without plugging. Nozzles must be spaced closely enough so that overlapping spray patterns
eliminate "holes" where flue gas can flow without contacting droplets. A typical design for
an open spray tower in lime- and limestone-based, wet FGD service might feature flow rates
of 10 to 20 L/s per nozzle at operating pressures of 70,000 to 100,000 Pa [160 to 320 gpm at
10 to 15 pounds per square inch, gage (psig)]. With this size nozzle, typical spacing would

be 1.0 to 1.5 m? (10 to 15 ft?) of absorber cross section per single spray nozzle.

The importance of good spray pattern coverage and the effect of nozzle size
has been demonstrated in tests of a full-scale spray tower (1). The original spray tower
design featured 25 130-mm (5-inch) nozzles per spray header level, each with a flow rate of -
31.5 L/s (500 gpm). This design was modified to include 60 to 84 50-mm (2-inch) nozzles
per header level, each with a flow rate of 12.6 L/s (200 gpm) operating at about the same
nozzle pressure. In addition to the nozzle change, perforated plates were added to improve
gas distribution at the spray tower inlets. These changes increased SO, removal efficiency
from about 80% to more than 96 percent. Most of this increase was attributed to the
improvements in spray coverage and the significant decrease in mean droplet size with the

smaller nozzles.
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Effect of Flue Gas Velocity on SO, Removal--Flue gas velocity also has a
major effect on SO, removal in an open spray tower. Equation 3-9 suggests that NTU will be
inversely proportional to flue gas velocity if K and A are independent of gas velocity. In a
counter-current spray tower, however, an increase in gas velocity will tend to increase K
because increased relative velocity between the droplets and the flue gas will cause increased
turbulence and should decrease the liquid and gas film thicknesses. An increase in gas
velocity will also tend to increase A because the time for the spray droplets to pass through
the scrubber will increase with increased gas velocity. Recent tests of a full-scale open spray
tower in a limestone FGD process showed that NTU was proportional to 1/G** (G = gas flow
rate) (2).

It should be noted that the effect of gas velocity on inlet gas distribution in an
open spray tower can also significantly affect SO, removal efficiency. This type of effect will
be specific to a given scrubber and inlet duct configuration and can be established only by

testing.

Effect of Total Spray Rate on SO, Removal--In a spray tower, the total spray
rate can be increased or decreased by changing the number of operating recycle spray pumps.
In most cases, each header level is supplied by a separate spray pump. With this
configuration, the total droplet surféce area in the absorber should be roughly proportional to
total spray rate because all of the spray nozzles operate at constant pressure and the drop size
distribution does not change with the number of operating pumps. The proportional
relationship between total spray rate and total droplet surface area assumes that droplets are
not lost by agglomeration or by collision with other headers or supports. Test data from one
full-scale countercurrent spray tower using the limestone-based process showed that NTU was
proportional to L’ (L = liquid flow rate). Data from a cross-flow spray absorber showed that

NTU was proportional to L' (2,3).

Effect of Header Elevation (Absorber Height) on SO, Removal--In a spray

tower with multiple header levels, the amount of droplet surface area contributed by each
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header increases with header elevation in the tower because droplets introduced at a higher
elevation travel farther before leaving the tower. However, there are some additional effects
that tend to minimize the effect of header elevation on 302 removal. As droplets travel
farther from the nozzle exit, their velocity decreases and the gas and liquid film thicknesses
increase. Also, the alkalinity at the surface of the droplet is depleted. Droplets may also
agglomerate by collision with other droplets. The net result is that some of the droplet
surface area contributed by the top ‘headers to lower portions of the spray tower is less
effective in terms of SO, removal than "fresh” surface area contributed by the lower headers.
This means that the effect of header elevation on SO, removal is less than might be expected.
For example, in tests at one full-scale spray absorber with four separate header elevations,
SO, removal was 73% (NTU = 1.8) with the bottom two headers operating compared to 76%
(NTU = 2.1) with the top two headers operating (4).

Effect of Inlet SO, Concentration on SO, Removal--Higher inlet SO,
concentrations will generally decrease SO, removal efficiency in lime- and limestone-based
FGD systems at otherwise constant operating conditions. The significance of this effect
depends on the amount of liquid-phase alkalinity. In recent full-scale tests with an open spray
tower in a limestone FGD process, NTU was proportional to 1/SO, ;,>* (2). In processes
with high alkalinity such as the magnesium-enhanced lime-based process or a limestone-based
process with organic acid additive, the effect of inlet SO, concentration on efficiency will be

much less.
Spray/Tray Absorber

At least one lime- and limestone-based FGD system vendor offers an absorber
that combines the countercurrent spray absorber configuration with a perforated-plate tray.
Trays have also been installed in existing absorbers to improve performance. Figure 4.2-3
illustrates a typical spray/tray absorber arrangement for lime- and limestone-based FGD
service. The usual tray placement is toward the bottom of the vessel, with two or more spray

headers above the tray. Spray headers may also be located below the tray to ensure that the
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flue gas is completely saturated prior to contacting the tray. The tray itself is a perforated
plate with typical hole sizes in the 25- to 40-mm (1 to 1.5 in.) range and open areas in the
range of 25 to 40 percent. The tray is usually subdivided by partitions to improve liquid
distribution. In operation, flue gas flows upward through a portion of the holes while slurry
flows down through other holes. Gas and liquid generally flow alternately through any given
hole due to turbulent motion of the liquid that is retained on the tray. The most common
flow regime for this type of counterflow tray can be described as a continuous slurry phase
held on the tray with jets or bubbles of gas passing through. A counterflow tray in FGD
service typically adds 400 to 800 Pa (1.6 to 3.2 inwg) of flue gas pressure drop to the

absorber.

Effect of a Tray on Spray Tower Performance--When used in a new
absorber design, a counterflow tray has certain advantages compared to an open spray tower.
One advantage is that the mass transfer surface area generated on a tray requires less vertical
distance compared to a spray header. Therefore, when a tray is used, high-efficiency SO,
removal may be obtained with a shorter tower as well as a lower total spray rate, providing
some capital savings in absorber shell construction and in recycle pump capacity. Both of
these effects reduce the required pumping power. These savings are offset by increased fan
power due to added flue gas pressure drop. Therefore, total annualized costs at comparable
guaranteed performance levels must be compared to evaluate the potential economic

advantage of any specific absorber configuration.

Performance data reported for a full-scale spray tower where a tray was added
to improve performance showed that adding a tray increased SO, removal efficiency from
about 90% (NTU = 2.3) to 94% (NTU = 2.8) (1). Tray placement is important. If the tray is
placed too close to the spray zone above the tray, the surface area lost from the spray zone
can detract significantly from the area gained on the tray. Depending on the specific
circumstances, a tray may improve performance beyond the level indicated above if the tray
improves flue gas distribution in an existing spray tower. Single-module tests or scale

modeling can be used to investigate the potential effect of a tray on flue gas distribution.
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Increasing mass transfer by adding internal devices such as a tray to an open spray tower does
increase the potential for plugging problems. However, advances in FGD chemistry and

process control have greatly reduced this risk.

Effect of Gas Velocity on SO, Removal Across a Tray--Increasing gas
velocity increases the liquid-phase hold-up and turbulence on a tray (and the pressure drop)
sufficiently to increase the product of K and A proportionately to the increase in G (Equation
3-9). Performance data reported for a pilot-scale tray tower using magnesium-enhanced lime
showed that SO, removal efficiency either remained the same or increased slightly with

increasing gas velocity (5).

Effect of Total Liquid Rate on SO, Removal Across a Tray--Increasing the
liquid rate in a tray absorber also increases the liquid-phase hold-up and the tray pressure
drop. Pilot-scale tests with magnesium-enhanced lime showed that tray NTU increased
roughly in proportion to liquid flooding rate (5).

Packed Absorber

Another method to increase the surface area for SO, absorption is to place
packing in the absorber vessel. Packing of various types has long been used in gas absorbers,
but its application in lime- and limestone-based FGD service has been limited because of the
potential for plugging or scaling. Like the use of trays, packing has become a more feasible
alternative as improvements in process chemistry and control have reduced the risk of

plugging and scaling.

Figure 4.2-4 illustrates one type of cocurrent packed tower configuration for
lime- and limestone-based FGD service. In lime- and limestone-based FGD absorbers, the
packing structure is usually fairly open to reduce plugging and facilitate cleaning, when
required. The packing is manufactured in structured modular sections for easy placement. A

variety of materials can be used, with polypropylene being a typical choice. Because surface
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area for SO, absorption is provided by the wetted surface of the packing instead of small
droplets, the recycle slurry can be supplied by headers with a smaller number of larger, low-

pressure nozzles.

Typical surface areas per unit volume of packing in FGD applications range
from about 35 to 140 m*m’. This is higher than the surface area per volume of absorber (10
to 15 m*m®) estimated for open spray towers using the FGDPRISM™ computer model.
Therefore, a packed tower, like a tray tower, can obtain high SO, removal efficiency with a
shorter tower and lower total spray rate relative to an open spray tower. In some packed

scrubbers, conventional spray headers are also installed below the packed section.

Effect of Flue Gas Velocity on SO, Removal Across Packing--In a packed
tower, the relative velocity between the wetted surface and flue gas is equal to the flue gas
velocity so that the film thicknesses decrease and mass transfer coefficients increase
significantly as gas velocity increases. Various correlations for the effect of gas velocity on
mass transfer in packed towers suggest that the overall mass transfer coefficient will increase
with G%* to G%* (G = flue gas flow rate). The wetted surface area is not a strong function of
gas velocity. As a result, NTU in a packed tower will be inversely proportional to G *° to
G°’. For example, at one full-scale, limestone-based FGD system with a cocurrent packed
absorber, SO, removal in terms of NTU decreased by about 20% when boiler load was
increased by 50 percent (6). These data show that, in this absorber, NTU was proportional to
1/G°S.

