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COAL-BURNINC TECIOLOCIES AfPLXCALE TO
AIl FOC CENTRAL HATING PLANTS

J. F. Thomas J. H. Young

ABSTRACT

Coal-based technologies that have potential use for
converting Air Force heating plants from tl- or gas-firing
to coal-firing were examined. Included are descriptions,
attributes, expected performAnce, and estimates of capital
investment and operating and maintenance costs for each
applicable technology. The degree of commercialization and
risks associated with employing each technology are briefly
discussed. A computer program containing costing algorithms
for the technologies is described as an Appendix.

From a cost standpoint, micronized coal firing seems to
be the leading technology for refit of coal- or heavy-oil-
designed boilers, when only modest S02 control is needed.
Returning a stoker-designed boiler back to stoker firing may
be attractive if emission regulations can be achieved. For
stringent SO2 regulations, fluidized-bed or slagging-combus-
tor options appear to be appropriate.

For boiler replacement, stoker or pulverized coal firing
are applicable when modest NOx control is required and SO2
emissions can be met with low-sulfur coal. Fluidized-bed
technologies are generally favored when SO2 and NOx emission
regulations are strict. A circulating fluidized-bed system
is the most capital intensive of these technologies, but it
can meet stringent environmental standards and utilize low-
grade fuels.

1. INTRODUCTION

Oak Ridge National Laboratory is supporting the Air Force Coal

Utilization Program by providing the Air Forcc Engineering Services

Center with a defensible plan to meet the provisions of the Defense

Appropriations Act (PL 99-190 Section 8110). This Act directs the Air

Force to implement the rehabilitation and conversion of Air Force cen-

tral heating plants (steam or hot water) to coal firing, where a cost

benefit can be realized.
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This report examines the coal-based technologies that have the

potential to be used for converting Air Force heating plants from

oil/gas firing to coal firing. Only technologies that could be imple-

mented in the short term (by 1994) are considered. This includes only

techtiologies that are commercialized or at least demonstrated to some

extent.

This report describes the applicable coal utilizatirn technologies,

examines their attributes and expected performance, and gives estimAtes

of capital investment and operating and maintenance (OMX) costs. The

degree of commercialization and risks associated with employing each

technology are also briefly discussed.

Considerable effort has gone into dnveloping costs for a number of

specific technologies. Conclusions are presented concerning the rela-

tive costs and economic viability of the technologies considered. A

description of a computer program that contains costing algorithms for

various technologies is included in the Appendix.

It must be realized that much of the information presented con-

cerning new and developing coal technologies will be superseded as more

experience is gained. Also the reported information represents the

authors' best understanding of the technology's applicability, perform-

ance, and costs. It is likely that the suppliers of these technologies

would give a somewhat different view of their product.

The overall purpose of this report is to present information con-

cerning coal-based technologies that may be applicable to Air Force

central heating (steam or hot water) plants. This information includes

a brief description of each applicable technology, technical strengths

and weaknesses, proven performance characteristics and capabilities,

state of development, and generic costs (capital investment and opera-

tion and maintenance).

Information presented here can be used to estimate the applica-

bility, costs, and to a small extent the risks of possible coal-based

conversion projects. It is intended that this information will be used

to match the most optimum technologies to specific heating plants.

Areas where development work could most benefit the Air Force might also

be identified from this information.
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2. SUMMAXY

This report examines the coal-based technologieF that have the

potential for use in converting Air Force heating plants from oil/gas

firing to coat firing. Technologies have been examined to define the

characteristics, applications, and costs for each type of system. For

most of the newer coal-firing technologies, proven information is

lacking, and claims have yet to be well demonstrated in the field.

Information gaps and uncertainties are pointed out in this report.

Only technologies that could conceivably be well proven and fully

commercialized in the short term (by 1994) have been considered. There-

Lore, only technologies that are already commercially available or at

least demonstrated to some extent are included.

A major decision that must be made when considering a conversion

from oil/gas to coal firing is whether to replace the existing boilers

or to modify them for coal burning. A number of proven coal-fired

boiler technologies are available for boiler replacement, but techniques

and equipment for modifying existing oil-/gas-burning boilers generally

involve relatively new technologies. The technologies found to be

potentially suitable for Air Force' heating plant applications are

identified and briefly described in Sects. 2.2 and 2.3. Some background

is also given in Sect. 2.1 concerning the general characteristics of the

central heating plants being considered for coal-conversion projects.

2.1 CHARACTERISTICS OF AIR FORCE HEATING PLANTS

The overall heating capacity and heating load at most gas- and

oil-fired Air Force central heating plants tend to be rather small for

coal-burning applications. Only the larger heat plants can be con-

sidered to have potential for coal utilization with an economic bene-

fit. The size range considered for coal-conversion projects would

usually be -30 to 500 XBtu/h heat output, although larger cogeneration

projects may be considered.

Air Force central heating plants contain a variety of designs of

gas-, oil-, Lnd coal-fired boilers. Nearly all boilers to be con-

sidered for conversion to coal firing or replacement with coal units are
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in the size range of 30 to 100 MBtu/h output, and most generte tow-

pressure steam (200 psig or less) or high-temperature hot water (IIiiW)

(400'F). A significant number of these boilers previously burned coal

but subsequently were converted to oil or ga5 burning. Other units were

designed for specific grades of oil, ranging from residual oil (No. 6)

to distillate oil (No. 2).

Some broad generalizations can be made pertaining to the size range

and other characteristics of existing Air Force heat plant equipment,

but each installation has important unique characteristics that will

affect the potential for coal use at that site. Some examples are

environmental reqvirements, boiler design, steam or hot water tempera-

ture and pressure, accessibility to reasonably priced coal, equipment

space availability, and aesthetics requirements. These site-specific

factors will also determine what coal technologies, if any, are appli-

cable to a given heating plant conversion project.

2.2 REPLACEMENT BOILERS

Currently available coal-fired boilers can generally be categorized

by coal-firing method such as stokr firing, pulverized coal firing?

bubbling fluidized-bed combustion (BFBC), and circulating fluidized-bed

combustion (CFBC). There is considerable variation in design within

each of these categories. Stoker and pulverized coal firing are both

well established technologies that bave been employed for a long time.

Both BFBC and CFBC boiler systems were developed in the 1970s, and cer-

tain designs are now fully commercialized. All four of these technology

types have a somewhat different range of application.

Stoker boilers require the least capital investment and are com-

monly used for smaller heating systems. Pulverized coal firing is more

capital intensive and most often used for systems larger than those

required for Air Force applications. Environmental standards may re-

quire flue gas treatment to reduce sulfur dioxide (SO2) and/or nitrogen

oxide (NOx) emissions for either of these technologies. If flue gas

desulfurization (FGD) scrubber systems are requiredo the added expense

will usually cause stoker or pulverized coal firing to become uncnmpeti-

tive.
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Fluidized-bed combustion (FBC) technologies feature superior lIO X

and SO2 control and can handle relatively large variations in fuel. Low

combustion temperatures help to minimize NOx emissions, and limestone

addition can control SO2. Generally FBC is used when environmental

standards would require stoker or pulverized-coal firing to employ FGD

systems. Circulating FBC is the most capital intensive technology but

can achieve superior emission control and fuel flexibility even when

compared to BFBC. Because FBC systems can handle a larger range of coal

properties than stoker or pulverized firing, the chances of utilizing an

inexpensive grade of coal are increased.

2.3 REFIT TO COAL BURNaIG

The feasibility of refitting existing oil- and gas-fired boilers at

Air Force central heating plants depends heavily on the particular

boiler design. Only a few such boiler conversions have been attempted

in the past. Because of tis lack of experience, the suitability of gas

and oil boilers for conversion to coal is not well understnod. Most of

the problems stem from oil and gas boilers having small furnace volume,

closely spaced steam tubes, undesirably positioned heat transfer sur-

faces for coal firing, and no provision for ash removal. Boilers origi-

nally designed for coal should be technically suitable for modification

back to some type of coal burning.

A number of promising coal combustion technologies that could be

applied to existing boiler systems were investigated. Most of these are

relatively new technologies that are not yet fully commercialized. The

following systems were found to be technically suitable for conversion

of at least some types of existing Air Force oil-/gas-fired boilers:

1. micronized coal-firing systems,

2. slagging pulverized coal combustors,

3. modular FBC systems (add-on to boiler),

4. returning to stoker firing,

5. coal slurry firing systems, and

6. fixed-bed, low-heating-value gasifiers.
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Under certain situations, each refit technology considered could be

technically applicable to some Air Force central. heating plants. A

short summary of the findings of each technology follows.

Micronized coal firing

For this technology, coal is pulverized to a smaller grind than

standard pulverized coal. The result is a smaller flame and less ash

deposition problems. The very fine ash particles produced are report-

edly carried through the boiler to a baghouse collector and will not

cause erosion. This technology is currently being used on a few boiler

systems, including some designed for residual oil burning. It appears

that this technology is less costly than other refit technologies and

therefore is a promising system.

Some key information that is only partially documented is (1) the

effect micronized coal combustion has on the boiler tubes and other

internal components due to erosion and ash settling and (2) the amount

of NO, and S02 control possible. One vendor claims success in these

areas. In the near future, more information from recent boiler conver-

sions and other testing programs should clarify the capabilities of this

technology.

Slagging pulverized coal combustors

In this type of system, pulverized coal is burned in a highly

swirling, intense cyclone-type burner that collects the slag (molten

ash) on the combustor walls. This molten ash is subsequently drained

away. About 70 to 90% of the ash in the coal is removed as slag,

resulting in less ash entering the boiler. Huch of the coal has been

burned or gasified before the flame enters the boiler. As with micron-

ized coal, lack of experience with this technology leaves many

unanswered questions. One vendor offers slagging combustors for sale at

this time.

Modular FBC systems

A type of modular FBC unit is available that can be used on the

"front end" of an existing boiler. The FBC unit generates about 60% of
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the steam, and the existing boiler becomes a '-at recovery unit. This

system looks promising when NO, and SO2 musF , reduced to ralatcvely

low levels. Only one vendor is known to ofr -,ach a t.-m fov ali.

To date at least one such modular FBC system has btn .sed to repower an

existing boilet, and several virtually identical FBC systems are in

operation that have heat recovery units supplied by the vendor.

Returning to stoker firing

Many existing Air Force boilers were originally built for stoker

firing but were then modified to burn oil and gas. In most cases these

units can be returned to stoker firing without major technical diffi-

culties. Such a project should be a "low technical risk' project assum-

ing it is done according to original specifications or is carefully

engineered. In some cases stoker firing would no longer meet air quality

regulations.

Coal slurry firing systems

Coal slurry technologies that could be applied to boiler refit

include coal/oil, coal/water, coal/oil/water, and highly cleaned coal/

water slurry fuels. A major advantage of using a slurry is that the

relatively expensive solid-coal-handling system is replaced by a liquid

flow system. This saves space and lowers capital investment. The coal

slurry refit option was estimated to have the lowest capital investment

requirements of any option. However, at this time coal slurries are

relatively expensive and are only available by special contract. Coal

slurries may become economically competitive if oil and gas prices rise

significantly, creating a large demand for such fuels.

Air-blown coal gasifiers

Coal can be gasified, and the resultant hot gas may then be fired

in existing boilers. A low-heating-value gas is produced when air is

used for gasification. Although there are some technical advantages to

this option, the end result includes lowering of the boiler capacity and

relatively low overall thermal efficiency. This technology was found to

have poor economic potential for application to small boiler systems.



Gasification using oxygen is feasible and would result in producing

a better quality gas. Howevert the cost of an oxygen plant with the

gasifier is prohibitive for the size of systcms considered here.

2.4 REC MOOEDATIONS

Because of the varied nature of possible coal-conversion projects,

all technologies discussed have some potential to be the best option in

a given situation. The replacement boiler technologies conmidered are

commercially available and generally well established in the market

place. The boiler refit technologies (with the exception of "return to

stoker") are generally newly commercialized or "emerging." Careful

evaluation of costs and risks are essential before proceeding with any

coal utilization project, especially when coal refit technologies are

involved.



3. DESCRIPTION OF REPLACEMENT OR EPANSION TECHNOLOGIES

Coal-fired boiler systems are offered in a large variety of designs

and variations. Because this topic is very broad, it will not be

covered thoroughly in this report. Descriptions of typical industrial

boilers and coal-firing systems are presented in this section. Host

systems described here are designed for common bituminous and subbitumi-

nous coal, although special versions of certain technologies can handle

lignite, anthracite, and other difficult grades of coal.

3.1 BOILER DESIGN

The large number of boiler designs makes it impractical to discuss

all major design options in this report, but general design categories

are described here. Note that the term "boiler" will be used in this

report to refer to either steam or hot water generators.

3.1.1 Shell (Fire-Tube) Boilers

The shell boiler design is based on construction of a (usually

horizontal) cylindrical pressure vessel containing the water and steam.

For oil- and/or gas-burning designs, the furnace is usually a smaller

cyltnder with the burner at one end. An illustration of a shell boiler,

which depicts a three-pass design, is shown in Fig. 1, but two-pass

ORUL-OWO 8242?C ET
STEAM OUTLETFLEVN

WATER LEVC-L ISTEM U3

EO WARPASSES

1UNED DOORS 1000000000
____________ -~000000000

0 0.

WWATER

LCL3UT GASSES CIRCULATION

BURNER \ NSULATION

Fig. 1. Schematic diagram of a typical scotch shell boiler: wet-
back, three-pass design.
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units with a concentrically located burner cylinder are also common.1,2

Flue gases travel to the far end and are then routed through tubes

(known as fire-tubes) that pass through the water chamber. The gases

may pass through the water vessel several times (two or three is common)

before being exhausted. Ileat is transferred through the metal walls of

the furnace and tubes into the water, while steam collects at the top of

the pressure vessel.

Because of design limitations of the large cylindrical drum that

must contain the pressure,1,2 the steam pressure rating is normally 300

psig or less for this type of boiler. These boilers are factory built

with steam or hot water outputs up to -50 HBtu/h (which is the largest

size that can be rail shipped), although 5 to 20 XBtu/h is the common

size range in the United States. The major advantage of this design is

low-cost fabrication.

This type of boiler design has been used co a limited extent for

coal firing. The coal-burning stoker furnace or FBC chamber is usually

built below the cylindrical water/steam vessel.2 p3 The furnace outlet

is tied directly to a cylindrical tube that runs through the water

vessel. The flue gases pass through the boiler in a manner very similar

to gas/oil shell boilers.

3.1.2 Water-Tube Boilers

Host boiler designs use pressurized-water tubes exposed to the

furnace radiant heat and combustion gases to produce steam or hot water.

This tubing can be designed and arranged for high-pressure steam and to

produce superheating (heating beyond the saturation point). Tubes that

contain boiling water will tie into an upper steam drum that separates

saturated steam from the liquid water. A large variety of water-tube

boiler designs and configurations, are available.l4,s Several common

tubing patterns used for small boilers are shown in Fig. 2.

Water-tube boilers span a large range of sizes, from small commer-

cial steam installations to the largest utility electrical power plant.

For coal-burning designs, boilers will usually be factory built up to

about 50 MBtu/h steam output. Larger sizes are fabricated in sections

that are assembled on site (often referred to as field-erected units).
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Fig. 2. Common tube patterns for packaged wacer-tube boilers.

3.1.3 Packaged vs Field-Erected Construction

Boilers are typically built entirely in the factory and shipped for

on-site installation if the overall boiler system size permits. Such

boilers are often referred to as "packaged units." Construction and

testing at the factory will generally reduce the cost considerably rela-

tive to field erecting a boiler.

Coal-fired boilers can be packaged in capacities up to 50 HBtu/h

thermal output. Oil and gas units can be built in a more compact

fashion and are factory-built in sizes up to about 150 to 200 HBtu/h.

The specific maximum size depends on the methods of shipping available

and site-specific considerations. The size limitations cited here are

based on rail shipment.

3.2 STOKER FIRIHG

A brief examination of stoker firing is given here. Hany designs

of stoker firing systems are available and not all are included in the

description that follows. Stoker firing of coal has been commercialized

for a long time and is the oldest method of coal firing other than hand

firing.

3.2.1 Description

Stoker firing refers to a class of coal combustion methods that

involve burning a "mass" or layer of coal on some sort of supporting
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grate. Normally, the -Ajority of the combustion air is introduced from
below, causing the Air to filter upward through the grate and coal layer

while the burning "front" travels slowly downward through the coal.

Several categories of stoker combustion are described below.

Chain grates and traveling grates. Chain grate and traveling grate

stoker firing involve a moving grate mechanism, which is a type of con-

tinuous belt that moves slowly through the length of the furnace box.