Effect of Total Liquid Rate on SO, Removal Across Packing--Data from the

same full-scale packed absorber show that NTU increases with L %% (L = liquid flow rate) at

constant gas velocity. This increase is comparable to that for an open spray absorber (6).
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Dual-Loop Absorber

One FGD vendor offers an absorber configuration for use in the limestone-
based FGD process that has two independent reaction tanks and slurry recycle loops. This
absorber is illustrated in Figure 4.2-5. The lower-loop slurry is circulated from an integral
reaction tank in the base of the absorber vessel to spray headers that are located in the lower
portion of the absorber. The upper-loop slurry is circulated from a separate, external reaction
tank to spray headers that are located in the upper portion of the absorber. Packing may also
be used in the upper loop to enhance SO, removal efficiency: The two loops are separated by
a bowl that directs the spent slurry from the upper loop back to the external reaction tank.
The external reaction tank overflows to the lower loop tank, and a sidestream of lower-loop
slurry is sent to the dewatering system. While the single-loop designs previously discussed
are less complex, the dual-loop design offers several advantages that are obtained by

optimizing process chemistry in the two different slurry recirculation loops.

As described earlier in this manual, the SO, removal efficiency in a limestone-
based FGD absorber is a strong function of absorber liquid-to-gas ratio (L/G) and the amount
of excess limestone in the recycle slurry (limestone utilization). In a single-loop absorber, for
a given SO, removal efficiency, there is a cost trade-off between pumping power (L/G), and
limestone reagent consumption. If little excesé limestone is present (high utilization), then a

higher L/G is required. Conversely, with a lower L/G, more excess limestone is required.

* The dual-loop absorber, on the other hand, can obtain the same SO, removal
efficiency as a comparable single-loop absorber while using both a lower L/G and less excess
limestone. This is done by controlling the slurry pH at two différent setpoints for the lower-
and upper-loop reaction tanks. The upper loop is operated at a relatively high pH and with
more excess limestone in the recycle slurry. This minimizes the L/G and pumpiﬁg power
necessary to obtain good SO, remdval efficiency. The lower loop is operated at a lower pH,
so that little excess limestone is present in the lower-loop recycle slurry. Much of the

limestone used in the lower loop is provided by overflow from the upper-loop reaction tank.
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Because the byproduct solids are drawn off from the lower loop, less limestone is wasted than

in the single-loop absorber.

The dual-loop absorber is especially advantageous when applied to a forced-
oxidation limestone-based process that is producing high-purity gypsum for wallboard
production. The allowable amount of excess limestone in the gypsum byproduct is very low,
and the single-loop process requires a significantly higher L/G compared to the double-loop
process.

Another advantage of the dual-loop absorber is related to chloride concentration
in the slurry. Because HCI in the flue gas is much more soluble than SO,, most of the HCI is
removed in the lower loop, even though it is operated at a relatively low pH. As a result,
only the lower-loop portion of the absorber is exposed to high dissolved chloride
concentrations. This offers some savings in materials of construction because the upper
portion of the absorber vessel can be constructed with a less expensive alloy than the lower

portion.

As for any of the absorber configurations, the potential economic benefit of the
double-loop absorber must be evaluated for each specific application by comparing the total

operating costs, which include the annualized capital cost as well as power and reagent costs.
Jet Bubbling Reactor (JBR)

The JBR is a proprietary absorber design offered by Chiyoda Corporation.
This contactor is unique in the FGD industry because surface aréa for absorption is created by
bubbling the flue gas through a pool of slurry rather than recycling slurry through the flue gas
as in the other absorber types. Figure 4.2-6 illustrates the essential features of the JBR. Flue
gas is pre-cooled in a quench section prior to entering the JBR. The JBR consists of an
enclosed plenum formed by upper and lower deck plates. The flue gas is forced through

multiple sparger tube openings in the lower deck. These tubes are submerged beneath the
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level of agitated slurry contained in the integral reaction tank in the base of the JBR. The
bubbling action of flue gas as it exits the sparger tubes and rises through the slurry promotes
SO, absorption. The gas then leaves the JBR via gas risers that pass through both the lower
and upper decks. An external mist eliminator removes residual mist carried over from the
JBR. The liquid level above the bottom of the sparger tubes can be adjusted using an
overflow weir to increase or decrease gas/liquid contacting area in the JBR. Liquid
overflowing the weir drains to an external slurry tank where limestone is added before the
liquid is returned to the JBR.

The JBR is reported to have several advantages compared to the other
conventional contactors described in this section. Because SO, absorption is achieved by
bubbling flue gas into the reaction tank, the JBR vessel is relatively compact compared to a
conventional spray absorber. Gypsum crystals produced in the JBR have a relatively large
size distribution since there is no attrition due to circulation through slurry recycle spray
pumps. Measured particulate removal efficiencies in the JBR compare favorably with
conventional spray absorbers. The total power consumption of the JBR is also reported to be
relatively low. However, as with any of the absorber types, the advantages of the JBR, if
any, must be evaluated on a site-specific basis by comparing total annualized costs at the

same guaranteed performance levels with those of competing system proposals.

Effect of Flue Gas Velocity on SO, Removal in the JBR--Tests at Georgia
Power Company’s Plant Yates showed that when the JBR is operated at constant pH and
constant flue gas pressure drop, NTU is approximately proportional to 1/G. For example,
increasing boiler load from 75 MW to 100 MW at 3000 Pa (12 inwg) differential pressure
decreased SO, removal from 93% (NTU = 2.7) to 86% (NTU =.‘2.0) .

Effect of Flue Gas Pressure Drop (AP) on SO, Removal in the JBR--
Increased AP is usually the result of increasing the submergence of the sparger tubes in the
slurry. At the same plant cited above, test results showed that NTU increased with JBR
AP 215 depending on the operating pH (7).
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4.2.2 Absorber Module Materials of Construction

The absorber module environment may be moderately to severely corrosive
depending primarily on the pH and chloride content of the circulating slurry. In addition to
corrosion, components that are part of the recycle slurry system must be designed to resist

erosive wear due to the abrasive nature of the slurries.

The materials choices for the absorber vessel usually include either lined carbon
steel or alloy steel. Some non-metallic materials, including fiber-reinforced plastic (FRP) and
ceramic tile, have also been used to construct absorber vessels. The material choices differ in
terms of both initial cost and expected lifetime. For example, carbon steel lined with either
rubber or reinforced organic resins may provide good corrosion resistance, but liners can be
expected to have a shorter service life compared to a properly selected solid or clad alloy
steel. Careful surface preparation and rigorous quality control are required to obtain good
results with liners. Liners can also be easily damaged and spot repairs may be more difficult
than welding patches onto an alloy vessel. Therefore, the cost of periodic repairs and
replacement must be added to the initial cost of a lined carbon steel absorber to estimate its
true cost for comparison with alloy construction. As a result, the life-cycle cost approach
must be used to compare the overall cost of each materials option. The performance and
expected service life of different absorber materials is discussed in more detail in Part I,
Section 5--Materials-of-Construction Options. Economic comparison of different absorber
materials using life-cycle costs is discussed in more detail in Part III, Section 3--Economic

Evaluation.

Materials choices for absorber spray pumps usually include rubber-lined cast
iron or hardened alloys. Spray piping and header materials include rubber-lined steel, alloy
steel, and FRP. Spray nozzle materials include alloy steel and hard ceramics such as silicon
carbide. Materials for these specific equipment items are discussed in more defail in Part II--

Major Mechanical Equipment Information.
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4.3 Reaction Tank

As described in Part I, Section 2--Process Description and Basic Terminology,
the purpose of the reaction tank is to allow time for the lime or limestone reagent to dissolve
and the calcium sulfite/sulfate byproduct solids to precipitate. The most important process
design parameter for the reaction tank is total tank volume. As described in Section 2, tank
volume is usually expressed in terms of solids retention time, which is calculated as the total
solids inventory in the tank divided by the solids production rate. The use of solids retention
time rather than tank volume itself allows the tank size to be-adjusted appropriately for
differences in total SO, removal rate (which fixes the reagent dissolution and byproduct

precipitation rates in the tank).

In addition to tank volume, reaction tank design considerations include the tank
location (integral or external to the absorber vessel), the type and location of agitators, and the

oxidation air supply (forced-oxidation systems only).
4.3.1 Reaction Tank Volume

Optimum reaction tank volumes differ substantially for lime- and limestone-
based FGD processes. Reaction tank volumes for the two process options are discussed
separately below. Because the reaction tank design for limestone-based processes is more

critical to the performance of the FGD system, that process is discussed first.
Limestone-Based Process

Reaction tank volume or solids residence time can have several effects on
process performance, but experience has shown that in the limestone-based process, the
minimum reaction tank volume is usually that which is required to maintain good limestone
utilization. Typically, in a limestone-based process, the reaction tank volume is designed to

yield a solids residence time in the range of 12 to 24 hours. There is a trade-off between
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reaction tank volume and limestone particle size or fineness of grind. If the limestone reagent
is ground to a finer size, then a smaller reaction tank can be used to obtain the same
limestone utilization. The finer grind, however, requires more grinding energy increasing

capital and annual operating costs for the ball mills.

The byproduct precipitation step (Reaction 3-8 or 3-9) is also affected by
reaction tank volume. At a constant SO, removal rate, the extent of supersaturétion in the
reaction tank slurry will increase as the reaction tank volume decreases. In the inhibited-
oxidation process, this is usually not a problem, but in the forced-oxidation process, high
gypsum supersaturation can contribute to scaling in the absorber. In most cases, a reaction
tank volume that is sufficient to yield good limestone utilization will be large enough to
prevent gypsum scaling. One exception to this might be the case in which a packed absorber
is designed with a relatively low L/G compared to a spray absorber. In this case, a larger

reaction tank volume might be beneficial in preventing scaling in the absorber packing.

Reaction tank volume can also affect the particle size and dewatering properties
of the byproduct solids. In theory, a larger reaction tank volume should yield a larger |
byproduct solids size. However, in practice, there are other factors that have more important
effects on byproduct solids properties. For example, in the inhibited-oxidation limestone-
based process, the extent of oxidation has a much stronger effect on byproduct dewatering
properties compared to the effect of reaction tank size. In tests at full-scale FGD systems,
byproduct solids settling rates have decreased by a factor of 10 as the extent of oxidation
varied from 2 or 3% to about 15%. Also, as byproduct solids are circulated through the
agitated reaction tank and recycle pumps, fines are created by particle attrition. This
mechanism tends to counteract the positive effect of a large reaction tank volume on
byproduct size. As a result of these other factors, a large reaction tank volume will not

necessarily result in more favorable byproduct solids properties.
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Lime-Based Process

In the lime-based process, the reagent is much more soluble, and the reaction
tank size is generally much smaller than in the limestone-based process. Solids residence
times in the 1- to 4-hour range have proved to be adequate for the lime-based process reaction
tank.

4.3.2 Recycle Slurry Solids Content
Reaction tank solids retention time is proportional to the recycle slurry solids
content as well as the reaction tank volume. Like reaction tank volume, the design level of

recycle slurry solids content is different for the limestone- and lime-based processes.
Limestone-Based Process

In the limestone-based process, the recycle slurry solids content is usually
designed to be as high as can be t'oleratedzwithout causing erosion or plugging problems in
the recycle slurry system. Operétion with higher slurry solids content makes more limestone
solids available for dissolution in the absorber at the same level of limestone utilization. This
can improve SO, removal efficiency at otherwise constant conditions. Higher recycle solids
content in the limestone-based process can also result in better performance in the slurry
dewatering equipment. Most limestone-based processes are designed for recycle slurry solids

contents in the range of 10 to 15% by weight.
Lime-Based Process

In the lime-based process, where nearly all of the alkalinity for SO, removal is
provided by liquid-phase sulfite species, there is no comparable performance advantage to
high slurry recycle solids content. Therefore, in the lime-based process, the optimum slurry

solids content is much lower than in the lime-based process. In fact, experience has shown
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that, in the lime-based process, attrition of the byproduct solids crystals can have a dominating
effect on dewatering properties. As a result, low recycle solids contents provide the best
overall performance. Most lime-based processes are designed for recycle slurry solids

contents in the range of 4 to 10% by weight.

4.3.3 Reaction Tank Configuration and Agitation

There are two different reaction tank configurations that can be used in the
lime- and limestone-based FGD processes. The tank can be eonstructed as an integral part of
the absorber vessel, or it can be an independent vessel. Almost all of the current vendor
designs include an integral reaction tank at the base of the absorber. If the design tank
volume exceeds that which can be conveniently located in the base of the absorber vessel,

then an additional independent tank is provided.

With either tank configuration, sufficient agitation must be provided to keep the
slurry solids from settling in the tank bottom. When the tank is located in the base of the
absorber vessel, multiple side-mounted agitators are provided. For the independent reaction
tank, a single top-mounted agitator is usually adequate, but some very large reaction tanks

may require multiple top-mounted agitators.

Tanks should be equipped with large access doors for maintenance and clean-
out ports flush with the tank bottom. The access doors should be large enough to permit a
small front-end loader to enter the tank to remove accumulated solids. These doors also

facilitate the erection of internal scaffolding.

4.3.4 Forced Oxidation
In the forced-oxidation limestone-based process, equipment must be provided to
promote complete oxidation of absorbed SO,. This is accomplished by sparging air into the

reaction tank. The oxidation air is supplied by dedicated blowers. Most frequently, the air is
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distributed into the reaction tanks through perforated pipes arranged across the bottom of the
reaction tank. The air is discharged through multiple 20- to 30-mm (3/4 to 1-1/4 in.)
openings in the bottom of the discharge pipes. Some vendors recommend injecting the

oxidation air through single nozzles located below the side-mounted agitators.

Because the compression process heats the air, service water is injected into the
oxidation air discharge header to cool and saturate the air before it is introduced to the bottom
of the reaction tank. Experience has shown that this is necessary to prevent the air

distribution nozzles from plugging. -

The amount of oxidation air that must be supplied depends on the depth of the
reaction tank, which fixes the air supply pressure, and on the SO, removal rate for the
process. In a typical process design with a reaction tank depth of 10 m (30 ft), about 1.5
moles of air is supplied per mole of absorbed SO,, if the sparger is located no more than 2 m
(6 ft) above the tank floor. For smaller tank depths, the sparger depth is less, and relatively
more air must be supplied to obtain the same results. To develop the most cost-effective
forced-oxidation air supply, the designer must consider how the design pressure and volume

of the air supply affect both the capital and operating costs of the blowers or compressors.
4.3.5 Reaction Tank Materials of Construction

The materials choices for the reaction tank include those used for the absorber
vessel (eg., lined carbon steel, alloy steel, ceramic tile) and coated, reinforced concrete. In
the reaction tank, the floor, walls, and roof may be constructed of different materials to
accommodate their different service environments and structural requirements. For example,
the tank floor may be covered with a durable surface such as tile or concrete so that the tank
can be cleaned using mechanical equipment such as small front-end loaders without damaging
the surface. The tank walls or roof may pfovide adequate corrosion resistance using a less
durable and lighter coating such as a reinforced organic resin. Materials options are discussed

in more detail in Part I, Section 5--Materials-of-Construction Options.
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4.4 Mist Eliminator Systems

The purpose of the mist eliminators (MEs) in an FGD system is to remove the
slurry mist entrained in the flue gas. If not removed, this mist can lead to the buildup of
solids and liquid in the downstream ductwork and stack; corrosion of downstream equipment,
ducts, and stack liner; and stack "rain" (emission of liquid, solids, or slurry) to the area
surrounding the plant. The physical and chemical environments in which the MEs operate
require that the system, including the wash system, be carefully designed to ensure the
reliability of the FGD system. The importance of the MEs to overall FGD system reliability
is discussed in detail in Part I, Section 6.0--System Reliability. The key ME system design

parameters are discussed below.
4.4.1 ME Orientation

The orientation of an ME is defined in terms of the direction of gas flow
through the ME section, either horizontal or vertical (upward). The ME blades are installed
in panels oriented perpendicular to the gas flow direction. Thus, a vertical ME system has
vertical gas flow through ME panels situated in a horizontal plane, as depicted earlier in
Figure 4.2-2. Although an ME system can be designed for either vertical or horizontal
orientation independent of the absorber configuration (countercurrent or cocurrent), the type of
absorber generally dictates the ME orientation (see Figure 4.2-1). Countercurrent flow
absorbers typically use vertical gas flow MEs, while cocurrent absorbers (Figure 4.2-4) and jet
bubbling reactors (Figure 4.2-5) use horizontal MEs.

Both ME orientations have characteristic advantages and disadvantages.

Horizontal gas flow MEs can successfully remove mist from gas flowing at a higher velocity

than vertical MEs. Horizontal MEs studied at a test facility were shown to have very little or
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no liquid carryover at gas velocities as high as 8.5 m/s (28 ft/sec) and at inlet liquid loadings
significantly higher than those expected in FGD systems. Most vertical MEs currently in
FGD service were designed for gas velocities of 3.6 m/s (12 ft/s) or less; however, advanced
vertical gas flow ME systems have been demonstrated to prevent liquid carryover at gas
velocities of up to about 5.2 m/s (17 ft/s). Although vertical MEs have a lower maximum gas
velocity limit than horizontal MEs, this limit is still at or above that for which most

countercurrent absorbers are designed.

Horizontal gas flow MEs perform better than vertical designs at higher gas
velocity because of the drainage path for mist removed from the flue gas. Figure 4.4-1 shows
that in a horizontal ME the liquid droplets removed from the gas drain down the length of the
ME blade, perpendicular to gas flow. This reduces the potential for re-entrainment of the
droplets in the gas stream. The droplets removed by a vertical ME drain down the width of
the ME blade, countercurrent to the gas stream. These droplets, especially if they are small,

are more prone to being re-entrained into the gas flow even though the gas velocity is lower.

Some of the advantage of better liquid drainage in horizontal MEs can be
incorporated into vertical gas flow MEs by "peaking" the ME blades. Figure 4.4-2 shows a
flat vertical gas flow design and a peaked vertical gas flow design. Peaked MEs have been
able to handle gas velocities up to about 7 m/s (23 ft/s) in pilot tests. Peaking the ME
improves the liquid drainage and increases the surface area for mist removal. However,
peaked designs require more space (absorber height) than flat designs, are more expensive,

and require a more elaborate wash system.

The higher gas velocity capability of the horizontzﬂ MEs reduces the amount of
ME materials required and allows them to be placed in a smaller duct compared to vertical

MEs. However, these advantages are offset by the fact that vertical MEs can be placed in the

" Liquid carryover consists of liquid droplets in the flue gas stream downstream of the ME
system that are either not removed by the ME or are re-entrained and is expressed as L/s-m’
(gpv/ft’).
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absorber module, while horizontal ME systems require a separate section of duct. Another
advantage of horizontal MEs is that it is easier to replace ME sections because of easier
access for blade removal and maintenance. The large panels of ME blades can be lifted
through roof hatches and lowered to grade by a trolley hoist. Removal of vertical ME blade
panels is more difficult and labor-intensive. Vertical ME blade panels are limited in size to a
weight that can be lifted and carried from the module by two maintenance workers, typically
34 to 45 kg (75 to 100 Ib).