Illustrations of chain grate firing are given in Figs. 3 and 4.6 The

layer of coal is deposited on the grate at one endo begins to burn when

exposed to the furnace heat, and is slowly carried through the furnace.

If the stoker system is working properly, combustion will be complete by

the time the coal reaches the far end. The grate dumps the ash into a

pit at the return end.

The coal layer thickness is controlled by a gate or so , type of

mechanical feeding device. Combustion is controlled by the coal layer

thickness, moving grate speed, and air supply control.

Spreader stokers. A spreader stoker refers to a coal. distribution

(feeder) system that throws the coal onto the stoker grate. Some coal

burns in suspension before landing on the grate, but most burns on the

ORNL DW6 6 !.244 ETD
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Fig. 3. Chain-grate stoker.
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Fig. 4. Spreader stoker, traveling-grace type.

grate. This type of feeding is normally used with a traveling or

vibrating grate system. A spreader coal feeder used with a traveling

grate is shown in Fig. 4.

Underfeed stokers. An underfeed stoker is a stationary grate com-

bustion system with a pushing mechanism that forces coal into a channel

and then upward through the channel onto the grate. This pushing action

moves the fresh coal across the furnace grate and causes the ash to drop

off the grate perimeter. An underfeed stoker system (Fig. 5) is used

mainly for small boilers.6,7

Vibrating grate stoker. The vibrating grate design involves an

inclined flexible grate that shakes to move the coal (Fig. 6). Coal is

fed at the high end of the grate (by a coal spreader or some other type
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of feeder), and the motion causes it to migrate to the lower end where

the ash pit is located.

3.2.2 State of Development

Stoker firing is fully conmercialized and is the oldest technology

for coal firing othor than hand firing. Numerous companies in the

United States and other countries market standard stoker boiler designs.

Stoker firing is currently used for packaged shell boilers, packaged

water-tube boilers, and field-erected water-tube units.

3.2.3 Performance

Fuel. Stoker systems burn coals that are double-screened, which

means the small (fines) and large pieces are removed. Obviously, the

oversized pieces can be broken and . ad, but the fines may be unusable.

In actual practice, stokers can tolerate a certain amount of fine par-

ticles; the amount depends on the stoker design and coal properties.

Coal fines can block air flow through the coal layer and may cause other

problems that interfere with proper combustion. Stoker-grade coals cost

more than "run of mine" (unsized coal) because of the sizing requirement

and because the supplier must either find a use for the excess fines or

dispose of them.

Stoker designs may also be sensitive to the swelling, cakingp and

ash-softening properties of the coal. Because air must pass through the

layer of coal in a relatively even manner, problems can occur if the

coal produces a solid mass from caking or forming a clinker (large solid

masr or cr:,st layer). Stoker coals must meet specifications to avoid

such problems.

Combustion and boiler efficiency. The efficiency of stoker boilers

depends on the type of firing system, amount of excess air, coal proper-

ties, and the heat recovery equipment to be used. Combustion efficiency

will range from 94Z to 98+% with properly designed, maintained, and

operated equipment. The highest combustion efficiency is obtained by

spreader stoker firing with reinjection of fly ash into the furnace.

Average boiler efficiency can vary from about 70 to 85%, but most units



16

applicable to Air Force steam plants would be in the 75 to 80X range

assuming proper operation.

The boiler efficiencies for stoker units are a little lower than

pulverized coal boilers or oil/gas units because more unburned carbon

passes through to the ash, and greater excess air is used for stoker

firing. A propetly operated and maintained stoker boiler will use 30 to

5OX excess air.

Air pollution control. Stack emission control is a weakness of

stoker firing. A stoker boiler can only control NO, emissions to an

extent by carefully controlling the primary and secondary combustion air

distribution. Venerally, a stoker boiler will produce more NOx than

other coal combustion technologies. FGD scrubbing technology is the

only proven method for SO, control.

Stoker boilers generally use a baghouse or electrostatic precipi-

tator (EP) to control particulate emissions. Such techniques are well

proven and widely used. A cyclone or other type of inertial separator

may precede the baghouse or EP.

3.2.1 Operational Problems/Risks

Stoker boilers are an old and proven technology. A properly de-

signed and maintained boiler burning a fuel within proper specifications

can give fairly good availability (90X or better). Problems can occur

if a coal with improper specifications is used or the boiler is not

correctly operated and maintained.

Stokers are generally designed for a relatively narrow range of

coal properties. Coal properties that can affect stoker operation

include the swelling index, caking and ash-softening characteristics,

total ash content, and volatiles content. Examination of coal before

use is recommended to ensure required specifications are met.

It is also important that the coal is distributed properly on the

grate and that the amount of excess air be controlled. Lack of control

over the coal distribution and air can lead to grate overheating and

subsequent damage in addition to inccmplete combustion and other prob-

lems.
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Like all coal-burning technologies, coal and ash handling can be

troublesome. Wet coal and ash may be particularly difficult to handle.

* Again, properly designed, maintained, and operated solids-handling sys-

tems can give quite adequate reliability.

3.3 PULVERIZED COAL FIRING

3.3.1 Description

Pulverized coal-firing systems use coal crushed to a dry powder

(standard pulverized coal has a size range such that 70 to 80% will pass

through 200-mesh screen) that is conveyed pneumatically to furnace

burners. This type of technology has been fully cojmmercialized for

several decades. Pulverized firing is most often used for large

boilers; only a small number have been built with output capacities of

100,000 MBtu/h or less. A typical direct-fired pulverized coal system

is shown in Fig. 7.
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3.3.2 State of Development

Pulverized coal technology is a well-established and accepted tech-

nology. A large number of pulverizer and firing system designs are on

the market that have a long proven "track record." The vast majority of

power generated from coal combustion comes from pulverized coal firing.

Pulverized coal firing is currently only used with field-erected water-

tube boilers.

3.3.3 Performance

Combustion and boiler efficiency. Pulverized coal firing typically

results in combustion efficiencies greater than 99%. Boiler efficien-

cies for well maintained and operated units would be expected to range

from 80 to 86%. These values depend largely on the heat transfer equip-

ment. Usuallyp low excess air (15 to 20%) is used for Dulv-ized coal

(compared to stoker firing), which contributes to higher efficiency.

Air pollution control. Levels of NOx can be controlled by careful

distribution of combustion air (sometimes referred to as "staged combus-

tion") to limit flame temperatures and oxygen levels. in many cases NOx

regulations can be met with such controlled combustion.

Pulverized coal firing has no proven method of SO2 control other

than FGD scrubbing technology. Less expensive techniques for control-

ling SO2 emissions are currently the subject of much research and

development work.

Fuel. Pulverized coal firing systems are generally not as

restricted by coal properties as stoker systems. However, performance

still depends heavily on coal quality. Coal grindability will determine

the power required for pulverization and the maximum throughput for a

given pulverizer. Ash coptent and ash-softening temperature are also of

concern. Slagging problems will occur if molten or sticky ash particles

contact boiler internal surfaces, and high fly ash loading may cause

erosion and blockages. Coals with low ash-softening points may be

unsuitable or require specially designed boilers.
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3.3.4 Operational Problems/Risks

Although pulverized coal firing is a well-proven technology, proper

design and maintenance are essential for high equipment availability and

to avoid excessive repairs. A key part of the facility is the coal-

handling train and especially the pulverizer system.

Pulverized coal firing is less sensitive to certain coal character-

istics than stoker firing, but the furnace-boiler system and coal-

handling and pulverizing system must be designed for a specific range of

coal properties. Inappropriate fuels can cause a variety of operating

and raintenance problems.

3.4 BFBC

3.4.1 Description

BFBC features a combustion zone that consists of a hovering mass of

particles suspended by air introduced from below. This hovering mass or

"bed" is composed mainly of inert matter such as sand or coal mineral

matter, with coal being only a small fraction of the total mass. One

major attraction of this combustion technique is low-combustion-zone

temperatures that limit NO, emissions. Also, limestone can be fed into

the bed to react with and remove the SO2 that is formed. Therefore,

flue gas emission control is the major attraction of FBC. A water-tube

BFBC boiler is shown in Fig. 8.

3.4.2 State of Development

BFBC of coal has only become commonplace in the 1980s. Although it

is a fully commercialized technology, only a few boiler companies have

significant experience building successful units. Many boilers of this

type have only been operating for 5 years or less. 2

A variety of designs of BFBC boilers are currently available in-

cluding water-tube or shell packaged units and field-erected water-tube

units. Of these, several specific designs are fairly well developed and

proven commercially. The size range of BFBC boilers available includes

the whole range of industrial boilers.
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Fig. 8. Typical layout for a bubbling FBC water-tube boilerp
featuring overbed coal feeding and ash recycle.

3.4.3 Performance

Combustion and boiler efficiency. Combustion efficiency can vary

widely because of the variety of BFBC designs but is normally in the 94

to 99% range for bituminous coal firing and when fly ash is recycled to

the bed. 2 Boiler efficiency is usually 75 to 80%, little different from

stoker firing.

Air pollution control. Fluidized-bed designs are capable of limit-

ing NO, and SO2 emissions to a level adequate to meet most environmental

regulations. The amount of limestone added to the bed can be varied to

achieve the necessary SO2 removal. Removing 90% of the SO2 produced

requires adding enough limestone so that the calcium-to-sulfur molar
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-atio (Ca/S) is 2.8-5.0, depending on the specific FBC design. 2 A value

of Ca/S near 3 is expected for properly designed BFBC systems. NOx

control stems from low combustion-bed temperatures (near 1600F) and

secondary air control but is not as "adjustable" as S02 control. Ex-

pected NOx emissions are -0.28 to 0.60 Lb/HBtu for units without staged

combustion and 0.17 to 0.30 ib/HBtu for units employing staged combus-

tion.2 Emissions of NO. will depend partially on the amount of nitrogen

present in the fuel.

Fluidized-bed boilers generally use baghouses to remove particu-

lates from the stack gases. Particulate removal is very similar to that

for stoker or pulverized firing. Few special problems would be antici-

pated for FBC baghouse units.

Fuel. Bubbling beds require coal with a maximum top size ranging

from 0.4 to 1.0 in. 8,9 Some designs can tolerate relatively high levels

of fines, while others require double-screened coal (usually those not

employing fly ash recycle to the bed). Acceptable coal properties are

usually fairly broad, with little or no restrictions concerning low ash-

softening temperatures, caking, and swelling. Beyond this, the range of

acceptable fuels can vary considerably with the design of the ihdividual

FBC unit. 8,9

Generally, there is a greater chance to shop for inexpensive fuels

than with stoker or pulverized coal firing. lowever, the notion that a

fluidized bed can "burn almost anything" is false. Host units are

designed for bituminous coals and cannot simply switch to lignitep sub-

bituminous, or anthracite coals. Many BFBC units can also fire oil or

gas if such an option is incorporated into the design.

3.4.4 Operational Problems/Risks

Because there is less experience with BFBC systems, there might be

mere risks when employing such a boiler. Problems have been reported,

especially with the earliest BFBC installations. Difficulties have

included erosion and corrosion problems, startup difficulties, poor

turndown, excessive elutriation of fines (causing low combustion effi-

ciency) and poor bed inventory control.2,7 -1 1 However, many successful

units are currently operating. Special attention should be given to the
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supplier's experience and whether a new boiler unit incorporates any

unproven features. Risk should be low if the unit will burn a coal. that

is similar to that burned in other successful units of the same design. 2

3.5 CFBC

3.5.1 Description

CFBC has some similarity to BFBC, but the air velocity is higher,

causing many of the particles to become entrained by the gas stream. A

CFBC boiler system it shown in Fig. 9. The combustor is a very tall

structure that allows the particles to rise to the .op and then enter A

cyclone (or some other inertial separator). This cyclone removes the

larger particles from the combustion gases and some or all are rein-

jected into the combustor. A CFBC unit is basically a recycle reactor.
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The CFBC boiler is the most capital-intensive type of boiler

design. 2
1
7 12"15  The advantages are superior pollution control, good

combustion efficiency, fairly broad fuel flexibility, and overall good

performance. 2
1
7-9,12-17

3.5.2 State of Development

Only a few CFBC boilers were installed in the early 1980s, but that

number began increasing sharply starting in 1985.2 By the end of 1987

there were -40 units worldwide (about half in the United States) bdrning

coal as the major fuel, and a relatively large number of units were

being built or were on order.

CFBC technology has only been applied to field-erected water-tube

boilers. The sizes of units in the United States range roughly from 85

to 1000 HBtu/h output. The capital investment required is large enough

to generally eliminate applying this technology to small boilers.

3.5.3 Performance

Combustion and boiler efficiency. The combustion and boiler effi-

ciencies of CFBC units are quite similar to pulverized coal firing.

Documented combustion efficiencies for bituminous coals range from 97 to

99.5%,2,16 and boiler efficiencies from 80 to 85Z.

Air pollution control. A major attractive feature of CFBC units is

their ability to limit NOx emissions. As in BFBC systems, combustion

takes place at relatively low temperatures. Furthermore, the long and

voluminous combustion zone can allow excellent control over secondary

air introduction. For these reasons the CFBC systems appear to be

superior to all others in limiting NOx . Documented NOx emission levels

of 0.10 to 0.30 lb/MBtu have been achieved for burning bituminous coals

with carefully controlled combustion air distribution. 2

Limestone can be added to the solids to react with and remove

SO2. The CFBC system requires less limestone to attain a given level

of SO2 removal compared to a BFBC system. To achieve 90% S02 removal,

limestone introduction corresponding to Ca/S = 1.4 to 2.0 is re-

quired. 12-17 This performance is attributed to the good combustion zone
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mixing and long residence time, which are characteristic of CFBC sys-

tems, and because smaller limestone particles may be used, which in-

creases the reactive surface area available.

Fuel. An important potential money-saving feature of CFBC systems

is relatively high tolerance to variations in fuel and the ability to

utilize low-grade fuels. It is possible to burn coals that are other-

wise unattractive fuels and to "shop around" for cheap cools. Most

coal-burning units are also capable of utilizing other solid fuels mixed

with coal such as peat, wood, and wastes. For some designs, complete

switching from coal to another solid fuel or a completely different rank

of coal is possible.2 ,15

3.5.4 Operational Problems/Risks

Although CFBC is a relatively new technology for boiler applica-

tions, the reported reliability, availability, and overall performance

have been surprisingly good. 16 This is a major reason for a very large

increase in the number of units currently being built or on order.

Note, however, that a small number of manufacturer-suppliers have much

experience with this type of system. Risks may increase significantly

if the system is supplied by a less experienced company or the design is

not close to successful previous units.
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4. DESCRIPTION OF TECHNOLOCIES FOR BOILER
REFIT TO COAL FIRING

The technologies described in this section can be used to incor-

porate existing boilers into a coal-fired system. The potential advan-

tage of these technologies over boiler replacement stems from the cost

savings realized by preserving the existing boiler, boiler housep and

other associated equipment.

4.1 EXISTING BOILER DESIGN CONSIDERATIONS

4.1.1 Design Range of Existing Boilers

Air Force base central heating plants contain a wide variety of

oil- and/or gas-fired boilers. Nearly all boilers to be considered for

conversion to coal use are in the size range of 30 to 100 MBtu/h net

heat output and generate low-pressure saturated steam (200 psig or less)

or IIT11W (400'F). Also, a significant number of these boilers previously

burned coal and subsequently were converted to oil or gas burning.

4.1.2 Suitability of Boilers for Coal Conversion

The technologies to be considered in this section are only appli-

cable to a certain range of boiler design. For example, a very compact

packaged boiler designed strictly to burn natural gas will have tight

tube spacing, a small furnace space, and other features that make it

extremely difficult to apply any coal-burning technology for refit pur-

poses. A coal-designed boiler, on the other hand, will be adaptable to

most coal technologies.

A list of considerations for converting an existing boiler to coal

firing is given in Table 1. Generally, very compact boilers designed

for natural gas or distillate oil will be the most difficult to refit to

a coal technology. The difficulty of refit is less for boilers designed

for residual oil firing. The issue is not the design fuel, but the

dimensions and features of the boiler under consideration. The

suitability of boilers designed to burn gas and oil for subsequent

conversion to coal firing is not well understood because of lack of
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Table 1. Considerations for conversion of an existing
boiler to coal firing

1. Furnace volume and residence time
2. Flame impingement (especially on furnace back waterwall)
3. Furnace slagging
4. Tube fouling, soot blowers
5. Tube spacing: ash bridging and gas velocity effects
6. Convection section gas velocities: erosion and pressure drop
7. Heat transfer surface modifications
8. Particulate loadings: erosion
9. Hetal corrosion (dependent on fuel chemistry and metal temperature)
10. Bottom ash removal: ash pit system
11. Fly ash removal: ash settling, cyclone, and baghouse additions
12. Control of NO, and SO2
13. Forced-draft and induced-draft fan air flow requirements
14. Boiler output rating reduction

experience. goilers originally designed for coal should be technically

suitable for modification back to some type of coal burning.

Natural gas and distillate oil designs. It is common for boilers

to be designed for both natural gas and distillate oil firing, although

some boilers may only be designed to burn natural gas. Those designed

exclusively for gas firing may have tight tube spacing, very small fur-

nace volume, low fan power, and other characteristics that make coal

utilization for such a unit very unlikely. Boilers designed for distil-

late oil firing (usually No. 2 oil) may have somewhat larger furnace

volume and tube spacing, which may increase the possibility of coal

utilization somewhat, but not nearly to the extent necessary for conven-

tional pulverized or stoker coal firing.

The "tightest" designs are generally found in packaged gas and

distillate oil boilers with output capacities in the 150- to 200-HBtu/h

range. 18 These units have been carefully designed without excess space

to be rail shippable and yet have large output capacities. Such units

are least likely to accommodate coal firing.

Boilers designed for distillate oil and/or natural gas firing

would, at best, need to be modified and probably down rated (in steam

capacity) to accommodate most conceivable forms of coal firing. In many
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cases the needed modifications (see Table 1) and drop in steam capacity

would render such a project technically unsound and economically unat-

tractive.S,7 ,18 PIS A few coal technologies that may be applicable to

such boiler designs are discussed in this report, but no coal technology

has been proven to be practical for such application.

Residual oil-fired boilers. Boilers designed -or residual oil

burning (usually No. 6 oil) are equipped with soot blowers and have a

larger furnace volume and more space between convection tubes than gas

or distillate oil designs. Because residual oil contains some ash (up

to 0.5%), soot blowers are required to prevent excessive fouling of heat

transfer surfaces. These boiler characteristics work in favor of con-

version to coal firing, but such conversion may still be difficult

and/or expensive. Installing conventional stoker or pulverized coal

burner systems into this type of boiler is usually not feasible; other
"advanced" technologies must be employed.

Coal-designed boilers. A significant number of boilers in Air

Force central heating plants were designed for coal but now fire natural

gas or oil. Host of these units were stoker-fired, water-tube designs

that burned coal for a period of time before being modified for oil or

gas burning. Although this type of boiler should be the most suitable

technically for conversion back to coal, the necessary modifications and

additional equipment may be costly.

This category of boiler will usually have soot blowers in place and

sufficient furnace volume and tube spacing to burn some types of coal.

However, a number of other items may need repair or replacement. The

fans may still be sized for coal burning but often have been replaced

with lower-capacity units. New fans may be required unless the boiler

is to be down rated. The bottom ash pit may have been filled in, for

which case replacement is required for most applicable coal-burning

technologies. For almost all sites, the coal- and ash-handling equip-

ment is in need of extensive repAir or is no longer present.

It is possible that coals meeting the original design specifica-

tions are no longer readily available and only less suitable coals can

be obtained economically. If this is the case, it may not be so easy to

return the boiler to stoker firing or at least not the same stoker
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design. UOnng other types of coal firing can allow coats with proper-

cies different than specified for the original stoker design to be

burned. Alternate coal-firing methods may raise some additional tech-

nical questions.

4.2 RETUM TO STOKER~ FXRXWG

4.2.1 General Discussion

This technology applies to boilers built originally at coal-fired

stoker systems that have subsequently been modified for oil/gas firing.

There is nothing inherently difficult from a technical standpoint to

return a boiler to stoker firing, although there may no longer be room

for coal storage or coal- and ash-handling equipoent. Such a conversion

will involve refitting a stoker-firing system into the boiler, putting

in ash removal and air pollution control equipment, and adding a coal-

handling system. It will also be important to find coals that are

compatible with the chosen stoker and existing boiler designs.

In some cases the modifications made when the stoker boiler was

converted to gas/oil will be troublesome. The bottom ash pit may be

filled in and covered by concrete, and most solids-handling equipment

will be either gone, unusable, or in need of extensive repair. The fans

and duct work may have been replaced with lower-capacity equipment that

is unsuitable for stoker firing. It is also important that the soot-

blowing system be in proper working order.

Hore information concerning stoker-fired boilers is found in

Sect. 2.2.

4.2.2 Risk

Assuming there is adequate clearance to install a stoker into the

boiler and enough room for the needed peripheral equivment, the choice

is mainly a question of economics. The technical risk should be similar

to installing a new stoker boiler, unless there are special problems.

Examples of such problems include: (1) the stoker boiler never operated

well when it was originally installed, (2) coals meeting the design

specifications are no longer available, (3) the boiler is now in poor
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condition, or (4) environmental regulations have become too strict for

stoker firing.

4.3 BFBC ADD-OM UNIT

4.3.1 Description

It is possible to install a BFBC unit that linka to the existing

boiler to make a complete steam or hot water generator system. Combus-

tion takes place in the add-on FBC unit, which also generates a portion

of the steam, while the existing boiler becomes a heat recovery boiler.

At this time only one U.S. company is known to offer a packaged FRG

unit that can be used as an add-on unit. Wotmser Engineering, Inc.,

offers a design for a twin-stacked, shallow BFBC system for this pur-

pc-,e. 20,21 This type of system is shown schematically in Fig. 10. Coal

is burned in the lower fluidized bed# which contains mainly inert parti-

cles (sand and coal ash) as the bed material. Limestone is fed into the

upper fluidized bed where SO2 removal takes place. Normally this system

includes a heat recovery steam generator, but an existing boiler may

serve this purpose.

In this refit concepto the FBC module burns the coal and generates

about 60% of the steam. Flue gas at -1500*F passes into the existing

boiler and generates the remaining 40% of the steam. A hot cyclone

system can be installed between the BFBC unit and the existing boiler if

the particle loading must be reduced. It is also possible for the

existing boiler to retain full oil-/gas-firing ability.

4.3.2 State of Development

Several BFBC units of this design are currently operating in the

United States, one of which incorporates an existing boiler as part of

the steam generation equipment.1 1 The ope rating BFBC units of this

design are fairly recent installation'. The Wormser BFBC module should

be considered commercializedv although information on long-term opera-

tion, maentenance, and equipment reliability is lacking.
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Fig. 10. Twin-stacked, bubbling fluidized-bed concept used by
Wormser Engineering, Inc., for a packaged FBC boiler system.

4.3.3 Performance

Cood performance has been reported for this type of FBC unit in

regard to SO2 removal (using limestone)p NOx control, combustion effi-

ciency, and load following.20  The suppliers of this technology claim

the performance is superior to other BFBC designs. Adequate data from

commercial units are not available.

Combustion and boiler efficiency. Combustion efficiency of 97% or

better is expected for bituminous coal. Expected boiler efficiency will

vary from -77 to 83% depending on existing boiler design and other

factors.
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Air pollution control. The mnufacturer claims NOx levels of

0.35 lb/HBtu and SO2 removal of 90% or greater using limestone (Ca/S

ratio of 3/1) are achievable.20

Fuel. This type of combustion system should have relatively good

fuel flexibility and can tolerate fines. Therefore, the user should be

able to shop around for inexpensive coals with this particular desin.

The feed system will accept 2-in. top size coals. More information

concerning BFBC boilers is given in Sect. 3.4.

4.3.4 Boiler Design Compatibility

It is uncertain which boiler designs, other than those capable of

burning coal, are compatible with this type of system. Combustion

should be essentially complete before gases reach the existing boiler,

and the particle loading can be reduced by a hot cyclone if needed.

These facts should broaden the spectrum of boiler designs potentially

compatible with this technology. It seems likely that boilers decigned

for residual (No. 6) fuel oil could be compatible without ex ensive

modifications. Distillate oil and natural-gss-designed boilers would be

more technically challenging to incorporate into such a system but may

be feasible.

Any boiler being refitted to use this technology will need soot

blowers and probably a bottom ash-removal system, unless a hot cyclone

is successfully employed. Also, careful consideration must be given to

the methods of integrating the steam systems of the FBC module and the

existing boiler.

The issues of boiler suitability are complicated by the fact that

much of the steam is generated by the FBC unit and the existing boiler

becomes merely a convective heat recovery unit. If the overall steam

capacity is to remain the same after the FBC unit is installed, the

existing boiler will only need to generate roughly one-half the original

amount of steam. This boiler will probably need to handle slightly more

flue gas, which enters at roughly 1500°F. Such conditions are quite

different from the original design conditions, and although they should

not harm the boiler, heat transfer performance must be examined care-

fully. If the existing boiler is an HTHW generator, the BFBC unit will
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probably need to be designed for hot water generation rather than as a

boiling system.

4.3.5 Operational Problems/Risks

A major drawback of this system is the lack of operating experience

to prove adequate availability and reliability. Troublesome operation

from one unit has been reported, but some of the problems are apparently

caused by features unique to this particular unit.11 Problems reported

include wear of the feed system and ash deposition on the gas distribu-

tor nozzles for the upper bed. It would be preferable to use a design

and operating conditions close to those existing units with the best

operating history.

There may be technical difficulties in integrating the steam and

control systems for the FBC module and the existing boiler. It is also

uncertain whether use of a hot cyclone will completely eliminate the

need for soot blcwers and ash-removal equipment for the existing boiler.

Boiler compatibility would need to be studied in detail for any specific

case because there is little experience available to draw from.

Retaining the oil-/gas-firing capability in the existing boiler

significantly lowers the risk of steam outage. It is also possible that

the lighter duty handled by the existing boiler (lower temperatures and

no combustion) could extend the boiler life.

4.4 HICRONIZED COAL FIRING

4.4.1 Description

The term "micronized coal," also known as "micropulverized coal,"

refers to coal that has been crushed to a size distribution signifi-

cantly smaller than standard pulverized coal. Because the coal par-

ticles are very small, they are especially reactive and will burn with a

relatively short flame. The resultant ash particles are reported to be

small enough to carry through the boiler to a baghouse collector and

presumably do not cause erosion problems.
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The most commercialized system of this type is marketed by TCS-

Babcock, Inc., which obtained the rights to the technology from the

original developer, TAS Systems, Inc. 22  For this particular design,

coal is pulverized so that 80% by weight passes through 325-mesh screen,

compared to 80Z passing through 200-mesh screen for standard pulverized

coal. The mass-mean particle diameter is -20 pm. Flame size is said

to be comparable with a No. 4 fuel oil flame. Other micronized coat

systems may have somewhat different grind sizes, but all are pulverized

significantly beyond standard pulverized coal.

The TCS-Babcock, Inc., micronized coal system is depicted in

Fig. 11. This system includes a coal pulverizer that utilizes particle-

to-particle attrition, combustion and transport air system, a burner,

and controls. Coal is first broken into 2-in. top size (if needed) and

then micronized before being pneumatically conveyed to the burner.

Because the coal particles are very small, they are especially reactive

and burn with a short Elame. The ash particles are reported to be small

ORNL-DWG 89-4978 EM
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Fig. 11. Micropulverized coal combustion system.
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enough to carry through the boiler to a baghouse and will not cause

erosion problems. Excessive ash settling can possibly be alleviated by

using properly placed pneumatic "puffer" system nozzles to re-entrain

the fly ash. Soot blowers are probably needed as well.

4.4.2 State of Development

Although there are numerous micronized coal combustion systems

currently in use (over 80 TCS, Inc., units), only about four or Live

industrild boiler refit applications are known.22- 25 Host of the oper-

ating units are used as industrial burners for applications such as .iln

firing and cement and asphalt manufacturing. Note that very few boiler

conversions to coal firing involving any technology have been reported,

so this number is actually surprisingly high. Only the TCS-Babcockp

Inc., system is known to have been installed to convert a packaged

industrial oil-designed boiler. Hicrofuels, Inc., has installed several

micronized coal combustion systems, most of which are being tested on

utility boilers. 26,77  This is a young technology, and most installa-

tions of micropulverized combustion equipment have been fairly recent.

Several companies market various designs of micronized coal sys-

tems. These include coal micropulverizers designed as fluid-attrition

mills (Hicrofuels, Inc., and Ergon, Inc.) or carefully controlled stan-

dard ring-roller mills 28 (Williams Patent Crusher, Inc.).

4.4.3 Performance

Combustion and boiler efficiency. Hfigh combustion efficiencies can

be reached using this technology, as would be expected. Combustion

efficiency should be 99% or higher for most coals under proper opera-

tion. Boiler efficiency will depend greatly on the existing boiler and

heat transfer equipment and should have a range of 77 to 83% for well

maintained and operated systems.

Air pollution control. The ability of this technology to limit NO,

and SO2 emissions is uncertain. It is claimed that carefully controlled

primary and secondary air can keep NO, levels low enough to satisfy most

standards. This appears to be technically possible, but convincing

demonstrations of low NO, emissions are needed. Control of NO, with
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micronized coal should b2 very similar to that achieved with pulverized

coal.

Limestont can be micropulverized along with the coal to facilitate

capture of SO2 in the combustion zone. Claims have been made that

significant SO2 capture is possible. Sulfur-capture performance is

expected to be somewhat inferior to a BFBC. Preliminary tests show that

50X capture is poisible for a Ca/S of 2.0.2 2 The SO2 removal perform-

ance and subsequent effect on the boiler are not well documented at this

time. It is likely that documented values for both NOx and SO2 control

will be available in the near future.

Fuel.. This type of system can utilize a variety of coals (similar

to pulverized coal firing, Sect. 3.3) and should give a certain amount

of fuel flexibility. Cost savings may be possible through opportunities

to find the low-priced coals. Ash-loading and ash-softening temperature

will be of concern because of their effect on the boiler. The actual

values that can be tolerated will depend on the boiler design. Coal

grindability is important when it affects coal throughput and component

wear-out rate for a given system.

4.4.4 Boiler Design Compatibility

The types of boiler compatible with this technology are unknown

at this time. Coal-designed boilers should pose few difficulties.

Number 6 oil-designed boilers should have adequate furnace room to

prevent flame impingement, and if the ash acts according to claims, no

ash blockages should occur in the convection passes.23,24,29 Boilers

designed for No. 2 oil and/or natural gas may be adaptable if the burner

design can eliminate any flame impingement on the interior surfaces.

Such a project may require new fans and duct work, installation of soot

blowers, and down rating of the boiler steam capacity.

When applying micronized coal technology to boilers, the concerns

are the potential for slagging, fouling, and ash agglomeration. Because

the flame is intense, the ash is in a molten state for a short time

period. As long as the ash cools and solidifies before contacting

boiler surfaces and does not agglomerate to form larger particles, there

should be a minimum of ash and slag problems. If ash drops out of the
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gas stream and settles to the boiler bottom (because of agglomeration,

low gas velocity, or other reasons) in large enough quantities, some

removtl method must be employed. Bottom ash might be dealt with by

using an air "puffer" to re-entrain the settled particles and collect

them in the baghouse. 22, 24 it is believed that soot blowing of heat
transfer surfaces will be needed in all cases.

Hore information should be available in the near future concerning

the compatibility of existing boilers to this technology. 18 p22  A new

installation at St. Louis University Hospital started operation in the.

latter part of 1987. Two existing residual oil-designed packaged boil-

ers were converted to coal. This installation should provide insight to

the effects of micronized coal combustion in such a boiler. Further-

more, the companies marketing micronized coal technology are continuing

with numerous tests and demonstrations of their product.

4.4.5 Operational Problems/Risks

Because so little operating experience is available for boiler and

hot water generator applications, it is difficult to evaluate mainten-

ance requirements and availability of such a system. Questions concern-

ing the micronizing and combustion equipment life and the safety of this

equipment must be answered. Also, the possible effects of boiler

erosion, corrosion, fouling, and ash related problems must be carefully

evaluated (see Sect. 4.1 and Table 1). These unanswered questions must

be balanced with the apparent successes and progress reported from the

St. Louis University Hospital project. Furthermore, numerous micronized

coal systems are operating, and much more reported data should become

available in the near future. There does not appear to be any inherent

reason why availability for such a system should be much different from

more conventional coal-firing systems.

The capacity of micropulverizer mill units are highly dependent on

coal properties, especially the grindability index. It is important to

consider how a mill's throughput will be affected by a switch in coals

or from coal property variations in general.

At this time NO, and SO2 control capabilities are not well proven,

so it is uncertain what type of environmental regulations can be met
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with this technology. It is ,veasonable to assume that at least modest

success in controlling NIx and S02 is obtainable.

4.5 SLACXWCG COAL COM4RUSTORS

Several organizations are actively developing slagging, combus-

tors. 30-3 4 This technology has been targeted mostly for utility boiler

systems but appears to be applicable to industrial boilers as well. The

design by TRW, Inc., is claimed to already be comwmercialized and is

currently being offered for sale. 30 The TRW slagging combustor is

illustrated in Fig. 12. Several other companies are developing or

demonstrating slagging combustors but have not advanced as far as the

TRW design. for this reason the information given here reflects TRW's

experience mrore than that of the other developers.