One drawback of horizontal MEs is that the flue gas pressure drop across them
is higher because of the higher gas velocity. At a typical design velocity for a two-stage
horizontal ME system {6 m/s (20 ft/s)], the pressure drop will be about 250 Pa (1 inwg)
compared to about 75 Pa (0.3 inwg) for a two-stage vertical ME system at a design velocity
of 3.4 m/s (11 ft/s). This increases the performance requirements of the induced draft or
booster fans. This can be of particular concern when retrofitting an FGD system to an
existing plant where the total FGD system pressure drop may determine whether booster fans

are required.
4.4.2 Gas Flow Considerations

In either horizontal or vertical MEs, it is extremely important for the gas
distribution across the face of the MEs to be as uniform as possible. Once the flue gas
velocity reaches the point at which liquid carryover begins, the amount of carryover is very
sensitive to gas velocity. Figure 4.4-3 shows results from carryover testing for a typical
vertical gas flow ME. The figure demonstrates that an increase of as little as 0.3 m/s (1 ft/s)
can result in an order of magnitude increase in the amount of liqﬁid carryover. This
sensitivity can result in excessive liquid carryover, even if only a small part of the total ME is
exposed to gas velocities that exceed the ME’s limit. Therefore, it is recommended that the

gas flow distribution to an ME not vary by more than +15% from the average to prevent high

gas flow areas.
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Figure 4.4-3. Carryover Performance of a Typical Vertical Gas Flow
Mist Eliminator




4.4.3 ME Blade Design Considerations

A number of different types of mist elimination devices are available such as
chevrons, mesh pads, centrifugal separators, rod banks, and baffles. However, the FGD
system presents challenging physical and chemical environments where the .liquid loading
[L/s-m? (gpm/ft?)] can be relatively high and can include a wide range of drop sizes from a
few micrometers in diameter up to 2000 um. The mist is also a chemically reactive slurry
that can cause scaling and/or pluggage if the ME blades are not kept clean. On the basis of
more than 20 years of operating experience worldwide, the chevron-style ME has proved to

be the best device for mist removal in FGD systems.

Chevron MEs are capable of removing essentially all the drops that are 30 to
40 pm and larger. This constitutes the vast majority of the liquid loading volume in the flue
gas. The chevrons drain well and are relatively open, which makes them easy to wash on
line. Chevrons also produce a relatively low flue gas pressure drop, which is important when
treating large volumes of gas. Other devices such as mesh pads are not easily washed and
may, therefore, tend to accumulate solids due to scaling or pluggage. Rod banks and baffles
are much less efficient than chevrons, and centrifugal separators have a higher flue gas

pressure drop for the same mist removal efficiency.

Chevron MEs come in a wide range of styles in terms of the shape of the
blades; the number of "passes” (changes in gas flow direction); drainage channels, hooks, or
other surface features; spacing between blades; and exit gas straightener length. Figure 4.4-4
presents examples of several of the different blade profiles available, from zig-zag to
sinusoidal. The figure also shows ME blades with 2 to 4 passes." The number of passes is an
important design specification for MEs since it involves a trade-off between the removal
efficiency and the ability to clean the MEs. In general, more passes provide better droplet
removal efficiency, but increase the difficulty of adequately washing the deposits from the

blades. Inspection of the ME blades can also be difficult if the chevrons have three or more
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passes. It is recommended that chevrons used in FGD systems have at least two passes, but

no more than four.

The spacing between blades also presents a trade-off between carryover and the
ability to wash the MEs. Closer spacings make the MEs more efficient, but also make them
more difficult to wash. Commercial MEs used for FGD systems generally have spacings
ranging from about 20 to 75 mm (0.75 to 3 in.), with closer spacings used for the downstream
stages of a multistage ME system (the number and purposes of multiple stages in mist
elimination systems is discussed below). The initial stages usually have wider blade spacings
[40 to 75 mm (1.5 to 3 in.)] since the liquid loading is higher and there will be more slurry to
wash from the blades. The second stage will generally have a narrower blade spacing {20 to

40 mm (0.75 to 1.5 in.)] to increase efficiency and eliminate as much mist as possible.

Hooks and other surface features, such as grooves or slots, are placed on ME
blades to enhance drainage of the liquid removed from the gas. Hooks appear to be effective
on horizontal MEs; however, these types of features are not recommended for vertical ME
applications. Experience at utility FGD systems has shown that these features provide
locations for solids to accumulate and scaling to begin, possibly because the captured slurry
does not drain well from these areas. Smooth-surfaced MEs are recommended for vertical

ME applications.

One final important aspect of chevron blade design is the length of the exit gas
straightener section. Gas is traveling at an angle relative to the duct or tower section in which
the MEs are located as it flows through the last pass of the ME (see Figure 4.4-5). If the exit
section on the first ME stage is not long enough to straighten out the gas, it can leave at an
angle and cause a maldistribution of gas to the next ME section. Maldistribution of the flue
gas can cause a high gas velocity in the next ME, which can seriously degrade its
performance. This problem has been experienced at several full-scale FGD systems. The
length of the exit section necessary to prevent this phenomenon depends on the spacing

between the blades and the blade design.
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4.4.4 Number and Spacing of ME Stages

Historically, removing slurry droplets from flue gas with a relatively high
droplet content while keeping the ME blades clean has been a difficult challenge for FGD
system designers and ME system suppliers. As mentioned above, trade-offs exist between
removal efficiency and the ability to wash an ME with respect to the number of passes in a
chevron and the spacing between chevron blades. Attempting to satisfy these competing
demands has been tried in FGD systems with a single-stage ME, with limited success. As a
result, two or three stages of MEs are used in most FGD systems, with two stages being more
common. This allows the use of a first stage with wider blade spacing to remove the majority
of the entrained mist droplets (over 95%), while allowing the ME to be easily washed. A
more efficient second stage with a narrower blade spacing can then be used to provide final
droplet removal. Washing is not as difficult for the second stage because the liquid loading
of this stage is significantly lower than in the first stage. While this logic could be extended
to a third stage of mist elimination, the small increase in droplet removal typically is not
considered to outweigh the additional capital costs and flue gas pressure drop. As a result, a

two-stage ME system is recommended for most FGD applications.

The spacing of the ME stages relative to each other and to other features in the
absorber is important, especially in vertical gas flow applications where the MEs are located
above the spray section of the absorber. The first ME stage needs to be far enough above the
last absorber spray level to provide space for some of the larger entrained drops to disengage
from the gas; this will reduce the ME liquid loading. There should also be sufficient room
for the piping furnishing water to the ME wash nozzles. A minimum distance of about 1.2 to
1.5 m (4 to 5 ft) is recommended for vertical ME systems. |

Providing sufficient space between the last stage of slurry nozzles and the first
stage of the ME is generally not a problem for horizontal ME systems because the MEs are
generally located in a horizontal duct separate from the absorber section (see Figures 4.2-2

and 4.2-3 presented earlier).
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Sufficient spacing between stages is also necessary to provide room for

disengagement of larger drops that have been re-entrained in the flue gas leaving the first-

stage ME. Sufficient space between stages is also needed for installation of a wash system
for both the back (downstream side) of the first stage and the front (upstream side) of the
second stage, as well as access space to inspect, manually clean, and replace the ME blade
panels. Typically, a minimum distance of 1.5 to 1.8 m (5 to 6 ft) between stages is
necessary. This minimum distance applies to both vertical and horizontal ME systems.

The final distance that is important in vertical gas flow applications is the
distance from the back of the second ME stage to a point where the absorber or duct cross-
section begins to narrow and gas velocity increases. Liquid stripped from ME blades and re-
entrained in the flue gas usually forms fairly large droplets compared to the droplet size that
can be supported by the gas velocity. Providing space for these droplets to disengage from
the gas and fall back to the ME will reduce the amount of carryover to downstream ductwork
and equipment. A minimum distance of about 1 m (3 ft) is recommended for this spacing.

Figure 4.4-6 graphically presents the recommended spacing for a two-stage ME system.
4.4.5 Materials of Construction

The factors that need to be considered when choosing materials of construction
for the ME chevrons include the flue gas temperature and the ME material’s flammability,
durability, and resistance to chemical attack. Typical materials that are used for MEs are
polypropylene, glass-coupled polypropylene, polysulfone, fiber-reinforced plastic (FRP), and
various grades of stainless steel. The effect of the key factors on these materials is discussed

below.

The temperature of the flue gas as it passes through the MEs is generally in the
range of 49 to 60°C (120 to 140°F). All the materials noted above are capable of operating at
these temperatures. However, if all of an absorber module’s spray pumps shut down while

the absorber module is in service (because of a power failure, for example), the flue gas
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temperature would quickly climb to the FGD inlet gas temperature, which is typically about
150 to 175°C (300 to 350°F)." The duration of exposure to high temperature flue gas could
be just for the period needed for the absorber module to be isolated (3 to 10 minutes), or it
could be longer, depending on the cause of the spray pump failure and the overall FGD
system design.

Polypropylene and glass-coupled polypropylene will deform in a relatively
short period of time at these temperatures. These materials are relatively inexpensive to
replace compared with alternative materials with higher temperature tolerances, but are not
recommended unless appropriate gas quenching safeguards are in place. The remaining
materials should be able to handle the higher temperatures, although some of the organic
resins used for FRP manufacture could have problems if the exposure is very long (over 5-10

minutes).

The chemical environment experienced by ME systems can vary from a fairly
neutral pH to strongly acidic, and the chloride concentration of the slurry droplets can be over
10,000 mg/L. The majority of the materials listed above are resistant to this environment.
The primary area of concern is corrosion of some of the lower grades of austenitic stainless
steel by a low-pH/high-chloride environment. This will generally require a high-grade
stainless steel such as Type 317L, 317LMN, or better, depending on the chloride

concentration.