4.5.1 Description

A slagging combustor uses aerodynamically induced, intense high-
temperature combustion of pulverized coal to cause the mineral matter in

ORNL-DWG 89-5228 EMD
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Fig. 12. Sl~agging coal combustor system.
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coal to melt and impinge on the combustor wall. The slag layer formed

on the wall flows to some sort of drain for quenching and tisposal. The

aim is to remove most of the ash before it enters the boiler; developers

hope to achieve 70 to 95% removal. This would significantly lessen much

of the potential erosion, fouling, and plugging problems that could

occur.

Because the combustion is mostly completed in the slagging combus-

tor, a relatively short flame wiLl extend into the boiler. This would

reduce flame impingement and furnace volume problems when trying to

refit existing boilers. The combustion reactions within the stagging

combustor would probably be kept under reducing conditions to control

NOx formation. Additional air would be added after the burner exit to

complete combustion and to control NOx emissions and flame shape.

4.5.2 State of Development

Several organizations are currently testing slagging combus-

tors. 30-4 The design by TRW appears to be the most developed unit and

is currently available for commercial application. A TRW demonstration

combustor has run for several thousand hours, burning Ohio No. 6 coal to

generate steam with a stoker-designed boiler. In addition, other test

units are operated by TRW and other parties.

4.5.3 Performance

Combustion and boiler efficiency. Because of the intense combus-

tion of pulverized coal, the combustion efficiency range should be about

98.5 to 99.8% for bituminous coals. Boiler efficiency range depends

very much on the existing heat transfer equipment and would be expected

to be about 77 to 83% for industrial-type boilers found at Air Force

facilities (assuming proper operation and maintenance).

Air pollution control. The capabilities of a slagging combustor

will vary with a number of parameters including combustor design, coal

properties, size of the unit, load requirements, and existing boiler

characteristics. Slag removal will probably range from 70 to 94%t with

typical values of 80 to 90% for the TRW design. Ash-removal equipment,

including a baghouse, will be needed in most cases. Reported NOx levels
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of 0.30 to 0.59 lb/HBtu are achievable. About 70% S02 capture using

limestone injected through the burner should be possible with Ca/S =

3/1.34 These ranges are preliminary, as testing and development by

several groups is continuing.

Fuel. "Run-of-mine" coals can be used for this technology, because

crushing and pulverization equipment would nurmally be included in the

coal-handling system. Slagging combustors should be suitable to a rela-

tively large range of coals, but limitations concerning ash-melting

temperatures may cause certain limitations. Low ash-softening tempera-

tures would help collection and removal of slag in the combustor, but

the carry-over may cause fouling in the boiler. There will be some

opportunity to shop around for inexpensive fuels in most cases.

4.5.4 Boiler Design Compatibility

It appears that this technology could be applied to boilers

designed for coal or residual oil. Enough ash will enter the boiler to

require some soot blowing and possibly a bottom ash removal or re-

entrainment system. Flame lengths should be relatively small, and no

flame impingement problems would be anticipated for these boiler types.

It is theoretically possible that this technology would also be

applicable to units designed for distillate oil or natural gas, but

detailed study and tests would be required to document this and identify

the extent of the necessary alterations. Very "tight" gas boilers would

have little chance of being refit with this type of system because of

ash-related problems, flame length, gas velocities, and other problems.

As with other coal refit technologies, not much is known about the

long-term erosion and corrosion effects that may occur.

4.5.5 Operational Problems/Risks

Because slagging combustors are not yet fully commercialized (by

the definition used for this report), the results of applying this tech-

nology cannot be predicted with confidence. It seems that the TRW

demonstration unit has functioned fairly well, but at this point very

little is known concerning availability, reliability, and maintenance
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requirements. Like several of the other technologies discussed pre-

viously, the relationship between boiler design and problems such as

erosiont corrosion# ash settlingy fouling, and excessive gas velocity is

not well known. More data concerning NOx and especially SO2 control

would be helpful in evaluating this technology.

4.6 COAL SLURRY COMBUSTION

4.6.1 Description

Coal slurry combustion includes a class of technologies based on a

broad range of coal-water slurries, coal-oil slurries, and coal-oil-

water Alurries. Many slurries will have chemical additives to enhance

stability or change other characteristics. The coal used may be un-

cleaned or highly cleatied coal with low ash and sulfur content. The

grind size will also vary between standard pulverized coal and very fine

micronized coal.

A major objective is to avoid solid coal-handling equipment and use

liquid flow systems instead. A coal-oil slurry flow and firing system

may resemble a residual oil system, although it would be. somewhat more

elaborate. Some slurries may be much more difficult to handle and

require special pumps, wear surfaces, burnerst and other components.

Virtually all coal slurries are more viscous and abrasive than residual

oil. Slurry burners will vary from somewhat modified residual oil

burners to complex, relatively costly specialty burner designs.

4.6.2 State of Development

A significant amount of developmenti testing, and use of slurry

handling and burner equipment has been done in the past or is in prog-

ress. 35 Slurry combustion is in the development and demonstration stage

at this time. Because there are a variety of slurries and each has

different properties, there is not much design standardization for

equipment. Employing a coal slurry systeP at the present time would

involve some technical risks and would be considered a demonstration

project.
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Coal slurries are marketed by a number of companies. 3s-35  Pres-

entlyp the manufacturing capacity is quite limited, and the price of

slurry fuels ir high compared with oil and gas. If there were signifi-

cant demand for coal slurry fuels, the price would drop and the manufac-

turing sites would expand and become more widespread.

4.6.3 Performance

Combustion and boiler efficiencZ. Expected combustion efficiencies

for coal slurries range from 96% to over 99%. Coal-water slurries will

be somewhat more difficult to burn compared to coal-oil mixtures and

will give slightly lower combustion ,fficiencies.

Note that losses caused by the presence of water in a slurry must

be considered separately, because they are not reflected by the combus-

tion efficiency. For example, if a slurry comprised of 70X bituminous

coal and 30% water is compared to firing dry coal in a boiler, about 4%

more coal must be burned in slurry form to achieve the same effective

boiler output.

Air pollution control. There is some potential for pollution con-

trol when burning coal slurries. Coal-water mixtures tend to burn some-

what cooler than pulverized coal and therefore produce less NOx emis-

sions. Also, ash, sulfur, and possibly nitrogen can be removed during

the coal-cleaning step when making slurries. Apart from these advan-

tages, coal slurries must be dealt with in a similar manner to pulver-

ized coal to limit NOx 4nd SO2. Based on the limited exrerience with

slurries to date, it is difficult to quantify expected pollutant levels.

Because of high flame temperatures, there can be problems control-

ling NOx emissions when firing coal-oil mixtures. A balance must be

found between the need to keep low temperatures to limit NOx and yet

have combustion reaction rates high enough to achieve good particle

burnout.

4.6.4 Boiler Design Compatibility

As with nearly all technologies for refitting boilers to fire coal,

much uncertainty surrounds the question of boiler compatibility. How-

ever, a few guidelines can be found from the experience gained to date.
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Coal-water slurry firing will not be too different from pulverized

coal firing, and probably only coal-designed and possibly modified

residual oil-designed boilers would be applicable. Coal-oil slurries

may exhibit shorter flames than coal-water slurries, but ash content and

other characteristics will limit applicability to coal- and residual

oil-designed boilers. It would be quite difficult to utilize distillate

and natural gas boilers with compact designs, even for highly cleaned

coal slurry applications. In most cases, even if it were technically

possible to fire slurry fuel, the resulting output capacity down rating

and boiler modifications would make this unattractive.

The obvious issues of ah deposition and removal, boiler fouling,

erosion, and flame impingement must be carefully examined. Burner

design, fuel characteristics, and boiler design will govern the applica-

bility of this technology. For coal slurries other than those with very

low ash content, bottom ash removal is essential. It may be possible to

use air "puffers" to re-entrain bottom ash if the ash particles are very

fine and therefore avoid installing an ash pit syste-n. Soot blowing

would be required for all conceivable applications. The issues are

quite similar to those found with micronized coal firing, although in

most cases the flame size will be significantly larger for slurry firing

than dry micronized coal firing.

4.6.5 Operational Problems/Risks

Coal slurry refit technology is not well understood at this time.

Problems concerning burner design and wear, and storage, pumping, and

flow systems have been cited. Boiler compatibility is another major

concern, as it is for several of the other coal refit alternatives dis-

cussed in this section. The technical risks of using a coal-oil slurry

are probably slightly less than coal-water slurries, but the latter is

more feasible from a cost-saving standpoint.

4.7 COAL GASIFICATION

From studies of relatively small gasification systems, it was con-

cluded that the Wellman-Galusha design or similar fixed-bed, air-blown
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gasifiers were the most promising for conversion of existing Air Force

boilers. 3 -42 An illustration of the Weltman-Calusha system is shown in

Fig. 13. This type of gasifier is readily available in standard-sized

packaged units; this keeps capital costs relatively low. Only air-blown

gasification systems were considered because of the prohibitively high

cost of an oxygen plant for systems in the relevant size range.
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Fig. 13. Wellman-Oalusha gasifier.
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4.7.1 Description

The specific technology chosen in this category was the Weliman-

Calusha gasifier, an atmospheric pressure, fixed-bed/rotating-grate

system. The main gasifier vassel is a water-cooledp double-walled

cylinder that does not require a refractory lining, The gasifier comes

in packaged sizes up to a 10-ft-diam vessel unit. This largest size has

a capacity of about 70 XBtu/h input fuel ohen operating on bituminous

coal.

Double-screened coal is fed fr m above onto a rotating grate, while

steam and air are introduced through the grate. Air flovs over the top

of the water jacket to pick up steam and is then routed underneath the

grate. Partial combustion takes place in the coal layer producing a

low-heating-value gas. As the gas risea, the coal falling to the grate

is dried, heated, and pArtially devolitilized.

When using bituminous coats, this process is expected to produce a

hot gas with a higher-heating-value range of about 130 to 180 Btu per

dry standard cubic foot (natural gas is roughly 1000 Btu/ft3). Assuming

the gas does not need to be cooled and cleaned, the thermal effieiency

may range from 82 to 93%.43 This gas is then burned in the existing

boiler. The boiler flue gas volume per unit heat output is increased by

20X or more over natural gas or oil firingp which will cause some boiler

down rating and loss of efficiency.

4.7.2 State of Development

The Weilman-Galusha gasifier design has been commercially available

for m y years. 3 9- 2  Some are currently in use in the United States,

mostly in the Northeast. Host of these gasifiers are used to produce

process gas rather than to fire a boiler. In the past a large number

(over 150) of such gasifiers have been used commercially. 3
9

4.7.3 Performance

Combustion and boiler efficiency. The efficiency for the gasifica-

tion process must be measured in terms of a gasification thermal effi-

ciency to produce gas that is delivered to the boiler. If bituminous

coals are used and no gas cooling or scrubbing (to remove sulfur, tars,
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etc.) is needed before firing the boiler, the expected thermal effi-

ciency range is 83 to 93X for the gasification step.4 3  If cooling

and/or scrubbing of the gas is required, the efficiency drops signifi-

cantly.

The resulting low-heating-value gas will cause roughly 2OZ greater

combustion gas volume per unit heat output compared to natural gas, oil,

or coal firing at the same value of excess air. In general this will

result in some drop in boiler output capacity and will increase stack

losses. Boiler efficiencies would be expected to be 73 to 80%.

The overall thermal efficiency (steam output compared to input fuel

heating value) is expected to be about 64 to 70% in most cases i the

hot raw gas can be burned untreated. This value range must be compared

to the boiler efficiency values reported for other technologies. The

relatively low efficiency range is a drawback for coal gasification.

Air pollution control. Most ash is collected as bottom ash from

the gasifier. Particulates leaving the gasifier can be collected by a

hot gas cyclone system, in which case a baghouse may not be needed for

the boiler.

Removal of sulfur can be accomplished by stripping hydrogen sulfide

from the low-Btu gas using a process such as the Stretford acid gas

removal technology.39 It should be noted that any such treatment of the

gas will significantly increase the costs and complexity of this tech-

nology.

It is likely that a properly designed burner could control NOx

levels by keeping temperatures low and using controlled introduction of

secondary air. It is uncertain whether such low-heating-value gas

burners have been suffi jently developed at this time.

Fuel. Sized coal (-1/4 to 2 in.) is required for this gasifier

system and will increase the fuel cost somewhat. This size requirement

is about the same as for stoker coal. One advantage of the gasification

system is that a variety of coals may be acceptable, although highly

swelling or very friable coals may cause difficulties.

4.7.4 Boiler Design Compatibility

Low-Btu gas would seem to be a suitable fuel for coal-designed and

residual oil-designed boilers. Compact distillate CiL- and natural gas-
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designed boilers would be more difficult to refit because of t:he in-

creased flame length, decreased flame temperature? and greater £lua gas

volume encountered when firing low-Btu gas. Boiler ratings for compact

boilers would probably be decreased by 20 to 50%. Coal- and residual

oil-designed boilers would probably require some down rating for low-

heating-value gas firing.

4.7.5 Operational Problems/Risks

Although the Wellman-Calusha gasifier has been commercialized for

many years, information concerning the general reliability and mainten-

ance requirements is difficult to obtain. There is no reason to believe

that a coal gasifier linked to a boiler is any less complex or labor

intensive than a coal-fired stoker boiler system.

Operational problems would include the normal difficulties encoun-

tered with coal- and ash-handling systems. Integrating the gasifier and

boiler may prove difficult, and there is little experience to draw

from. Load-following capabilities of the gasifier are uncertainp and

low-heating-value gas burners should be studied further.

The output capacity and gas quality of the gasifier is a strong

function of the coal utilized. Attention should be paid to the gasifi-

cation characteristics of all coals to be considered. Determination of

actual performance for a given coal may require a test at an existing

gasifier to make an accurate assessment.
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5. FLUE GAS EMISSION CONTROL TECHNOLOCIES

Consideration of air pollution is essential when dealing with coal-

burning technologies. Regulations concerning release of S02, NOx, CO,

particulates, and flue gas opacity must be adhered to. Many of the

coal-burning technologies described in Chaps. 3 and 4 have some type of

inherent SO2 and/or NOx control. Others will require add-on pollution

control equipment to meet regulations. This section provides brief

descriptions of some of the air pollution control equipment that can be

used with coal-burning technologies.

5.1 LINE OR LIMESTONE SLURRY FLUE GAS SCRUBBERS

There are a variety of FGD scrubber systems that are technically

applicable to stack gas cleaning in conjunction with either stoker

firing nr pulverized coal firing. However, due to complexity, degree of

commercialization, and expense, only lime and limestone slurry FGD

scrubbers are suitable for industrial boiler applications at present.

Lime/limestone slurry scrubbers can be categorized as wet lime-

stone, wet lime, or lime spray-dry systems. These types of scrubbers

are described in the sections that follow. For reasons mentioned in

this section, the lime spray-dry scrubber design was represented in the

cost spreadsheets given in the Appendix.

All types of FGD scrubber systems are fairly costly and labor in-

tensive and can be difficult to operate under some conditions. Rela-

tively few industrial boilers utilize this technology.

5.1.1 Lime Spray-Dry Scrubbers

Although lime spray-dry scrubber systems are a more recent tech-

nology than wet scrubber systems, they appear to be the most applicable

technology available for industrial-size, coal-fired boilers. This type

of technology is currently used at Fairchild, Malmstrom, and Griffiss

Air Force bases.
44

A typical flow diagram for this process is shown in Fig. 14.6 The

lime spray-dry scrubber system uses hydrated lime [calcium hydroxide,
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Ca(OH)2 J to react with the SO2 from the flue gas by contact with the

atomized slurry. The water in the slurry is evaporated, leaving behind

a dry waste. A baghouse system collects the mixture of reaction prod-

ucts, unreacted lime, and fly ash. Solids recycle may be employed by

this type of system.

There are several claimed advantages for using a dry scrubber sys-

tem, especially with industrial boilers. The system removes particu-

lates in addition to SO2 , because the baghouse (which would be required

anyway) is part of the scrubber system. The dry waste is more easily

handled and disposed of than wet scrubber sludge (scrubber blowdown).

It also is reported that for small boiler applications, the reliability

of spray-dry scrubbers is superior and the capital cost is less when

compared to wet systems.

The main disadvantage is that slightly more lime is required when

compared to a wet scrubber, due to a lower SO2 capture efficiency.

Generally, the wetter process has better sorbent utilization. Typical

Ca/S values would be 1.3 to 1.4 compared to 1.1 for a wet scrubber.