Flammability is obviously not a concern during typical FGD operation.
However, there may be instances where welding is taking place during an outage to repair
ducts or supports in the ME area. Protection from sparks and flames must be provided for
polypropylene and glass-coupled polypropylene MEs in such a situation. . This protection is
typically in the form of temporary covers or shrouds over the blades and standby fire-fighting

At many facilities, the FGD system has an emergency quench system installed in the
module inlet duct to prevent flue gas above about 90°C (200°F) from reaching the MEs. This
quench system is also use to control the maximum temperature to which the absorber module
linings and spray piping are exposed.
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equipment. FRP can be made fire-retardant, and polysulfone is naturally fire-retardant.

Flammability is not a concern when stainless steels are used.

The final consideration with respect to ME materials of construction is the |
durability of the ME blades. This presents a trade-off between initial cost and service life.
Although the service life of the MEs will vary to some extent, one factor influencing the life
is the amount of scaling that occurs. Removal of the scale generally requires manual cleaning
with a high-pressure wash that can damage the ME blades. Polypropylene and glass-coupled
polypropylene tend to embrittle after several years of use, and high-pressure washing can
break the blades. If walked on or otherwise subjected to high stresses, FRP can develop
cracks in the outer surface that allow the FGD system process liquor to penetrate to the fibers.
If the fibers have not been adequately saturated with resin, the process liquor will "wick"
down the fibers. This causes the fibers to expand over time, resulting in delamination of the
blades.

One item to note with respect to durability is than none of the ME materials
mentioned are designed to be walked on by workers during maintenance. Temporary
platforms and walking services should be installed during maintenance to the MEs to protect
the blades. The use of temporary platforms and walking surfaces is applicable to all of the
alternative materials; however, stainless steel and polysulfone are more resistant to

maintenance damage than the other materials.

An average life for polypropylene, glass-coupied polypropylene, and FRP ME
blades is five to eight years, although individual experience may vary significantly from this
range. Polysulfone is a more flexible material that is homogenoiis like polypropylene, which
means it is not subject to the cracking experienced by FRP. Polysulfone MEs have not been
in service in commercial FGD systems long enough or at a sufficient number of installations
to determine their average service life. Although polysulfone MEs have a higher initial
capital cost than polypropylene and FRP MEs, they are expected to last longer. Stainless steel
MEs are very durable (expected 10- to 20-year life) and are not generally affected by high-
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pressure washing. The type of stainless steel used must consider the process liquor chloride

concentrations. Stainless steel MEs also generally have the highest initial c'apital cost.
4.4.6 Wash System Design Issues

The importance of a well-designed and operated wash system to the reliable
operation of MEs, and, therefore, the overall FGD system, cannot be overstated. An
inadequately designed system can result in localized or general scaling or pluggage of the ME
blades. Full-scale experience has shown that foregoing ME washing for as little as one day
can cause scaling of the ME blades, and pilot tests have shown that the performance of MEs
degrades significantly with even a light coating of scale on the ME surfaces. Scaling and
pluggage tend to grow from the point of initiation once started. More extensive scaling
results in higher gas velocities through the scaled ME sections and adjoining sections, further
deteriorating the ME performance. Therefore, the design and operation of the ME wash

system is critically important.
Mist Eliminator Faces Washed

At a minimum, an ME wash system should wash the front, or upstream side, of
each ME stage. The majority of the slurry droplets are removed from the flue gas by the first
pass of the chevron blades, and a front-side wash is most effective at reaching this area. Ina
two-stage ME configuration, it is also recommended that the back (downstream side) of the
first stage be washed. As discussed earlier, over 95% of the slurry droplets are generally
removed in the first stage. This can be a significant amount of slurry, and washing the first
stage from the back side will help rinse the slurry through the ME to prevent the buildup of
solids. The first-stage, back-side wash is especially needed if the first stage has more than

two passes or has a fairly narrow blade spacing.

Washing the back of the last ME stage is not recommended. Pilot tests have
shown that at gas velocities of 3.0 to 3.7 m/s (10 to 12 ft/s), 10 to 20% of the wash water is
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entrained in the gas stream and carried directly to the downstream ductwork and stack. This

can be a significant quantity of water and may result in stack rainout problems.

Wash System Spacing

The distance from the wash nozzles to the surface of the ME is a trade-off
between the number of spray nozzles required and the potential for not achieving full wash
coverage of the ME blades. Locating the wash nozzles too close to the ME surface decreases
the diameter of nozzles spray pattern and increases the number of nozzles required. The
nozzles’ wash spray pattern may be deformed by the flue gas if the nozzles are located too far
away from the ME surface, resulting in areas that are not adequately washed. Experience has

shown that locating the nozzles from 0.6 to 0.9 m (2 to 3 ft) from the ME surface is a good

compromise.
Wash System Coverage

As stated previously, ME scaling can occur quite rapidly if the ME is not
adequately washed. Therefore, it is important that the wash system be designed to cover the
entire ME area. Since wash nozzles typically have circular spray patterns (see discussion
below on the common types of wash nozzles), it is necessary to overlap the spray patterns
from adjacent wash nozzles. The wash coverage is frequently expressed by multiplying each
nozzle’s spray pattern area” by the total number of nozzles washing that face of the ME and
dividing this product by the total surface area of the ME face washed; the result is reported as
a percentage. This coverage value provides an indication of the degree of overlap of the
spray patterns. If the nozzles are laid out on a square matrix, the minimum overlap of
adjoining spray patterns to ensure full coverage will result in about 150% coverage. Systems

are typically designed with closer to 180 to 200% coverage to provide a margin of safety.

* Note that a wash nozzle’s spray pattern area increases as the distance between the nozzle
and the ME surface increases. The spray pattern area per nozzle must be calculated at the
distance between the nozzle and the ME surface.
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Two other factors should be considered in laying out the wash nozzles to obtain
full wash coverage. First, particular attention should be paid to the edges of the tower to
make sure that all of the ME surface is washed. Scaling can begin in unwashed areas and
spread to adjoining areas. The second factor is that the wash nozzle layout should take into
account the location of support beams and other obstructions that could cause "shadowing" or

blocking of the spray pattern. This could also result in unwashed areas of the ME.

Wash Nozzle Type

A wide array of wash nozzles are available that could be used for an ME wash
system. However, experience has shown that there are some particular features to look for in
the areas of basic nozzle type, free passage size, spray pattern, spray angle, and spray
distribution. A detailed discussion of nozzle types and terminology is presented in Part II,

Section 9.0--Spray Nozzles.

A fixed vane type of spray nozzle which produces a uniform full-cone spray
pattern with a fairly coarse droplet size distribution is recommended for ME wash service. A
nozzle which produces a large number of fine droplets (less than 30 to 40 pm) may result in
carryover due to the penetration of the wash water through the MEs. Nozzles which use
~moving parts (internal spinners) are not recommended since long-term reliability is needed.

The nozzle should also have a relatively large free passage to reduce the probability of nozzle
pluggage.

It was mentioned earlier that the wash nozzles typically have a circular spray
pattern, and this is the recommended pattern. Square spray pattern nozzles are also available,
but the pattern is usually generated by squaring off a circular spray pattern by adjusting the
shape of the nozzle orifice. This results in a higher spray intensity along the sides of the
spray pattern with lower intensity at the corners, making the wash water application rate less
uniform. If square spray patterns are used with very little overlap of adjoining areas, care

must be taken to install the nozzles so the spray patterns are oriented correctly. In a large
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wash header with numerous nozzles, maintaining the orientation of each nozzle is difficult.
Also, the orientation of the square spray patterns with respect to the nozzle tends to vary if

the wash water pressure changes.

Wash nozzles are commonly available with spray angles of 90 to 120°. For
ME wash systems, the 90° spray angle nozzle should be used. Spray angles larger than 90°
have a ditficult time supplying sufficient wash to the blades at the outside edges of the spray
pattern because of the shallow angle at which the water hits the ME. Unavoidably, the
smaller spray angle increases the number of wash nozzles required since each nozzle produces

a smaller spray pattern.

Finally, wash nozzles should have a relatively even liquid distribution
throughout the spray pattern. Tests on some nozzles have found that the amount of liquid at
the edge of the spray pattern was significantly higher than that in the middle (ratio of up to 3
to 1). In a layout where only the edges of the spray patterns overlap, the center of the spray
pattern could provide inadequate wash, and the overlapped areas could provide too much wash

water.
Wash Intensity, Duration, and Frequency

The instantaneous amount of wash water provided to the ME surface area is
frequently termed the wash intensity and is expressed in units of L/s-m? (gpm/ft?). The wash
intensity is important since too low an intensity can result in scaling and too high an intensity
can overwhelm the ME and cause carryover. The intensity, along with the wash duration and
frequency, also needs to be considered in relation to the FGD syétem water balance,
particularly if outside makeup water is used for all or part of the wash. For vertical MEs,
experience has shown that the front of the first stage should be washed with an intensity of
1.0 L/s-m? (1.5 gpm/ft®). The back of the first stage and the front of the second stage (and
subsequent stages, if applicable) should be washed at an intensity of 0.34 L/s-m?® (0.5
gpm/ft?). Less FGD system experience is available for horizontal MEs, but current
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recommended wash rates are 1.0 L/s-m?® (1.5 gpm/ft®) for the front of the first stage and 0.7
L/s-m* (1.0 gpm/ft®) each for the back of the first stage and the front of the second stage.

The wash duration and frequency of the wash involve a trade-off between
maintaining a clean ME and preventing FGD system water balance problems. Obviously,
more frequent and longer washing would help keep the ME cleaner, but either would also
introduce a larger volume of water into the absorber. If outside makeup water is used for all
or part of the wash water, too much water could be introduced to the FGD system to maintain
an overall negative water balance. With or without outside makeup water, a large amount of
wash water could also result in difficulty controlling the solids content in the circulating

scrubber slurry.