5.1.2 Lime/Limestone Wet Scrubbers

Lime/limestone wet scrubbing systems are an established technology.

The general principle is the same as for a spray-dry scrubber system.

Many are currently in use on electric utility coal-fired boilers, but

few are used for industrial units.

A process flow diagram is shown in Fig. 15.6 Lime (or limestone)

is slurried with makeup water, then further diluted with recycled pro-

cess water and pumped into the reaction/holding tank. From the tank,

the slurry is pumped and sprayed into the scrubber/absorber module where

the S02 is captured from the gas. The partially reacted slurry drains

from the scrubber back into the reaction/holding tank. A stream is

drawn away from the tank or the outlet of the scrubber unit for dis-

posal.

The choice between lime or limestone would depend on site-specific

considerations. Lime is significantly more expensive than limestone but

requires a smaller and less expensive system because of better reac-

tivity with SO2 and because lime will partially dissolve in the water.
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Limestone requires a larger 2crubber system with lower efficiency and

will probably experience greater erosion problems due to abrasion.

5.2 WOx CONTROL

Two basic strategies for limiting NOx emissions can be identified.

Limiting the generation of NOx by controlling the oxygen levels and

temperatures in the combustion zone is the strategy currently being used

for many boiler cystems.45  This type of NOx control is described in

Sects. 5.2.1 and 5.2.2. Another basic strategy is to chemically reduce

NOx to N. downstream of the combustion zone. This latter strategy is

not being commercially applied to industrial boilers in the U.S. at the

present time.45 Application of chemical reduction methods to Air Force

heating plants is probably not attractive at this time, but these

methods may become viable in the future and are described in Sects.

5.2.3 to 5.2.5.

5.2.1 Staged Combustion

Several NOx control methods have been developed based on the care-

ful control of combustion air distribution (stoichiometry) and flame

temperature. A significant amount of NOx can be produced when the com-

bustion region has one or more relatively hot zones with excess oxygen

present. Staged combustion avoids this problem by keeping temperatures

below some level when excess oxygen is present. Many different names

are used for this techniquep but the basic principle is the same: the

combustion is "staged," such that combustion air and the fuel are intro-

duced in various stages, or in different zones of the overall combustion

region. Many of the coal technologies discussed in Chaps. 3 and 4 use

some form of staged combustion.

For stoker firing, the term "over-fire air" is used to describe

combustion air staging. Additional combustion air is introduced through

ports in the furnace at carefully chosen levels above the stoker grate.

The primary combustion zone operates fuel-rich. This same concept and

terminology can be applied to certain pulverized and fluidized-bed

combustion units. Air is introduced through special ports above or

downstream from the main combustion region.



52

Relatively sophisticated burner designs are now available for

pulverized and micronized coal that utilize staged combustion. These

burners are often called "low-NO x burners."

5.2.2 Flue Cas Recirculation

Flue gas recirculbtion (FGR) involves extracting a portion of the

flue gas and reinjecting it into the combustion air stream. Acting as a

diluent, the recirculated flue gas lowers the furnace temperatures

somewhat and reduces the concentration of oxygen in the combustion air.

Both of these effects help to reduce NOx formation.

FCR has been applied commercially to some gas- and oil-fired

boilers and to a small extent to industrial solid fuel units."5  Added

equipment requirements include more ductworkp a recirculation fan, some

device to mix flue gas with air , and more controls.4 s Such a recircu-

lating flue gas system would add a significant cost to a boiler.

5.2.3 Catalytic Reduction

Processes are being developed to catalytically reduce NOx down-

stream of the combustion region. Flue gases with ammonia or other com-

pounds added are passed through a reactor, producing N2 and water. This

technology is being tested on power plants in Japan and Europe. Because

of differences in U.S. coal and ash properties, it is not certain how

difficult it would be to employ this technology in this country.4G This

technology does not appear to be fully commercialized at this time and

is unlikely to be economical for small boiler applications.

5.2.4 Chemical Reduction

Methods of using chemical reactions in the flue gas stream without

assistance from catalytic reactors have been getting attention recently.

No commercial or near-commercial processes are known to be available at

this time. This technology may be potentially useful, especially with

stoker firing (which produces the most NOx), and should continue to be

considered in the future.
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5.2.5 Reburning

Another way to reduce NOx to N2 is to burn a limited amount of gas

or other fuel downstream from the coal combustion furnace. The reburn-

ing fuel is burned such that a fuel-rich combustion zone is used to

"destroy" (chemically reduce) the NOx formed in the main coal combustion

zone. This fuel is then burned to completion in a carefully controlled

manner (described in Sect. 5.',l) to avoid NOx from being reformed.

A drawback is that this technology would require natural gas or a

similar fuel be used to control NO.. Furthermorep because of the added

combustion zones for the gas and subsequent heat release, this tech-

nology may be difficult to apply to existing industrial boilers or hot

water generators. Host boilers not originally designed to accomm~odate

this technique would require modifications. This technology seems most

suited for electric utility applications and other systems with large

furnaces.

5.3 PARTICULATE CONTROL

Particulate removal is necessary for any coal combustion tech-

nology. The ethod of choice for boilera in the size range considered

for Air Force applications will be baghouse fabric filters. Increas-

ingly strict particulate emission regulations, along with increased

reliability and low costs of baghouses, has greatly increased their use

in the last 10 years. Another device that is sometimes considered is

the electrostatic precipitator (EP), frequently used for large coal-

fired bniler applications. In some special cases cyclones or other

inertial type mechanical particle separators can be used alone, but they

are more often used in conjunction with a baghouse or precipitator. A

description of each technology is given here.

5.3.1 Mechanical Separators

Most mechanical separators in use today are of the multiple cyclone

type. A cyclone is a vertical cylindrical chamber that has a tangential

inlet for the particle-laden gas stream. The tangential entry imparts a

high degree of "spin," and the resulting centrifugal force pulls the
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particulate matter outward to the walls of the cyclone. The gas bound-

ary layer on the wall haa little fluid motion, which allows particles

that reach the walls of the cyclone tube to fall into a bottom dust-

collection hopper. The "cleaned" flue gas escapes upward through a tube

in the center of the vortex.

Fly ash collection by multiple cyclones is an established tech-

nology and i4 especially popular for use with coal-fired industrial and

utility boilers. Hultiple cyclones come in modular configurat ons,

making them applicable to all sizes of industrial boilers. They are, by

nature, insensitive to changes in flue gas temperature or chemical con-

tent of the fuel. Hlowever, removal efficiency is very dependent upon

the size distribution of the suspended particles. Reduced separator

efficiencies result chiefly from the failure to capture verly small par-

ticles. These small particulates are difficult to remove centrifugally

from the gas because of their small mass. Although cyclones were at one

time the most common type of mechanical collectors used for fly ash con-

trol, stricter emission regulations have forced cyclones into more of a

precleaning role for other particulate removal technologies.

5.3.2 Fabric Filters (Baghouses)

A baghouse is relatively simple in construction, consisting of a

number of filtering elements (bags) along with a bag-cleaning system

contained in a main shell structure vith dust hoppers. Particulate-

laden gases are passed through the bags so that the particles are re-

moved and retained on the upstream side of the fabric. Application of

fabric filtration to cleaning boiler flue gas has been a recent develop-

ment, with the first successful installations designed in the late 1960s

and early 1970s.

Baghouses are now a commercialized technology, and standard designs

-re available. Because of much experience with fly ash collection, the

important design factors and trade-offs are fairly well known. A

trade-off must be made between the items such as bag material and

acceptable operating temperature range, or air-to-cloth ratio and maxi-

mum pressure drop. Obviously the "tighter" a weave is in the fabric,

the better the particle removal. Similarly, after an initial coating of
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ash collects on the bagst particulate removwl is enhanced. Unfortu-

nately, the pressure drop across the bag increases as the particulate
layer thickens, requiring more fan power.

The use of baghouses has seen some limitations from the flue gas
environment's effect on bag materials, but much progress has been made

in this area, and fabric filters continue to have a very promising out-

look for coal-burning industrial boiler and hot water generator applica-

tion. A notable exception is the use of baghouses with coal-oil mix-
tures or with oil firing in general. Vapor products of incomplete oil

burning will clog the bag fabric. Boilers that switch between oil and

coal firing usually have a method of bypassing the baghouse when burning

oil.

5.3.3 sP

Particulate collection in an EP occurs in three stages. Flue gas-
borne particles are charged by ions (using high-voltage electricity) and

subsequently migrate to a collecting electrode plate of opposite charge.

The collected particulate matter is dislodged from the plates periodi-

cally by mechanical rapping or vibration. Electrostatic precipitation

technology is an established and proven technology and is applicable to

a variety of industrial boiler types and sizes.

Application of an EP to an industrial boiler should have no adverse

effect on boiler operation. However, boiler operation can have a sig-

nificant impact on EP performance. For a given EP/boiler combination,

the fuel quality and its effect on particle characteristics is

especially important. The precipitation rate tends to drop witk

increasing particle resistivity and increases with increasing flue gas

sulfur content. In fact, the most notable fuel properties affecting the

rosistivity of the fly ash are the sulfur and alkali (mainly sodium)
contents of the fuel being burned. Temperature of the flue gas is also

a key factor in resistivity, and this has led !Lo development of "hot-

side" and "cold-side" EPs.
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6. PRELININARY COST COMPAtXSOM OF COAL TECUNOLOCXES

Each of the coal technologies described in Chaps. 3 and 4 has been

examined to determine costs over an applicable size range. Some general

conclusions concerning the economic competitiveness of these coat tech-

Aologies are discussed in the following text. Note that several of the

technologies were found to be similar from an economic standpoint, and

large cost advantages were not identified. Also, several of the refit

technologies could be better evaluated if information gaps caused by

lack of documented operating experience were filled; such information

will probably be available in the next few years. More details concern-

ing the development of specific technology cost estimates and a resul-

tant computer model for these costs estimates are given in Chap. 7 and

the Appendix.

The size range of foreseeable projects must be first examined to

establish some equipment size boundaries. The Air Force steam plants

being considered for coal utilization have maximum output capacities of

about 150 to 400 MBtu/ht with the exception of Elmendorf, which has a

900-MBtu/h capacity. The year-round average steam outputs have a range

of 30 to 160 HBtu/h, with Elmendorf again being the exception at 300

MBtu/h. Coal utilization projects to generate steam or hot water at a

central heat plant would involve boilers in a size range of 20 to 300

MBtu/h. Larger boilers may be considered for certain types of cogenera-

tion projects.

The economic attractiveness of each technology considered depends

highly on site-specific considerations. Some of the major parameters

that affect the relative cost of competing coal technologies are project

size, existing boiler design (for refit projects), capacity factor,

availability of certain types or grades of coal, the price of delivered

coal and other fuels, space available, local air quality and emission

regulations, and others. Certain broad conclusions concerning the

economic potential of competing coal technologies are summarized in the

following subsections.
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6.1 BOILER RWFIT TE.CHiOLOCIRS

The relative costs of technologies suitable to refit existing

boilers are briefly discussed below.

Stoker-firing refit. Returning a boiler to stoker firing appears

to be a fairly low-cost alternative under certain conditions. Advan-

tages include capital investment requirements that are fairly low in

comparison to other alternatives and relatively little technical chal-

lenges and risks.

A number of drawbacks can also be cited for returning a boiler to

stoker firing. This technology is only applicable to boilers originally

designed for stoker firing. The stoker coal required is a somewhat more

expensive grade of fuel in comparison to run-of-mine coal, which is

suitable to some refit technologies. Only very modest NOx control is

possible with stoker firing, and SO2 control requires major equipment

additions to the boiler plant. If a scrubber system for sulfur removal

is required, it is difficult for this technology to be economically com-

petitive.

Hicronized coal combustion. When considering industrial boiler

refit projects, micronized coal combustion appears to be the most cost-

effective technology under many conditions. The major advantages are

low capital investment and the ability to use run-of-mine coal rather

than more costly stoker coal. Micronized coal firing requires the

lowest capital investment of the dry coal-firing options; only slurry

firing requires less capital.

Some important questions concerning the environmental performance,

equipment reliability, and compatibility with various boiler designs

remain only partially answered at this time. It appears that 50% or

more sulfur capture is fairly easily attained with this technology and

that relatively good NOx control is achievable. More information and

experience with this technology is necessary to correctly assess appli-

cability to boiler refit.

Slagging combustors. Slagging combustor technology appears to

require significantly more capital invcstmvnt than micronized coal or

refit to stoker firing. However, there is some possibility that this
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technology may have applications where micronized cost or stoker firing

are inappropriate. More information is needed concerning environmental

performance, equipment reliability, and compatibility with boilers of

various designs before a more accurate comparison can be made.

Some advantages of slagging combustor technology include use of

run-of-mine coal and removal of most of the ash before entry into the

boiler. This technology may be able to capture over 851 of the sulfur;

but this awaits further demonstration. Relatively good NOx control has

been reported for this technology.

BFBC modular refit. The option of adding a BFBC module on the

"front end" of an existing boiler is estimated to require the highest

capital investment of the refit alternatives considered. Although

requiring more capital than other firing methods, this technology has

been proven capable of meeting rigid air quality regulations. BFBC

technology may have applications when SO2 and NOx emissions must be low;

conditions under which micronized coal and slagging-combustor technolo-

gies are not yet proven. Also, BFBC can handle the broadest range of

coals of the refit technolop" o.

Some questions concei equipment reliability and maintenance

requirements remain unresol j. More information concerning this issue

should be available as existing BFBC units of this particular design

gain more experience (see Sect. 4.3).

Coal slurries. Coal slurry firing does not appear competitive at

this time because slurry fuels are expensive. Estimated costs for large

quantities of coal-water mixtures are consistently above $3.25/MBtu. 38

Coal-oil mixtures currently are estimated to cost more than $3.75/MBtu

based on information from vendors. These prices for slurry fuels assume

that large central slurry manufacturing plants are built and able to run

at high capacity. Actual prices for small quantities of slurry fuel are

prohibitive. Costs for slurries made from highly cleaned coals will te

higher.

Using slurry firing can have advantages. Slurry technology might

be applicable at a site where a coal pile and/or coal-handling system

could not be used because of space limitations or aesthetics, and for

this reason it should be given further consideration. Slurry refit
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equipment takes up the least amount of space and requires the least

capital investment of the refit technologies considered. Labor require-

ments should be slightly less for slurry firing compared with dry coal

utilization.

Low-Btu gasification. Refit of boilers using low-Btu gasification

seems to be the least economic boiler technology for likely project

scenarios. The capital investment required is relatively high and the

system efficiency is low. Coals used for this technology must be

screened to a size range similar to stoker coal, and therefore the fuel

price will be somewhat higher than run-of-mine coal.

6.2 BOILER REPLACFMENT TECHNOLOGIES

The relative cost of selected complete new coal-burning boiler (or

hot water generator) systems are discussed in this section.

6.2.1 Stoker-Fired and FBC Package Units

For small projects, packaged (factory-assembled units shipped to be

installed on site) boilers are generally much less capital intensive

than field-erected boilers. The major limitation of packaged boilers is

the size constraint of about 50 HBtu/h per unit. This represents the

physical size limit of a coal-fired boiler that can be shipped by rail.

There are many designs of packaged coal-fired boilers available,

with the major boiler design choice being between a shell or water-tube

boiler (Sect. 3.1). Shell boilers are less expensive but are restricted

to pressures under 300 psig. Water-tube designs usually require more

investment but can be designed for higher-pressure steam. Shell boilers

would be adequate for most Air Force heating plants because most have

relatively low-pressure steam or hot water systems. Shell boilers are

not applicable to cogeneration applications because of steam pressure

limitations, and coal-fired packaged boilers are usually considered too

small for cogeneration projects.

Stoker-fired and BFBC packaged boilers are commercially available.

Costs of a packaged BFBC shell boiler are somewhat greater than a pack-

aged stoker-fired shell boiler.3,10 The FBC boiler is more attractive
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if SO2 and/or NOx emissions must be controlled beyond the capabilities

for a stoker-fired unit. Using a packaged stoker boiler in conjunction

with a FGD scrubber system is prohibitively expensive.

Stoker-fired and BFBC shell (rather than water-tube) packaged

boilers were considered for detailed costing in the generic cost com-

puter model (see Appendix). Although water-tube packaged units might be

an option worth considering in some cases, the cost differences between

shell and water-tube units are relatively small, and shell boilers will

represent the "best" case in most situations.

For certain projects, it may be necessary to choose between in-

stalling a single coal-fired, field-erected boiler or multiple-packaged

coal-fired boilers. Such a decision is a difficult one, and considera-

tion must be given to technical and operational issues. In rough terms,

it appears that packaged coal-fired boilers are often the economical

choice when the desired total heat output from coal firing is 100 MBtu/h

or less (one or two packaged boilers). In general, installation of one

or two packaged boilers would likely be the economic choice over a

single field-erected unit. If three or four packaged units are re-

quired, the overall cost will likely be similar to a single field-

erected boiler. It is unlikely that installation of five or more pack-

aged units could be competitive with one or two field-erected units.

6.2.2 Field-Erected Boilers

Field-erected boilers are the logical choice for relatively large

output capacity coal-fired systems. Four major categories of boilers

are connercially available: stoker-fired, pulverized-coal-fired, BFBC,

and CFBC.

Circulating FBC boilers tend to be costly because of the high

capital investment required for CFBC systems. A CFBC boiler requires

more capital than other boiler designs, although overall project costs

may be similar if the alternative is a pulverized coal plant with FGD

scrubber systems. The major reasons this technology should be con-

sidered is the possibility of burning inexpensive low-grade fuels, and a

CFBC can meet stringent air quality (NOx and SO2) regulations. Gener-

ally, CFBC is applicable to large projects and may be useful in a

cogeneration system.
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The overall costs for stoker-fired, BFBC, and pulverized coal com-

bustion, field-erected boilers appear to be fairly close when air

quality regulations are lenient. trade-off is made between capital,

O&H, and fuel costs. The choice of technologies would depend partially

on specific fuel price differences in locally available coals. The FBC

and pulverized coal units may be able to utilize cheaper fuels than the

stoker boiler, but stoker boilers require less investment. If NOx and

SO2 emissions must be low, the BFBC unit is favored.
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7. COWCLUSIONS AND RECO4HNEWATIONS

Coal-based technotuwgies that have potential application for con-

verting oil- and gas-fired Air Force central heating plants to coal

firing were identified and reviewed. Only technologies that could con-

ceivably be well proven and fully commercialized by 1994 have been con-

sidered. Technologies have been examined to define their important

characteristics, applications, and costs.

Coal utilization technologies were categorized as either being

applicable to boiler/hot water generator refit or for boiler/hot water

generator replacement. Refit technologies retain the existing boiler or

hot water generator as a major component of the resulting coal-fired

heating system. Technologies identified as appropriate for refit appli-

cation are

1. micronized coal-firing systems,

2. slagging pulverized coal combustors,

3. modular BFBC systems (add-on to boiler),

4. returning to stoker firing (stoker-designed boilers only),

5. coal slurry firing systems, and

6. fixed-bed, low-heating-value gasifiers.

Because very few coal-utilizing boiler refit projects have been

done, information is somewhat sketchy. Host of these technologies are

considered as "emerging" rather than fully commercialized, and questions

concerning equipment availability, maintenance requirements, perfor-

mance, and boiler compatibility are only partially answered. The tech-

nology that should pose the least technical challenges is returning

boilers originally made for stoker firing back to stoker firing. Cur-

rently operating commercial and demonstration projects involving

micronized coal-firing, slagging combustors, and modular BFBCs should

help to clarify issues in the next few years.

From a cost standpoint, micronized coal firing seems to be the

leading technology for small .-efit projects involving coal or heavy-oil-

designed boilers where only modest SO2 removal is needed. The return to

stoker option may also be a good candidate if emission regulations can
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be achieved. For more stringent SO2 regulations, the BFBC option or

slagging combustor option could be good technologies.

Because of the many different situations and requirements at Air

Force central heating plants, all of the technologies listed should be

considered to some extent.

The replacement boiler technologies considered are commercialized

and include

1. stoker-fired packaged boilers;

2. BFBC packaged boilers;

3. stoker-fired, field-erected boilers;

4. pulverized coal, field-erected boilers;

5. BFBC field-erected boilers; and

6. CFBC field-erected boilers.

Generally, stoker or pulverized coal technology would be applicable

when modest NO, control is required and SO2 emissions can be met with

low-sulfur coal. To control SO2 emissions, a scrubber system can be

added, but this can greatly increase costs. BFBC and CFBC technology

are generally favored when SO2 and NOx emission regulations are strict.

A CFBC system will normally require the most capital investment of these

technologies, but it can meet relatively stringent environmental stan-

dards and can utilize low-grade fuels.

Small projects will favor using packaged boilers rather than field-

erected units. If more than 100 MBtu output is desired from a coal-

utilization project, the field-erected units should be considered.
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Appendix A

COST ALGORITIM AND CO(PUTE PROGRAM DEVELOPMENT FOR COAL-
CONVERSION PROJECT COST ESTIMATIING AND AMALYSIS

A.1 BACKGROUND FOR COST ESTIMATING

Over the past decade, ORNL has been involved in industrial-scale

central steam plant analysis work, industrial coal utilization studies,

and combustion system research and development. As a result, a large

amount of industrial heating plant cost information was available from

both published'-8 and in-house sources. Many published sources of costs

information that did not involve ORNL have been reviewed as well. 9-is

A large amount of cost information concerning industrial heating

plants can be found in a report entitled Fuel-Burning Technology Alter-

natives for the Army, published by the Army Corps of Engineers, Con-

struction Engineering Research Laboratory.1 This report contains back-

ground information and cost equations developed by ORNL for a variety of

coal-based industrial energy systems and other energy technologies.

Relevant technologies examined in this report include stoker and BFBC

packaged boilers; stoker, pulverized coal, BFBC, and CFBC field-erected

boilers; reconversion of boilers back to stoker firing, coal gasifica-

tion, coal-oil and coal-water slurry refit of boilers, baghouse systems,

lime, and limestone scrubber systems; and gas- and oil-fired boilers.

This previous study' was used as a starting point to develop a full

set of consistent and comparable cost estimates for all technologies

considered. Several of the refit technologies are new or "emerging,"

and no previous cost estimating and analysis work was available for

these systems. Furthermore, updating and further investigation was

warranted for the recently established, but commercialized, technolo-

gies, particularly CFBC systems. For these reasons, a significant

investigative effort to establish and review cost information was under-

taken.

The approach taken was to carefully examine the similarities and

differences between the new technologies and the more established tech-

nologies that already have well-documented costs available. This was
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translated into itemized cost estimates that highlighted these simi-

larities and differences. Investigation was carried out by contacting

vendors and users of the new technologies by phone, lettert and site

visits. Significant amounts of new investigative work concerning cost

estimation was carried out for micronized coal firing, 16-21 slagging

combustors,22 BFBC "add-on" systems, 23-25 coal-water slurry and coal-oil

slurry firing,13,2 ,27  packaged lov -Btu gasification, 1 #28,29 BF3C

packaged boilers,30tl and CFBC field-erected boilers.
3 2-3%

A.2 COST ESTIMATING ASSUMPTIONS AND APPROACH

A.2.1 General Design Assumptions

It was desired to develop realistic and comparable cost estimates

for all the technologies reviewed in this report. A number of design

assumptions were made when developing cost estimates, and rhese assump-

tions were applied to the technologies whenever appropriate. A list of

such assumptions is given below. Note that these assumptions apply

specifically to the cost algorithms and the version of the computer

program presented later.

1. A boiler house is required for all technologies. The building

is an insulated metal structure with lighting, ventilation, stairways

and gratings, an office, a control room, and a washroom. For the refit

technologies, a boiler house addition was assumed to be added based on

the estimated space the additional equipment would require.

2. The coal-handling system is assumed to feature a truck unload-

ing facility with an under-truck hoppery crushers (if needed), a 30-d

storage site, a bucket elevator or belt conveyor, and a l-d capacity

overhead feed bunker. Eastern bituminous coal is assumed to be the

design fuel. If a railroad car unloading facility is desired rather

than truck unloading, and a three-coal-day silo is added, the total cost

(of the coal-handling facility) would be roughly 50Z more.

Technologies that use limestone injection to reduce sulfur emis-

sions (micronized coal, slagging combustors, all fluidized-bed tech-

nologies, and slurry firing) have a modest limestone-handling system

that is added to the cost of the coal-handling equipment. This cost

would not be included if sulfur capture is unnecessary.
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3. The slurry fuel-handling systems are assumed to include a 30-d

steel cone roof insulated tank, with heating and circulation pumps.

Special piping and pumps are required, and each pump has a redundant

spare. All lines are insulated and have heat tracing.

4. The ash-handling system includes a bottom ash hopper system

under the boiler and clinker grinder for all coal-burning technologies

except for micronized coal firing, which uses air puffers to entrain

settled fly ash collected by the baghouse, All coal technologies in-

clude a pneumatic ash-conveying system for collection of both bottom ash

and fly ash and a 1- to 2-d storage silo integrated into a truck loading

facility.

For the refit technologies that require installation of a bottom

ash-removal system in an existing boiler, it is assumed that a portion

)f the boiler floor is removed and a pit is dug to accommodate a
"v"-shaped ash pit. An ash screw is installed at the pit bottom to

remove collected ash, and a clinker grinder is included if necessary.

5. A baghouse fly ash-removal system is assumed to be required for

all coal-firing options except coal gasification. The baghouse is sized

mainly by the amount of flue gas to be handled and is integrated into

the ash-handling system.

6. When a FGD scrubber system is required, it was assumed to be a

lime slurry spray-dry design. The design assumes 90% sulfur removal is

required. Costs for modifications of the boiler house building and

stack are also added to the cost estimate for the scrubber system.

7. Boiler feedwater treatment costs are not included in the fol-

lowing cost estimates, because it is assumed there is an adequate exist-

ing system. Although a water treatment system is not a 7,arge cost for

systems producing low-pressure steam, it may be desired to, add this item

for projects that cannot utilize an existing treatment system.

A.2.2 Operating and Maintenance Assumptions

1. It is a distinct possibility that a coal-utilization project

would only convert a portion of an existing oil or gas heating plant to

coal firing. Under such circumstances it is assumed that coal would be

used to the greatest extent possible to generate heat. Oil or gas
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firing would be used for the portion of the heat deand greater than the

coat equipment could handle, and when the coal equipment was shut down

for repair and mAintenAnce. This is often referred to is using coal to

meet "1base load." Generally, a load factor range of -50 to 85% has been

assumed.

2. Full-time employees are required for routine OM and for minor

repair work. Ctntral heating plants are assumed to be staffed for

operation 24 h/d throughout the entire year.

3. A heating plant containing a single boiler or hot wattr gehera-

tor heat plant was choson as a starting point to estimate labor require-

ments. It was estimated that for a 25-MBtu/h output stoker boiler, ten

employees are needed for 24-h/d year-long operation. If the boiler is

250 HBtu/h output, 15 people are required.

4 . Many major repairs and major maintenance efforts are accom-

plished using "outside" contracts for labor and materials. This would

include planned and unplenned rAjor boiler overhauls and repairs,

repairs to peripheral equipment, water-treatment servicesp control

system improvements, etc.

A.2.3 Developtbent of Cost Tables

In order to develop consistent cost estimates for the large number

of technologias under consideration, itemized cost tables were devel-

oped. By keeping many of the cost categories identical for the dif-

ferent technologies, most co3t items can be directly compared. This

allows specific cost differences to be examined with relative ease.

Two types of cost table were developed for each technologyp one

table for capital investment and one for OH costs. Lists that give the

chosen cost categories for the two types of cost tables are given in

Table A.1. This concept of itemized cost tables was subsequently used

to develop a spreadsheet-type computer program, which will be discussed

later. The spreadsheet tables are presented later as Tables A.2 to

A.29.
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Table A.I. Cost categories used to develop comparable cost
estiaates for coal-utilization technologies

Capital investment cost categories

Site work and foundations
New boiler system/boiler modific,'ions/tube bank modifications
Soot blowers
Combustion system
Boiler house/boiler house modifications
Fuel handling and storage
Bottom ash pit system
Ash handling
Electrical and piping (equipment)
Baghouse
FCD lime spray-dry scrubber system/gas desulfurization

O&H cost categories

Direct manpower (fixed)
Repair labor and materials (fixed)
Electricity (fixed)
Electricity including baghouse power consumption (variable)
Baghouse (fixed)
Limestone or hydrated lime (variable)
Ash and spent sorbent disposal (variable)
FCD scrubber system (variable)/gas desulfurization (variable)
FCD scrubber system (fixed)

A.3 DEVELOPMENT OF COST ALGORITHMS

It was desired to develop relatively simple cost equations for each

cost category that would be useful for the range of projects under con-

sideration. This section explains the logic that went into development

of cost algorithms.

Two important variables (or scaling factors) Lo ccnsider for capi-

tal investment are the size of the boilers/hot water generators measured

by output heat and the number of such unit,s. In general, the costs

considered will follow an "economy of scale," which recognizes that as

equipment size increases, the costs increase at a lesser rate. This
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relationship can often be expressed as a power function of output capac-

ity rating.,-SIO A typical equation would be of the form

cost = A x Xb V (A.1)

where A is a constant, X is the output capacity rating in HBtu/h or

other "sizing" variable, and u is the exponential scaling factor and is

virtually always a number between 0 and 1. The values given for A and b

were estimated from examining data foune in the references given for

this Appendix,

Another type of economy of scale can occur when two or more identi-

cal units are installed. The cost of installing two units is less than

twice the cost of installing a single unit because of shared overhead,

design work, site preparation, etc. A power function similar to the

previous example or some other type of function can be used to simulate

this effect on cost. Applications of this concept are presented in

Sects. A.3.2 and A.4.2.

The economy-of-scale concept applies to certain categories of O&H

costs. For example, labor requirements would be a function of the sys-

tem output size and the number of units. A 250-MBtu/h coal-fired boiler

will require more labor to operate than a 50-HBtu/h unit, assuming

similar design and application. Also a 250-MBtu/h boiler would require

less labor to operate and maintain than five 50-MBtu/h boilers because

of the added complexity of a plant with multiple boilers.

A.3.1 Capital Investment

Capital investment algorithms developed for each individual cost

categor 7 are meant to calculate the direct cost for equipment, construc-

tion, and installation. Separate cost categories were reserved for the

total indirect cost and for contingency. Indirect costs include costs

for engineering, field expenses, insurance, contractor fees, working

capital, and equipment testing. For all technologies, the indirect cost

was assumed to be 30% of the total direct cost of a project. Contin-

gency is added for unknown costs end unforeseen problems such as con-

struction interference, modificaions, and delays. Contingency was

assumed to be 20% of the Oirect and indirect cost total.
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Capital cost algorithms were patterned after Eq. (A.1) for all cost

categories. For most costs the major variable is the individual boiler

output heat capacity rating. All exceptions to this are explained in

this section.

Examination of the cost estimate for a field-erected BFBC boiler

will help to illustrate the equations used to estimate capital cost. In

Table A.23 a scaling factor of 0.68 is given for the boiler itself, and

the cost for that item is $3940K. The form of the equation is

cost in K$/year = A x (output rating in MBtu/h] 0'68 . (A.2)

The boiler (or hot water generator) output rating is given Lo be

100 MBtu/h. The value of the constant A can be "back calculated" to be

$172.OK/(MBtu/h).0.68

Note that the units of A are such that the resultant ccat will have

units of thousands of dollars ($K). The coefficient A includes units of

the scaling variable in the denominator taken to the exponent given

(0.68). For the remainder of this Appendix, the units in the denomi-

nator for cost coefficients bich as A in Eqs. (A.1) and (A.2) will be

dropped. In essence, when a scaling variable such as X is used in a

cost equation, the scaling variable is divided by the quantity 1.0 with

the same units. Equation (A.1) is rewritten as

cost = A x (X/1.0 MBtu/h) , (A.3)

where X is in units of MBtu/h.

Nearly all scaling factors shown in the tables for capital invest-

ment are used in the same manner as the preceding example with a few

exceptions. Ash-handling-system costs are scaled by the total estimated

amount of ash to be handled per year (tons/year) rather than heat output

rating° The ash content of the design fuel may vary over a wide range.

Fuel-handling system costs include a small cost for limestone handling

for those technologies that feed limestone into the boiler system (this

does not include scrubbers) in addition te fuel. This small additional

cost for limestone handling is scaled by the amount of limestone esti-

mated to be consumed per year (tons per year). The technologies that
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include limestone feeding (when sulfur capture is necessary) are micro-

nized coal, slagging combustors, all fluidized-bed technologies? and

slurry firing.

A.3.2 O&M Costs

The cost algorithms for categories of O&H costs are somewhat more

complex than those for capital cost items, because they do not all fol-

low a single pattern.

O&H costs can usually be broken up into what is termed "fixed

costs" and "variable costs." Variable costs are those costs incurred

because the boiler or hot water generator is running, and such costs do

not accrue during shutdown. Examples would include ash disposal custs

and electricity costs for operating a pulverizer. Both of these costs

would De proportional to the overall load factor of the system. Fixed

cost are independent of the heating load factor and would include items

such as electricity for lighting and operating labor. Many cost cate-

gories can be part fixed and part variable. Table A.1 includes the

designation of whether the cost category was assumed to be fixed or

variable.