The purpose of the wash is to remove any collected slurry that has not drained
from the ME surface before scaling can occur. The wash water dilutes the slurry (preventing
it from becoming supersaturated and causing scaling) and provides additional volume to rinse
off the slurry solids that have accumulated on the blades. A more frequent wash which
reduces the time that the slurry remains on the MEs and become supersaturated is preferred.
The wash duration just needs to be long enough to ensure that a sufficient volume of wash
water is introduced to the ME. Washing at the intensities recommended above provides an
almost instant rinsing of the entire ME blade. Therefore, the duration needs to be only long
enough to allow time for opening of the wash water valve to achieve full wash flow and a
short time to provide a rinsing action. Experience has shown that washing each ME face for

about 45 seconds every 30 minutes is sufficient to keep MEs clean in most situations.

- To minimize the wash water flow rate, each ME surface is washed in segments.
The number of wash headers at each level depends to some extent on the module diameter,
but typically four or more independent wash headers are provided. In this way, only 25% or
less of the ME surface is washed at any one time. A programmable control sequentially
opens and closes the wash header isolation valves. The sequence and duration of the washing

is controllable by the FGD system operators and can be varied to address specific wash needs.
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Wash Water Pressure

The wash water pressure has an impact on the size of the droplets produced
and the nozzle spray pattern. High-pressure water can cause atomization of the water and
subsequent penetration of small drops through the ME which contribute to carryover. Low-
pressure water can result in incomplete formation of the spray pattern or deformation of the
spray pattern by the gas flow. A pressure range of 140 to 280 kPa (20 to 40 psig) provides a

good compromise.
Wash Water Quality

The wash water quality, specifically the water’s gypsum relative saturation”
and suspended solids content, is a factor which needs to be considered in designing a wash
system. Some of the water that is used for washing will remain on the blades until the next
wash cycle. In FGD systems that use forced-oxidation or natural-oxidation chemistry, this
water will remove some SO,, possibly increasing the gypsum relative saturation. If the water
has a high relative saturation initially (e.g.; only return water from the dewatering system is
used), the water will become supersaturated, and scaling will result. Keeping the gypsum
relative saturation of the wash water below 50% has proved to be successful in preventing
scaling due to the wash water quality. This relative saturation level can be achieved either by
using only an outside makeup water source with a low gypsum relative saturation, or by

blending an outside water source with reclaim water from the dewatering system.

Experience with inhibited-oxidation FGD systems (systems with less than 15%
sulfite oxidation) has shown that the gypsum relative saturation of the wash water is not a
concern. The return water from inhibited oxidation systems generally has a lower gypsum

relative saturation, and thiosulfate is present in the wash water to help inhibit further

* Relative saturation is the ratio of the actual concentration of an ion in a solution to the
ion’s theoretical saturation concentration considering the solution’s chemical composition, pH,
and temperature.
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oxidation. In inhibited-oxidation systems, therefore, the wash water may consist solely of

reclaim water.

The suspended solids content of the wash water is also important. One of the
purposes of the wash is to remove solids from the MEs. Washing them with water that has a
significant suspended solids content does not help achieve this goal. Suspended solids in the
wash water can also eventually cause pluggage of the wash headers and nozzles, and plugged
wash nozzles are one of the most common causes of ME pluggage problems. Therefore, it is
recommended that the wash water be free of suspended solids. A strainer on the wash water
supply header is also useful to prevent larger pieces of foreign matter from plugging the wash

nozzles.
4.4.7 ME System Instrumentation

Instrumentation to monitor the MEs and associated wash system is important to
maintaining a reliable system. The pressure drop across the MEs in each absorber should be
continuously recorded. The pressure drop provides an excellent indication of how clean the
MEs are; gradually increasing pressure drop can provide an early indication of potential

problems.

The importance of the wash system has been noted several times in earlier
discussions, and instrumentation to ensure that the system is operating as intended is an
important consideration. This instrumentation should include local or remote indication of the
water pressure at the elevation the spray headers enter the absorber tower. Since the wash
water flow rate is set by the type of nozzle and the water pressure, maintaining an adequate
pressure is important to obtaining the desired wash rate. An instantaneous readout of the
wash flow rate through the headers during a wash cycle is also important to make sure that no

headers or a significant number of wash nozzles are plugged. A flow totalizer on the wash

water to each absorber will provide a check on nozzle or header pluggage. This information




can also be useful when troubleshooting the FGD system water balance and in locating

leaking wash water valves.
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Wet Stack Considerations

Electric utility flue gas stacks are composed of a stack shell and the stack liner
(also called a flue), as shown in Figure 4.5-1, and are commonly over 200 m (600 ft) high.
The area between the shell and the liner is termed the stack annulus. The stack shell provides
structural support for the stack liner and protects it from wind loads. The stack liner carries
the flue gas from the outlet ductwork to the elevated discharge point. The flue gas is directed
from the absorber modules to the stack liner by the outlet ductwork.

The treated flue gas leaves the absorber modules at the gas’s adiai)atic
saturation temperature [45 to 65°C (115 to 150°F)] and saturated with moisture. The gas may
also contain fine liquid droplets that have passed though the mist eliminator. If no flue gas
reheat system is employed to raise the flue gas temperature, the downstream ductwork and
stack are said to be operating in a "wet" condition. The decision on whether to operate with a
wet stack or to employ flue gas reheat is an important one, because it affects plume
dispersion, plume visibility, and generating unit heat rate. These topics, as well as the design
and materials selection for wet stack components, are discussed in this section. Flue gas
reheat alternatives and design considerations are discussed in Part I, Section 4.6--Flue Gas
Reheat.

4.5.1 Factors Affecting Selection of a Wet Stack

Although many FGD systems throughout the world have installed flue gas
reheat systems, the majority of U.S. FGD systems designed since the mid-1980s have elected
to operate with a wet stack. Generally, the most important factors affecting a utility’s |
decision of whether to operate with a wet stack or to use flue gas reheat are the relative
capital and operating costs. In most cases, the wet stack alternative offers the lowest total
cost. However, other factors, including plume dispersion and opacity, may override the
economic advantages of a wet stack. These considerations are discussed in the following

sections.




Stack Shell

Stack Annulus

Stack Liner

Breaching

Qutlet Ductwork

Stack Drain

Figure 4.5-1. Wet Stack
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Plume Dispersion

The flue gas leaving the stack forms a discrete plume that gradually disperses
in the atmosphere. This plume dispersion can have effects both close to the stack and at
longer distances downwind. A condition referred to as "plume downwash" occurs if the
plume falls below the stack outlet elevation in the immediate vicinity of the stack. Wind
blowing on the stack forms a low-pressure zone on the stack’s downwind side. As the wind
velocity increases, the size of this low-pressure zone increases and the pressure decreases.
Plume downwash occurs if the flue gas leaves the stack with-insufficient buoyancy or vertical
velocity. The wind bends the plume horizontally so that the flue gas is drawn into the low-
pressure area. Plume downwash causes deterioration of chimney component materials and
reduces the rate of plume dispersion. Additionally, during sub-freezing weather, plume
downwash causes ice formation on the stack. The potential for downwash problems is greater
for a stack that contains multiple flues” than for one having a single flue because the large-

diameter stack shell produces a larger low-pressure zone.

Because of reduced plume buoyancy and vertical dispersion rates, wet stacks
produce maximum ground-level concentrations of SO, (and other pollutants) that are greater
in magnitude and closer to the stack than stacks discharging reheated flue gas. These ground-
level concentrations are sensitive to stack exit temperature because increasing the plume
temperature increases its buoyancy. A more buoyant plume has a greater plume rise, which
gives the emissions more time to disperse and to traverse downwind before the bottom of the

plume reaches ground level.

Determination of the minimum stack height (with or without reheat) required to
comply with applicable ambient air quality standards can be predicted by using any of a

variety of standard dispersion modeling programs. The appropriate model for a specific

* If a stack serves more than one generating unit, a separaté stack liner is typically
installed within the stack shell for each unit, thus significantly increasing the diameter of the
stack shell.

1.4.5-3




location is determined by area topography and the presence of any other emission sources in
the area. These models also consider site-specific meteorological data; existing ground-level
pollutant concentrations; and the distances to the local structures, populations, and other

emission sources.

Stack liquid discharge (also called stack "rainout") is of concern to any
generating unit that uses a wet FGD system. Rainout results from the discharge of liquid
droplets entrained with the flue gas that are too large to evaporate before reaching the ground,
and typically occurs within a few hundred feet downwind of the stack. Stack rainout
problems are more likely to occur with a wet stack, but may occur even if the flue gas is
reheated. Proper attention to the controllable design parameters of the FGD system, ducting,
and stack can minimize liquid discharge problems. These parameters are discussed later in

this section.
Opacity

Opacity is a measurement of the amount of light that is blocked as it passes
through the flue gas plume leaving the stack. Plume opacity is caused by the interaction of
light with particulate matter and certain liquids and gases in the flue gas. At power
generating stations, the predominant interactions are with fly ash particles and sulfuric acid

mist. The most significant opacity-producing gas is nitrogen dioxide.

As the warm, saturated flue gas leaves the stack, the plume temperature drops
and water mist droplets form. While this water mist reduces the opacity of the plume, it is
not typically included when the opacity of a plume is measured for regulatory purposes.
However, a utility must consider the presence of the water mist in the plume since it obscures
the opacity produced by other plume components and affects the location of opacity

monitoring equipment.
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An untrained observer is typically unable to distinguish between opacity caused
by condensed water vapor from opacity caused by particulate matter in the plume.
Individuals living near the generating station using a wet stack may believe the plume from
the stack has a high opacity because of the presence of particulate matter when, in fact, it is
due to moisture. This should be considered when contemplating the use of a wet stack. It
should be noted that while flue gas reheat may delay or reduce the formation of water mist,
most such systems are not designed to eliminate condensation of water vapor in the plume
under all atmospheric conditions. During cool weather, a visible water mist plume will form

even on systems employing flue gas reheat. -

Economics

If a utility’s evaluation of plume dispersion and opacity indicates that a wet
stack is feasible based on technology, regulatory requirements, and public acceptance, then an
economic evaluation should be undertaken to select the stack’s most advantageous operating
mode. This evaluation should include all differences between the non-reheat and reheat
systems. In most cases, an FGD system with a well-designed wet stack will be much lower in

total capital and operating costs than a system with flue gas reheat.

The total costs of the non-reheat and reheat systems must include capital and
annual costs of the outlet ductwork, stack, and flue gas reheat system. The differential
operating costs of a reheat system are especially important in this evaluation. Using turbine
extraction steam as the energy source input to the flue gas reheater (a common practice) can
increase the generating unit’s heat rate (MW energy input per MWe output) by 5% or more.
Use of a gas-gas heat exchanger to transfer heat from FGD inlet flue gas to the outlet flue gas
has little effect on unit heat rate, but represents a large capital cost and an increase in the flue
gas pressure drop across the FGD system. Discussions of these and other aspects of flue gas

reheating are presented in Section 4.6.
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452 Condensate Formation

Minimizing stack rainout is a major objective in the design of a wet stack. The
water droplets may be present in the flue gas as a result of absorber module mist eliminator
(ME) carryover, adiabatic expansion of the flue gas, and heat losses through the ductwork and
stack liner walls. ME carryover can be highly variable, depending on the cleanliness of the
ME and other factors. At some locations, carryover from an ME can be the predominant
stack moisture source. These droplets are typically in the range of 100 to 1000 pum in

diameter, with a few large droplets over 2000 pm. -

As saturated flue gas rises up the stack, the flue gas pressure decreases, and
adiabatic expansion causes the gas to cool, resulting in the formation of very small water
droplets (typically less than 1 um in diameter). Adiabatic expansion is thought to produce the
greatest number of droplets in the stack. However, because these droplets are very small,
they do not contribute significantly to the volume of stack liquid discharge. Although some
of the condensed liquid will collect on the walls of the upper section of the stack, most will
exit the stack. These droplets are small enough that most will be carried with the plume and

evaporate before reaching ground level.

Another major source can be condensate formed as the warm, saturated gas
contacts the cooler walls of the ductwork and stack liner. The amount of condensate formed
by this mechanism varies with the length of the outlet ductwork, the ductwork insulation

system used, the stack liner material, and the ambient temperature.

Some of the water droplets formed in the flue gas' are carried to the ductwork
and stack walls by inertial forces where they combine with the moisture formed by
condensation on the walls. Most droplets from carryover from a well-designed and well-
operated ME are thought to be large enough that they are collected in this manner by
impingement on solid surfaces. The very fine droplets that do not impinge seldom present a

major problem as they exit the stack. As the condensate volume on the walls increases, the
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fine droplets coalesce into larger droplets that can be stripped from the walls by the flue gas.
The amount of re-entrainment depends on the characteristics of the wall surface and the flue
gas velocity. Rougher wall surfaces and higher gas velocities result in higher re-entrainment
rates. These re-entrained droplets are typically much larger than droplets formed by either
condensation in the gas or ME carryover. Re-entrained droplets are in the size range of 100
to 500 pm (1).

4.5.3 Wet Stack Equipment Design

This section discusses design provisions employed to collect condensate that is

formed in the flue gas and to minimize stack liquid discharge:

. ME design and operation;

. Outlet ductwork design;
. Stack liner design; and
. Alternative stack designs.

Proper Mist Eliminator Design and Operation

In many FGD systems, the primary source of liquid in stacks is ME carryover
from normal operation, abnormal operation, and ME washing. A detailed discussion of ME
systems is presented in Part I, Section 4.4--Mist Elimination Systems. Although proper ME
design and operation are important to any FGD system, these concerns are especially
important to a system with a wet stack. The ME must be kept clean to maintain proper
performance. Pluggage of passages between the ME blades causes high flue gas velocity
through unplugged areas and increased moisture carryover. To maintain ME cleanliness, a
wash system should spray clean water over all ME surfaces on a regular cycle. Pressure drop
_ across the ME section of the absorber should be continuously monitored to ensure that

pluggage is not occurring.
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Outlet Ductwork Design

In a wet stack, liquid will be present on duct walls, flue gas turning vanes, and
internal ductwork support stiffeners. Ideally, this liquid flows to the duct floor drains and is
directed to the absorber reaction tank or a building sump. However, re-entrainment of the
liquid that forms or collects on the ductwork can occur if the flue gas velocity is high enough.
A discussion of the role of gas velocity in re-entrainment is presented in the following section

on chimney design.

Each specific ductwork material of construction has a characteristic re-
entrainment velocity above which collected liquid will be stripped from the wall surface by
the flue gas. Re-entrainment of collected liquid can be minimized if the gas velocity is kept
below the re-entrainment velocity for the material used. The gas velocity at which significant
re-entrainment begins for most outlet ductwork materials is in the range of 12 to 30 m/s (40
to 100 ft/s). Velocities at the upper end of this range are acceptable for ducts with smoother

surfaces and fewer discontinuities and internal structures.

Duct floors should be sloped toward one or more floor drains located between
the absorber module outlets and the stack breeching. The design of duct floors and internals,
such as turning vanes and internal stiffeners, should minimize pooling of liquids in order to
prevent both re-entrainment and localized corrosion. In order to minimize re-entrainment
problems, some FGD system specifications do not permit the use of internal duct stiffeners;
all stiffeners must be outside the duct.

The stack breeching is the transition piece from the outlet duct to stack liner.
This is the point where the duct penetrates the stack shell and where the flue gas flow begins
to turn from horizontal to vertical. The use of internal stiffeners in the breeching should be
avoided because they provide sites for liquid re-entrainment close to the stack. The above
recommendations for outlet ductwork design apply to the breeching, as well. Also, the width

and orientation of the breeching can affect droplet deposition at the base of the stack.
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Maintaining the breeching width at half the stack liner diameter will promote swirling of the

flue gas with the desirable consequence of liquid deposition on the stack walls (1).

Physical and computer gas flow modeling of the outlet ductwork/stack liner
system is strongly recommended and is typically performed in the design of an FGD system
to minimize flue gas pressure drop from the absdrber module through stack outlet. This
modeling involves the sizing and routing of the ductwork and the placement of turning vanes.
Additionally, modeling also can help predict both the liquid deposition and re-entrainment
characteristics and the optimum location of liquid collection devices. Normally, physical
models are used to predict droplet trajectories, liquid film movement, and re-entrainment,
while computer models are best suited to determine rates of vapor condensation and droplet

evaporation.
Stack Liner Design

In a wet-stack system, the stack liner should be designed to minimize stack
liquid discharge. This can be achieved through the collection of the larger droplets entering
with the flue gas and the prevention of re-entrainment of droplets from the stack wall. As
discussed earlier, the droplets formed by adiabatic expansion are small and not considered to
be a problem. The design of the outlet ductwork, breeching, and stack, and the choice and
placement of devices to prevent liquid discharge are critical factors in minimizing stack liquid

discharge.

Although the amount of moisture entering the stack should be minimized, the
larger drops that do pass through the breeching can usually be collected near the base of the
stack liner. As the gas enters the stack, it typically makes a sharp turn from horizontal flow
to vertical flow. Inertial forces will drive the larger drops into the stack liner wall opposite
the breeching. Devices have been successfully installed at this location to collect droplets and
prevent them from being re-entrained. Although modeling determines the required location of

collection devices, the apparatus itself can be quite simple. For example, sections of fiber-
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reinforced plastic grating have been used with success at the base of the stack on the wall

opposite the breeching.

The base of the stack liner should extend below the bottom of the breeching to
provide a reservoir for collected liquid. A stack drain, designed to prevent pluggage, must

also be provided.

Over the past two decades, many wet stack systems have been commissioned in
the United States. Operating experience with these stacks has broadened the knowledge base
related to stack materials and the gas velocity limits needed to prevent re-entrainment. Model
testing has been used to determine the critical re-entrainment velocities for various stack
materials, as summarized in Table 4.5-1 (2). The critical re-entrainment velocity is defined as
the lowest gas velocity at which liquid drc')pl;ts are sheared off the liquid attached to the wall.
As expected, the tabulated test results indicate that a smoother surface allows higher operating
gas velocities. These results are conservative; higher velocities may be acceptable under
conditions of low entrained liquid entering the stack and efficient moisture collection near the
breeching. Full-scale operation of wet stacks that were designed using the results of model

testing has shown that stack liquid discharge can be avoided completely.

In the past, most acid brick stack liners were tapered; now, most are a constant
diameter for their entire length. As shown in Table 4.5-1, straight brick liners allow a much
higher gas velocity before the onset of re-entrainment (i.e., 17 m/s for smooth brick liners
versus 9 nmv/s for lines with a 3.2 mm offset). The offset lip between each brick level that
results from brick liner taper creates a very large number of sites for re-entrainment. As
moisture runs down the liner, it detaches from the wall at these lips, and the droplets are

entrained in the flue gas.
Higher flue gas velocities can be tolerated in tapered brick liners if the offset

dimension is reduced. One utility has operated a tapered, acid brick-lined, wet stack with flue

gas velocities of 14 m/s (46 ft/s) at the entrance and 21 m/s (70 ft/é) velocity at the stack exit.
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Table 4.5-1

Critical Re-entrainment Velocity for Stack Liner Materials

Alloy 21
" Plasite lining 21
Fiber-reinforced plastic 18
CXL-2000 lining _ 18
Acid brick, smooth 17
Acid brick, 3.2-mm offset 9

*1m/s =328 fts

Source: Reference (2)
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The reason that higher velocities can be tolerated in the upper region of the stack is that a
boundary layer forms at the liner wall, and the velocity at the wall is considerably less than in
the bulk gas (1).