Direct manpower. The largest cost for operating and maintaining a

heating plant is the labor requirement. Labor is required for routine

operation and maintenance as well as labor for repairs and major main-

tenance requirements. The category "direct manpower" represents the

costs for people employed to operate the heating plant and do routine

maintenance, with associated supervision and overhead costs.

A heating plant containing a single boiler or hot water generator

was chosen as a starting point to estimate labor requirements. It was

estimated that for a 25-MBtu/h output stoker boiler, 10 full-time people

are needed for 24-h/d year-round operation. If the boiler is 250 MBtu/h

output, 15 people are required. This number of people does not include

supervision. The equation made from these labor estimates is

number of people = 5.55 x SIZE '18  (A.4)

where SIZE is the heat plant output rating in MBtu/h and 0.18 is the

resultant scaling exponent.
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There is added complexity when a heating plant consists of multiple

boilerst and greater labor requirements are needed than the previous

equation would indicate. To model this complexityp the equation was

modified such that

number of people = 5.55 x (SIZE/N)0 ''0  x N°'", (A.5)

where SIZE is the heat plant output rating in HBtu/h, and N is the

number of boilers/hot water generators. This modification increases

labor by 16.5% when two units are present vs only one and increases

labor by 27.3% for three units vs one (total plant output capacity is

constant).

The basic equation used to calculate direct labor costs for stoker

boilers or hot water heaters is

annual labor costs = LC x 1.33

x (5.55 x (SIZE/IN)] 0 '8 xNO-4 (A.6)

where LC is the yearly cost for a man-year of laborp and the 1.33 multi-

plier adds a 33% cost for supervision. All benefits and overhead (ex-

cluding supervision) are included in LC.

The same labor cost equation is used for all coal technologies

examined, with the only change being the coefficient (5.55 for stoker),

which determines the number of people. Slurry technologies were assumed

to require less labor, and pulverized coal and CFBC technologies require

slightly more labor than the stoker system.

Repair labor and materials. Another very significant operating

cost for a heating plant is the repair costs. This category includes

maintenance and repairs that are not routine and would normally be done

under contract. The basic equation for estimating this cost is a power

function of the same form as Eq. (A.1).

Repair labor and materials cost are assumed to be fixed rather than

variable. This assumption is thought to be realistic for the expected

load factor range of 50 to 85%. For load factors well below 50%, lower

costs would be expected, and these would be a function of load factor.
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Electricity. Electric consumption can be a significant operating

cost. A starting point for calculating electric use was the assumption

that a stoker boiler plant with one 250-HBtu/h boiler uses about 700 kW

when the boiler is operating at maximum output. Electric use was broken

into two portions; that which is used regardless if the boiler/hot water

generator is operating (a fixed cost) and that which depends on the unit

being operated (a variable cost). Expressions for the cost of fixed and

variable electric costs are given by Eqs. (A.7) and (A.8).

fixed electric use cost = EC x (1 - VF)

x B x X x 8760 h/y , (A.7)

variable electric use cost = EC x VF

x B x X x 8760 h/y x CF , (A.8)

where,

VF = variable fraction of electricity at full-load operation,

B = electric use at full-load operation per XBtu heat output

(kW/MBtu),

X = boiler/hot water generator output (MBtu/h),

EC = electric cost in $/kWh,

CF = annual capacity factor.

Hydrated lime or limestone. The amount of lime or limestone re-

quired is calculated from the amount of sulfur in the coal, the amount

o coal burned, and the required Ca/S needed to achieve the appropriate

level of sulfur capture. Values are assumed for the cost per ton of

lime and limestone.

Ash disposal. Ash disposal costs were assumed to include both coal

ash and spent sorbent disposal. The cost is found by calculating the

total yearly tons of waste multiplied by an estimated cost per ton. In

some cases, the quantity of waste produced from spent lime and limestone

will be greater than the coal ash. A factor was used to account for the

weight changes driven by chemical reactions that occur as the sorbents

are utilized.



79

BaShouse O&H. Operating labor and repair costs associated with the

baghouse system were put into a separate category. This is a fairly

small cost. The basic equation for estimating this cost is a power

function of the same form as Eq. (A.1). The cost for additional fan

power to overcome the added pressure drop due to a baghouse is included

under the variable electricity cost category.

FGD system O&H. The operating labor, repair, and utilities costs

associated with a FGD scrubber system were put into a separate category

from the boiler system costs. These costs are significant because of

the relative complexity of the equipment. These scrubber O&H costs have

been broken into fixed and variable cost portions. The fixed costs

represent labor for operation, maintenance, and repairs and is calcu-

lated by an expression of the same form as Eq. (A.l). Variable costs

are for the added electric consumption due to the scrubber system and is

calculated by an expression like Eq. (A.8).

A.4 COKPUTER MODEL

A computer program has been developed to estimate generic costs for

the coal technologies found to be applicable to Air Force central heat-

ing plants. The output of this cost model can be used to compare dif-

ferent technologies and to evaluate projects at a given Air Force base.

The objective is to be able to generate consistent cost estimates for

each technology considered and have that cost estimate be fairly

accurate based on the given set of assumptions. Several important

variables are included in the computer program input list to allow for

the use of site-specific information in cost estimating.

The cost model is composed of a series of spreadsheets (a spread-

sheet is a computer-generated table that has calculating ability),

starting with a spreadsheet for inputting information. The majority of

the program consists of individual costing spreadsheets arranged in

pairs, one of which estimates the annual O&H costs for a given tech-

nol;gy and one which estimates the capital investment required. These

cost-estimating spreadsheets have been formed from programming the cost

algorithms previously discussed into the form of itemized cost tables.
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A summary of the results is generated at the program end. The software

package used to develop the costing program is Framework II, by Ashton-

Tate.

This computer model is capable of generating itemized costs for

13 coal technologies and will handle a wide range of project sizes,

variations in existing equipment, and other site-specific considera-

tions. The O&M costs for existing oil- or gas-fired boiler can also be

generated. It is a useful tool for a variety of studies such as tech-

nology comparisons and preliminary project evaluations.

A.4.1 Input Spreadsheet

The seric: of tablcz (Tables A.2=A.29) that follows represents the

output of the computer program developed for costing coal-based tech-

nologies. The first table (Table A.2) contains the input parameters to

the computer algorithms. Many of these inputs need no explanation;

those that are not apparent will be described here.

Parameters listed near the top of the spreadsheet shown by

Table A.2 describe the project scope. The total steam/hot water output

Table A.2 Computer program - input spreadsheet

2 X 50 MBTU/H. REFIT/REPACEMENT. WITH SO2 CONTROL! TEST CASE
Total steam/THW output - 100.0 HBtu/h
Boiler capacity factor - .60

Number of units for refit - 2
Hydrated limo price ($/ton)- 40.00 COAL PROPERTIES
Ash disposal price ($/ton) - 10.00 R.O.M. Stoker
Electric price (cents/kWh) - 5.00 Ash fraction - .100 .100

Labor rate (KS/year) - 35.00 Sulfur fraction - .025 020
Limestone price ($/ton) - 20.00 1il1V (Btu/lb) - 12000 1.3200

FUEL PRICES FUEL PRICES
Natural gas price ($/MBtu) - 3.50 R.O.M. coal ($/MBtu) - 1.50

#2 Oil price ($/HBtu) - 4.71 Stoker coal ($/MBtu) - 1.75
#6 Oil price ($/HBtu) - 3.67 Coal/H 20 mix ($/HBru) - 3.00

OPTIONS Coal/ail ,nix ($/MBtu) - 3.50
Soot blow.er multiplior - 1.0

Tube bank mod multiplier - 1.0 Primary fuel is 3
Bottom ash pit multiplier - 1.0 NATURAL GAS

S02 control multiplier - 1.0 1-#6 Oil, 2-#2 Oil, 3-NG
LIMESTONE/LIME

Inert fraction - .05
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is the maximum amount of net heat that can be realized by the coal-fired

equipment (sometimes known as the maximum continuous rating), regardless

of whether this represents one boiler or multiple units. The boiler

capacity factor pertains only to the coal-fired project (rather than the

totil boiler plant) and is defined as the ratio of the yearly average

steam output to the rated steam output capacity. In the case example

presented here, the capacity factor is given as 0.6 and the rated output

capacity is 100 HBtu/h, which means the year-round average steam output

is 60 MBtu/h.

The next parameter listed is the number of units for refit. In the

case shown, two existing boilers are considered for refit to coal firing

(or replacement), and it is implied that each are 50 MBtu/h. No provi-

sion has been made in this computer program to look at refitting multi-

ple units of differing size; it is assumed all are of identical output

capacity (which would very often be the case).

The parameters listed below the heading "OPTIONS" need some expla-

nation. Four multipliers are listed, and it is intended that each be

assigned values of either 0 or 1. A value of 1 turns the cost functions
"on" and 0 turns them "off." Values other than 0 or 3 generally should

not be used and have no special meaning. These multipliers allow cer-

tain costs to be added or excluded, depending on site-specific needs of

the boiler plant.

When converting an oil- or gas-fired boiler to coal, certain boiler

modifications may bc required depending on the specific boiler design.

The first three multipliers deal with such modifications to existing

units. If the existing boiler has no soot blowers, they will need to be

added for employment of most coal refit technologies; this cost will be

accounted for if the soot-blower multiplier is set to 1. Tube-bank

modifications may also be necessary for certain combinations of coal

technology and boiler design. Most refit technologies also require a

bottom ash pit and an ash-removal system to be installed if one is not

already in place. Again, this multiplier should be set to 1 if the

modification is needed.

The final multiplier accounts for the requirement to remove S02

from the combustion gases. If sulfur removal is not necessary (due to
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the use of a coal with a low enough sulfur content to meet air quality

regulations) the multiplier is set to 0. When the multiplier is set to

1, the program estimates costs based on 90% sulfur removal being re-

quired. There is no intended significance to setting the multiplier to

a value other than 0 or 1.

Input values under the heading "COAL PROPERTIES," define some

important coal properties. The ash and sulfur contents are given by

weight fraction, and the higher heating value is defined. Separate

values are entered for run-of-mine and stoker grades of coal.

All other input parameters shown in Table A.2 should need no

further explanation.

A.4.2 Cost Spreadsheets

Spreadsheet results for an example heating plant project are shown

in Tables A.3 through A.27. This type of cost estimation is only valid

to two significant figures. It should be realized that the cost figures

Tdble A.3 Hicronized coal technology - 0& costs

Technology: MICRONIZED COAL BURNER REFIT TO EXISTING BOILER
SIZE 10-200 MBTUI

Total heat output (MBtu/h)- 100.0 COAL, LIMESTONE, ASH
Number of units converted - 2 Ash fraction - .10

Unit output (HBtu/h) - 50.0 S fraction - .025
Fuel to steam/HTHW off. - .80 HIHV (Btu/lb) - 12000

Capacity factor - .60 Ton coal/year - 27375
Ash disposal price ($/ton)- 10.00 Ca/S ratio - 3.50
Electric price (ccnts/kWh)- 5.00 Inert fraction - .05

Labor rate (K$/year) - 35,00 Ton sorbent/year - 7879
Limestone price ($/ton) - 20.00 Wasto/sorbenrt - .858

Ton ash/year - 9498
SCALING

CATEGORY FACTOR COST (gS)
Direct manpower (f) .18 689.3
Repair labor & materials (f) .36 428.6
Electricity (f) 1.00 55.8
Electricity inc. bagnse (v) 1.00 95.3
Baghouse (f) .36 33.6
Limestone (v) 1.00 157.6
Ash disposal (v) 1.00 95.0

Nonfuel OM total 1555.2
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Table A.J Microni:ed coal technology
* capLta lnvstment

Technology: HICR0 IZED Size (KCCu/10
COAL BiNER. - REFIT TO Outpur beat - 100.0
EXISTING BOILER No. of units - 2
20.200 MhTUl Outpur/unit 50.0

Multiple unit multiplier - 1.85

SCALING COST
... ...ITEM FACT"R (

Site work 6 foundations .50 20.2
Boiler modifications .50 9.8
Soot blowers .60 117.1
Micronizod combustor system .52 145.3
Boiler house modification .50 20.0
Fuel handling & storago .110 735.0
No bottom ash syatem .0
Ash handling .40 624.2
Electrical .30 75.0
Bachoust .80 388.5

Subtotal 1935.1
Indiraccs (30%) 580.5
Contingency (20%) 503.1

Total for each unit 3018.8

Grand total 5584.8

Table A.5 Sla&Sing combustor technology
- capital Investment

Technology: SLAGGING Size (HBtu/h)
COAL BURN!R REFIT TO Output heat - 100.0
EXISTING BOILER Nlo. of units - 2
20-200 HBTU/I Output/unit - 50.0

Multiple unit multiplier - 1.85

SCALING r;OST
ITFM FA'B (R)

Site work & foundations .50 20.2
Boiler modifications .50 20.2
Soot blowers .60 117.1
Slagging coal burnur .61 742.7
Pulverizer system .60 249.9
Boiler house modificacl.on .50 40.0
Fuel handling & storage .40 735.0
Bottom ash pitc system .40 241.5
Ash handling .40 424.2
Electrical & piping .80 119.8
Baghouse .80 188.5

Subtotal 3099.1
Indirocts (30%) 929.7
Contingency (20%) 805.8

Total for each unit 4834.6

Grand total 8944.0
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Table A.6 FZC module refit tochnuloa.Y - W4 costs

Teehnoloy. ADD.O BUBSLIN FBC REIT TO EXISTI d tOILFR
SIZE 30.200 HSTU/It

Total heat output (Hftu/Ph)- 100.0 COAL. LIMESTONE. ASH
hNt-bor of units converted - 2 Ash fr&ttion - .10

Unic output (HStu/h) - 50.0 S fraction - .025
Fuel to staA/IfifJ off. - .79 111V (cBtu/lb) - 12000

Capacity factor - .60 Ton coAl/yler - 27722
Ash disposal price ($/ton)- 10.00 Ca/S ratio - 3.00
Electric price (cents/kJ)- 5.00 Inarc fraction - .05

Labor rase (KS/year) - 35.00 Ton sorbvnt/yoar - 6839
Iduastone price ($/ton) - 20.00 Vaste/sorbenc - .886

Ton ash/yaAr - 8832
SCALING

Direct n.npover MC) .18 689.3
Repair labor & materials (f) .36 398.9
Electricity (f) 1.00 56.1
Electricity inc. bAghse (v) 1.00 65.6
Baghouse (f) .36 33.6
Limestone (v) 1.00 136,8
Ash disposal Cv) L.00 88.3

Nonfual O&4 total 1468.5

Table A.7 FBC module refit cochw1o y
. capital Investment

Technology: BUEBLIIC Size (MBcu/h)
FBC MODULE ATTAr-..ED TO Output hoat - 100.0
EXISTING BOILER No. of units - 2
50-200 HETUAI Output/unit - 50.0

Multiple unit vultiplier - 1.85

SCALING COST
ITFM FACTOR (KS)

SLte work & foundations .50 40.4,
Boiler modifications .50 20.2
Soot blowers .60 117.1
FEC unit .60 1293.5
Boiler house modification .50 100.0
Fuel handling & storage .40 731.7
Bottom ash pit system .40 21415
Ash & sand handling .40 412.0
Electrical & piping .80 149.8
Ba~house .80 388.5

Subtotal 3494.7
Indirects (30%) 1048.4
Contingency (201) 908.6

Total for each unit 5451.7

Grand total 10085.6
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Table A.8 Return boiler to stoker firing - 0&H cost4

Tectinology: RETU!Ri XISTINC BOILER TO S70KER FIRING
SIZE 10-200 MSTU/I1

Total heAt output (MHtu/h)- 100.0 COAL, LIME, ASH
Number of units converted - 2 Ash (raction - .10

Unit output (Mbtu/h) - 50.0 S fraetLon - .020
Fuel to steAmIm(W of. .74 11V (Btu/Ib) -l1201

Capacity factor - .60 Ton coal/yeAr - 2690:
Ash disposal price (S/ton)" 10.00 Ca/S ratio - 1.30
Electric price (canto/ki-})- 5.00 Inarrs/CaO frAc- .05

Labor rate (K /yenr) - 35.00 Ton sorbenr/yoAr - 1682
11ydrA lie price (S/con) - 40.00 Uaze/sorbant - 1.558

Ton 4sh/Vear - 5311
SCAL NG

CATF .Ogy FACTOR M s
Direct n-anpover (f) .18 689.3
Repair lzbor & materials (c) .36 393.9
Electricity () 1.00 56.1
Electricity inc. baghse (v) 1.00 50.5
Batholtse (M) .36 33.6
Hydrated line (v) 1.00 67.3
Ash disposal (v) 1.00 53.1
FTO system (f) .40 242.9
iOO system (v) 1.00 52.6