A common method to increase flue gas velocity at the point of exit is to install
a choke at the top of the stack. A choke is a large reduction in the stack liner diameter at the
outlet that results in a large increase in gas velocity. This higher velocity may decrease the
occurrence of plume downwash and improve plume dispersion. However, liquid droplets can
collect and be released from the inner surface of the choke, causing an increase in stack liquid
discharge. Therefore, the choke design should minimize droplet formation and discharge by

avoiding sharp edges and using gradual changes in diameter.

An additional design option that applies to stacks with multiple liners is to
extend the liner above the stack shell. Increasing the liner extension up to about two liner
diameters will reduce the potential for plume downwash. For single-flue stacks, extending the

liner has little effect on downwash because the liner and the shell are almost the same size.

An annulus pressurization system should be used if there is a possibility of the
stack liner developing leaks. Annulus pressurization is standard with the use of brick liners
and can be used for other liner types, as well. Maintaining the annulus at a slightly higher
pressure than the flue gas reduces the potential for leakage and the resulting corrosion
damage. However, if the liner has large cracks then an excessive amount of air will enter the
flue gas, causing cooling and higher gas velocities. Both consequences can increase stack
liquid discharge. The annulus pressurization air can also be heated to raise the temperature of

the inside surface of the stack liner and, thereby, reduce moisture condensation.
Alternative Stack Designs

Another wet stack method that has been applied in Germany is to eliminate the
flue gas stack and to discharge the flue gas in the plume of a hyperbolic cooling tower. The
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air flow from cooling tower draft is approximately twenty times as great as the flue gas flow
rate. Because the air flow is so much larger than the flue gas flow, the feasibility of
eliminating flue gas reheat may be increased. Obviously, this option is available only to those
units whose hyperbolic cooling towers are located within a reasonable distance of the FGD
system. Although this technology has not been employed in the United States, more than 15
units in Germany discharge flue gas to hyperbolic cooling towers. Additional information on
the use of a hyperbolic cooling tower as a stack for wet flue gas is provided in Part I, Section

4.11.2--Flue Gas Handling System Arrangement.
454 Wet Stack Materials of Construction

While wet operation will have little or no impact on the materials of
construction of the stack shell, reliable performance of the materials for the ductwork and
stack liner is essential. These critical components of the FGD system typically have no
redundancy. Liner degradation far short of mechanical failure can cause serious problems
with stack liquid or corrosive particle discharge. A more detailed discussion of the
characteristics of the materials of construction mentioned in the following paragraphs is

contained in Part I, Section 5.0--Materials-of-Construction Options.

In the case of an existing stack whose materials of construction are not suitable
for operation as a wet stack, choices might include an alloy "wallpaper" or an organic coating
(such as a reinforced resin liner) for the existing liner. For a new stack, a wider choice of
materials can be considered. The most important consideration in materials selection (other
than corrosion resistance and minimizing liquid discharge) will be flue gas bypass
requirements and, for an existing stack, structural limitations imposed by the existing design.
For example, some types and configurations of existing acid-resistant brick liners are more

susceptible to "leaning" problems than others. .

Power plant stacks are generally classified as either dry or wet. The wet stack

classification includes stacks subjected to 1) wet scrubbed flue gas without reheat at all times,
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2) partially reheated flue gas, and 3) occasional bypass of hot, untreated gas. The interior
surfaces of the wet ductwork and stack liner are exposed to innately acidic condensates
containing both sulfuric and sulfurous acids, in addition to chlorides and fluorides from the
FGD process. If there is any mixing of treated and bypassed flue gas, or periodic full bypass
of untreated gas, the wet ductwork and liner are also exposed to an elevated temperature that
evaporates water and can create extremely high levels of acidity, fluorides, and chlorides.
Conditions similar to these have been experienced in direct-bypass outlet ducts, and at some
locations, have destroyed almost all available materials of construction (see discussion of Zone

5 operating conditions in Part I, Section 5.3.1--Corrosion Environment Zones).

Materials of construction for new or replacement wet flues will be selected
from a small suite of candidate materials. Material selection is iterative with other aspects of
the wet stack design, most notably exterior site constraints, the management of bypass gas,
prevention of moisture re-entrainment, and overall economics. This interaction is bi-
directional; certain FGD design decisions define material selection options, while certain
material selection options can mandate certain design decisions. For example, the decision to
allow partial bypass of untreated gas into the outlet ductwork, on either a continuous basis or
at full bypass during startup/shutdown, will exclude some of the potential materials (e.g.,
fiber-reinforced plastic or organic, reinforced resin-lined steel) because of temperature
limitations. Howevef, cost or space limitations may preclude the use of a separate bypass

flue.

To control stack liquid discharge, the designer must recognize that each
duct/liner material has a critical velocity for moisture re-entrainment that must not be
exceeded unless special liquid collection devices are installed. Thus, material selection affects
duct and liner diameters, and the overall capital costs. Another important consideration is the
estimated cost of maintenance over the life of the generating unit. Life-cycle cost modeling
of other FGD components has repeatedly shown that some lower initial cost materials have
the highest life-cycle and levelized costs. The topic of life-cycle economic evaluations of

alternatives is discussed in detail in Part III--FGD System Proposal Evaluations.
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Pertinent information describing materials that have been used or are being
proposed for use in new or replacement wet stack liners is summarized in Table 4.5-2.
Mainly because of cost considerations, acid-resistant brick liners have been the predominant
liner material for coal-fired units in the United States. However, brick is not acceptable in

some geographic areas because of seismic activity.

When technical constraints have been addressed, a preliminary economic
analysis can be done to evaluate the costs of converting an existing stack or building a new
wet stack. The suite of candidate materials might also be reduced at this stage, but final

material selection would be done during the actual design and procurement stage.

In the majority of cases, new stacks or modifications to existing stacks are not
completely designed by the utility or its architect engineer (A/E), if used. Instead, the design
responsibility is split among the utility, its A/E, and a turnkey specialty contractor who
designs and erects stacks. The design basis and materials options are established by the utility
and A/E and a specification is issued for bids. In many cases, the final decision on materials
of construction is not made until the bids are evaluated and a specialty contractor is selected.
The selected contractor then corﬁpletes a detailed design for review by the utility and A/E and

finally constructs the stack according to the approved design.
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4.6 Flue Gas Reheat

"Flue gas reheat" describes the process of raising the temperature of the treated
flue gas leaving the absorber modules before the gas is discharged from the stack. Reheating
flue gas is a common procedure in many parts of the world, notably Japan and Germany. In
the United States, although many existing utility FGD systems do use reheat, a large and
growing number do not. Operation without flue gas reheat results in a wet stack, as described
in the preceding section.

The temperature increase that the reheat system provides to the FGD outlet flue
gas can vary, but depends mainly on environmental regulations. In the United States, the flue
gas is typically reheated by 15 to 30°C (25 to 55°F); in Japan, the typical reheat range is 35
to 90°C (65 to 160°F); and in Europe, the amount of flue gas reheat can range from 25 to
90°C (45 to 160°F). Reheating the flue gas results in a significant increase in FGD capital
and operating costs as the level of reheat increases. For that reason, a wet stack is typically

the- more economical choice unless environmental regulations require reheat.
4.6.1 Reasons for Flue Gas Reheat

Historically, four reasons have been cited by utilities to justify installing a flue

gas rcheat system:

o To improve the dispersion of pollutants;

. To reduce the visible plume;

. To avoid liquid droplet rainout from the stz;ck; and

. To avoid corrosion problems on downstream materials.

The first two reasons listed above are valid in light of the current state of the
art of FGD technology; however, progress in duct/stack design and in materials of
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construction have minimized the latter two reasons. Flue gas reheat is an effective way to
minimize condensate formation downstream of the absorber modules, but it is usually
ineffective at evaporating the larger liquid droplets that are typically formed from re-
entrainment. However, as discussed in Séction 4.5.3--Wet Stack Equipment Design, liquid
rainout can be avoided by proper stack design without reheat. Flue gas reheat has only a
limited effect on reducing corrosion in the outlet ductwork and stack liner. In fact, corrosion

can be a major problem in the reheater itself.
Improve Pollutant Dispersion

As discussed in Section 4.5.1--Factors Affecting Wet Stack Design, increasing
the temperature of flue gas before it exits the stack increases the plume’s buoyancy, resulting
in a higher plume rise and better dispersion of the flue gas. In some parts of the world,
particularly Where power plants are located near populated areas, up to 90°C (160°F) of reheat
may be required to adequately disperse emissions and to meet ground-level concentration
limits. Also, at some power plant sites, a minimum stack outlet temperature may be written

into the plant’s operating permit based on enhanced flue gas dispersion considerations.

Reduce Visible Plume

The effect of reheat on plume opacity is also discussed in Section 4.5.1. If it is
not sufficiently reheated, the flue gas discharged from a stack downstream of a wet FGD
system appears as a large steam plume. The amount of reheat required to prevent the
appearance of a steam plume depends, to some extent, on ambient temperature and wind
conditions. With some small amounts of reheat, a steam plume may still appear; however, it
will be detached a short distance from the stack. Under most weather conditions, 50 to 100°C
(90 to 180°F) of reheat is required to prevent any visible steam plume from forming. Higher

levels are required during cold weather.
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As discussed in Section 4.5.1, opacity problems can also be caused by other
flue gas constituents, including particulate matter (fly ash), H,SO,, and NO,. Flue gas reheat
has little or no effect on the opacity caused by these emissions other than increasing their rate

of dispersion.
Prevent Liquid Droplet Rainout

As discussed in the preceding section on wet stacks, the saturated flue gas from
a wet FGD system will contain some liquid droplets, with the amount depending on the
efficiency of the mist eliminator (ME) and other factors. These droplets, and any additional
liquid that condenses from the flue gas, contain sulfuric, sulfurous, and hydrochloric aci