Nonfuel 04 total - no FCD 1348.7

11onfool 0 61 ocal with TO

Tble A.9 Return boiler to scoker
firing - capital investment

Technology: RETURN BOILER Size (Cu/h)
TO STOKER FIRING Output hea' - 100.0
50-500 HbTUiA1 No. of units - 2

Output/unit - 50.0
Multiple unir ;ultiplier - 1.85

SCALING COST
IT EM FACTOR UMS)

Site work & foundations .60 ,0
Boiler modifications .50 20.2
Stoker .60 267.3
Boiler house modificacinn .50 .0
Fel handlin g & storage .40 675.2
Bottom ash pit systm .40 241.5
Ash handling .40 256.1
Electrical .80 44.8
Ba~housn .80 388.5
FTD liu spray.dry scrubber .70 850.4

Subtotal 2744.0
Indirects (30%) 823.2
Contingency (20t) 713.4

Total for each unit 4280.6

Grand total 7919.1
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Tablo AO Coa/at t mixture tachnolov • (I-H costs

Tlinoloyv- COAI,/ATER SWU.;iY NW!'ER REFIT TO EXZSTIN;G ZOLER
SIZE 30.210 H1b1/t1

TOW heat oupuC (HttuVh)- 100.0 ¢QAL, LIMSTO0NE£ ASH
Nu--bor of untr earced -2 Agh fraction -. 10

Vnit ouput Wtu/h) - 50.0 S faction - 025
Fuel to au1/lAMrW off. - .75 1011 (Btu/lb) - 12000

Capacity fator - .60 To;a col/yar - 29200
Ash disposal prize ($fcon)- 10.00 Ca/S ratio - 3.50
Electric price (cuntP,&Vh) 5.00 Inert trAcrion - .05

l.Abor rate (K$/year) - 35.00 Ton sorben /'oAr - 8403
Limestono price ($/to) - 20.00 Wn;o/sorbont - .858

Ton ash/yeAr - 10131
SCALWT;C

rAP,(%V ACTYP - conx t )f -

Direct mAnpovar () .18 597.0
PapAir labor & m~corl= C) .36 398.9
Electricity M 1.00 56.1
Ela'tricicy inc. bar,hso (v) 1.00 50.5
Bachouo (f) .36 33.6
Limestone (v) 1.00 168.1
Ash disposAl (v) 1.00 101.3

Nonfuel 0&4 total for Coal/1 20 mix. 1105.4

Table A.ll CoAi/vater mixture technology
. capital investment

Technology: COAL/IJATFR Si: (HBtu/h)
MIXTURE REFIT Output heat - 100.0
30.200 HBTU I N1o. of units - 2

Output/unit - 50.0
Multiple unit multiplier - 1.85

SCALING COST
LTEH FAF2R (KS)

Site work & foundatlnns .50 10.1
Slurry burners & atomizers .60 60.9
Soot bloors .60 117.1
Tuba bank nodifications .60 183.0
Fuel handling & storage .50 505.3
Bottom ash pit system .40 241.5
Ash handling .40 435.3
Electrical & piping .80 19.7
Baghouse .80 388.5

Subtotal 1961.2
Indirects (30%) 588.4
Contingency (20%) 509.9

Total for each unit 3059.5

Grand total 5660.1
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Table A.12 Coal/oLl mixture technology - 0&4 costs

Tachnolo&y: COAL/OIL SLURRY BURFLER REPIT TO LXISTINC BOILER
SIZE 30-200 MBTU/!

Total heat output (cBtu/h)- 100.0 COAL. LINESTONE. ASi
Number of units converted - 2 Ash £¢.ncion - .045

Unit output (ScfuA) - 50.0 S fraction - .011
FuO1 to steAM1n1h1P Off. - .78 IItV (Btu/lb) - 12000

Capacty factor - .60 Eq. tan coal/year- 28077
Asti disposal price ($/ton)- 10.00 Co/S rACo - 3.50
Eloctric price (cents/kUth)- 5.00 Inert fraction - .05

Libor race (X*/yeAr) - 35.00 Ton sorbont/y0Ar - 3637
Limstono price C/ton) - 20.00 VAstc/sorbant - .858

Ton ash/year - 4384
SCALIN G

Direct manpower (f) .18 573.9
Repair labor & mactiols (f) .36 310.8
Electricity () 1.00 56.1
Electricity inc. baghs (v) 1.00 50.5
DAohouse C) .36 33.6
Limestone v) 1.00 72.7
Ash disposal (v) 1.00 43.8

Honfuel O&H total for Coil/oil mix. 1141.4

Table A.13 CoAl/oil mixture technology
capital investent

Technology: COAL/OIL Si:e (HBtu/h)
MIXTURE REFIT Output hoot - 100.0
30-200 HBTU/1i No. of units - 2

Output/unit - 50.0
Multiple unit multiplier - 1.85

SCALING COST
ITEM FACTOR (KS)

Site work & foundations .50 10.1
Slurry burners & atomizers 60 6.8
Soot blowers .60 117.1
Tube bank modifications .60 58.7
Fuel handling & scozago .50 474.2
Bottom ash pit system .40 183.0
Ash handling .40 311.3
Electrical & piping .80 19.7
Baghouse .80 3eg.5

Subtotal 1609.4
Indirocts (30%) 482.8
Contingency (20%) 418.5

i..,:al for each-unit 2510.7

Grand total 4644.8
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Tble A.14 ackaged gasifier tochnology - 0&, costs

Tochnolov. PAC)KACED tCAS|FIEfR FIRING EXISTING bOlL.ER
SIZ7E In-1O M51VIU CAS OUTPUT (2559 MTU/H STEAM)

Totn hbat output (Mbtu/h). 100.0 COAL. LIMESTONE, ASH
Ntother of units converted 2 Asti fraction - .10

unit output (Hltu/h) .- 50.0 S fraction - .020
Fuel to stma/lITHiW o£. -. 66 lIV (Btu/lb) -1 3200

Capacity factor .60 Ton coal/year - 30229
Ash disposal price (*/con)- 10.00 Ton ash/year - 3023
Electric price (cencs/kih)- 5.00

Labor rate (K$/yoar) - 35.00

SCALING
GTECORY FACIOR COST (KS)
Direct manpower (f) .18 689.3
Repair labor & materials (r) .36 398.9
Electricity (f) 1.00 178.7
El6ctricity (v) 1.00 160.8
Ash disposal (v) 1.00 30.2
S02 stripping (v) 1.00 316.2

Nonfuel OK total - no FGD 1458.0

Nonfuel 06&M total with FCD 1774.2

Table A.15 Packaged gasifier technology
- capital investment

Technology: COAL CASIFIER Size (MBtu/h)
FIRING EXISTING BOILER Output heac - 100.0
STEAM OUTPUT: 59 MBTU/tH No. of units - 2
FOR BITUM., 25 MSTU/iI FOR Output/unit - 50.0
ANTHRACITE. Multiple unit multiplier - 1.85

SCALING COST
ITFH FACTOR (KS)

Site work & foundations .50 40.4
Boiler modifications .50 20.2
Fixed bed air blown gasifier .70 1301.9
Boiler house modification .50 100.0
Fuel handling & storage .40 713.9
Ash handling .40 268.3
Electrical, piping & duccing .80 149.8
Doghouse .80 .0
Gas desulfurizacion .70 507.2

Subtotal 3101.7
Indirects (30t) 930.5
Contingency (20%) 806.4

Total for each unit 4,838.7

Grand total 8951.5
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Table A.16 Packaged shall *o!;.r boiler - OQ& costs

Technoleoy: ACKAGED S11911L STOVER
SIZE 10-50 IMTUft/

Total hQAt output (Btu/h)- 100.0 COAL. LIME, ASH
Number of units convorted - 2 Ash fraction - .10

Unit output (hBtu/h) - 50.0 S fraction - .020
Fuel to steam/lmlU off. - .74 111V (Btu/lb) - 13200

Capacity factor - .60 Ton coal/year - 26904
Ash disposal price (i/ton)- 10.00 Ca/S ratio - 1.30
Electric price (cents/k h)- 5.00 Inerte/CAO fraC - .05

Labor rate (K9/year) - 35.00 Ton sorbent/year - 1682
H1ydra lime price (S/ton) - 40.00 Usaste/sorbant - 1.556

Ton ash/year - 5311
SCALING

CATEGORY FArOR COST (KS)
Direct manpower (f) .18 689.3
Repair labor & materials (t) .36 398.9
Electricity (E) 1.00 56.1
Electricity inc. baghse (v) 1.00 50.5
8athouse (c) .36 33.6
Hydrated lise (v) 1.00 67.3
Ash disposal (v) 1.00 53,1
FGD system (t) .40 242.9
P;D system (v) 1.00 52.6

Nonfuel O&M total - no POD 1348.7

Nontuel O&4 total with FD 1644.2

Table A.17 Packaged shell stoker
boiler - capital investment

Technology: PACKAGED Si-e (hBtu/h)
SHELL STOKER REPICEMENT Output heat - 100.0
BOILER No. of units - 2
10-50 MBTU/I Output/unit - 50.0

Multiple unit multiplier - 1.85

SCALING COST
ITEM FACTOR (KS)

Site work & foundations .50 40.L
Boiler .50 531.0
Boiler house modification .50 142.1
Fuel handling & storage .40 675.2
Ash handling .40 256.1
Electrical. piping & misc. .80 176.1
Baghouse .80 388.5
FGD lime spray-dry scrubber .70 850.4

Sub total 3059.9
Indirects (30%) 918.0
Contingency (20%) 795.6

Total for each unit 4773.4

Grand total 8830.8
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Table A.18 Packaged FrA shtI hoillor - 00 costs

Technology: P'ACKAGED FiBC NII.I. I3IIJ1U
size 10."An Hhll

Total heat output (MHlw/h)- IU.U COAL., lI.WOl n, ASH
Number of unIcs converted - 2 Ash traction - .10

Unit outpuc (Hbcu/h) - 50.0 S fraction - .025
Fuel to steAm/IITIIW eff. - .76 IIV (Btu/lb) - 12000

Capacity factor - .60 Ton conl/year - 28816
Ash disposal price ($/con)- 10.00 CA/S ratio - 3.00
Electric price (cents/kh)- 5.00 Inert fraction - .05

Labor rate (K$/y#ar) - 35.00 Ton sorbent/year - 7109
Limestone price (S/con) - 20.00 WAste/sorbonc - .886

Ton ash/year - 9180
SCALING

CATFECORY FACTOR COST (KS)
Direct manpower (f) .18 689.3
Repair labor & materials (f) .36 398.9
Electricity (f) 1.00 56.1
El ectricty inc. baghse (v) 1.00 65.6
Blahouse (r) .36 33.6
Limestone (v) 1.00 142.2
Ash disposal (v) 1.00 91.8

Nonfuel O&M total 1477.4

Table A.19 Packaged FAC shell
boiler - capital investment

Technology: PACKAGED FBC Size (HBtu/h)
SHELL BOILER Output heat - 100.0
10-50 MBTU/AI No. of units - 2

Output/unit - 50.0
Multiple unit multiplieLr - 1.85

SCALIN;G COST
ITEM FACTOR (KS)

Site v.ork & foundations .50 40.14
Boiler .70 1121.0
Boiler house modification .50 1142.1
Fuel handling & storage .40 732.6
Ash & sand handling .40 418.4
Electrical, piping & misc. .80 175.6
Baghouse .80 388.5

Subtotal 3018.7
Indirects (30%) 905.6
Contingency (20%) 784.9

Total for each unit 47G9.2

Grand total 8712.1
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Table A.20 Field erected stoker boiler - 0&4 costs

Technology: FIELD ERECTED STOKER. 50-500 HSTU/1! OUTPUT

Output heat (MBcu/h) -' 100.0 COAL. LIME, ASH
Fuel to sceam/lIT1iW off. - .78 Ash fraction - .10

Capacity factor- .60 S fraction- .020
Ash disposal price ($/ton)- 10.00 lily (Btu/lb) - 13200
Electric price (cencs/kTh)- 5.00 Ton coal/year - 25524

Labor rate (K$/year) - 35.00 Ca/S ratio - 1.30
Hydrn lime price ($/ton) - 40.00 Inerts/CaO rac- .05

Ton .orbent/yaAr - 1596
Waste/sorbent - 1.558

SCALING
CATECURY FACTOR COST KS)
Direct manpower (f) .18 591.9
Repair labor & materials (f) .36 396.2
Electricity (f) 1.00 19.1
Electricity inc. baghse (v) 1.00 44.2
Baghouse (f) ,36 33.6
Hydrated lime (v) 1.00 63.8
Ash disposal (v) 1.00 50.4,
FOD system (f) .40 242.9
FGD system (v) i.00 52.6

Nonfuel O&K total - no FGD 1140.4

Nonfuel 0& total with FGD 1524.6

Table A.21 Field erected stoker
boiler - capital investment

Technology: FIELD ERECTED Sizo (HBu/h,)
STOKER, 50-500 HBTU/1! Output heat- 100.0

SCALING COST
TTEM FACTOR (KS)

V'ito work & foundations .60 86.5
Boiler .68 2884.2
Stoker .60 405.1
Boiler house .50 531.2
Fuel handling & storage .40 890.3
Ash handling .40 350.2
Electrical & piping .80 306.5
Baghouse .80 676.4
FGD lime spray-dry scrubber .70 1381.5

Subtotal 7512.0
Indirects (30%) 2253.6
Contingency (20%) 1953.1

Total 11718.7
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Table A.22 Field erected bu'bling FB0 boiler - OM costs

Technology: FIELD ERECTED BUBBLING FBC, 50-500 KBTU/i! OUTPUT

Output hoac (iBtu/b) - 100.0 COAL, LIMESTONE, ASH
Fuel to sterm/ITIiW ofE. - .80 Ash fractfon - .10

Capacity factor - .60 S fraction - .025
Ash disposal price ($/ton)- 10.00 11V (Btu/lb) - 12000
Electric price (cancs/kt h)- 5.00 Ton coal/year - 27375

Labor race (K$/yoar) - 35.00 Ca/S ratio - 3.00
Limestone price ($/con) - 20.00 Inert fraction - .05

Ton sorbenc/year - 6754
Wastc/sorbant - .886

SCALING
CATEGORY - FACTOR COST (K)
Direct manpower (f) .18 591.9
Repair labor & macerials (f) .36 468.7
Electricity (f) !.00 56.1
Electricity inc. baghse (v) 1.00 65.6
Baghuse (f) .36 33.6
Limestone (v) 1.00 135.1
Ash disposal (v) 1.00 87.2

Nonfuol O&M total - no FGD 1438.0

T~ble A.23 Field erected bubbling
FBC boiler - capital investment

Technology: FIELD ERECTED Size (MBtu/h)
BUBBLING FBC Output heat 100.0
50-500 MBTU/11

SCALING COST
ITFM FACTOR (9S)

Site work & foundations .60 86.5
boiler .68 3910.3
Boiler house .50 531.2
ruel handling & storage .40 965.1
Ash handling .40 350.2
Electrical & piping .80 306.5
Baghouse .80 676.4

Subtotal 6856.3
Indirects (30%) 2056.9
Contingency (20%) 1782.6

Total 10695.8
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Table A.24 Field erected pulverized coal boiler - 0&t costs

Technology: FIELD ERECTED PULVERIZED COAL, 50-500 MBTU/1! OUTPUT

Output hat (M A -u/h) 100.0 COAL. LIME, ASH
Fuel to steam/WTH ot. - .80 Ash fraction -.AO

Capacit> factor - .60 S fraction - .025
Ash disposal price (*/con)- 10.00 llV (Bcu/lb) - 12000
Electric price (c€ncs/kthi)- 5.00 Ton coAl/y*ar - 27375

Labor r4o (K$/yoa r) - 35.00 Ca/S ratio 1.30
HydCA liMe price (S/ton) - 40.00 Inerts/CaO Crc c- .05

Ton sorben/year - 2139
Wste/sorbonc - 1.558

SCALING
(rATFCORY FACTOR COST (K~S)
Direct manpower (f) .18 631.3
Repair labor 6 matcriAls (f) .36 "73.9
Electricity (c) 1.00 149.1
Electricity inc. baghso (v) 1.00 59.9
BAhouse (f) .36 33.6
lydrated lim (v) 1.00 85.6
Ash disposal (v) 1.00 60.7
POD system (f) .40 242.9
FGO system (v) 1.00 52.6

onfuel 00 total - no FGD 1275.2

Nonfuol 0&4 total with FGD 1689.6

Table A.25 Field erected pulverited
coal boiler - capital investment

Technology* PULVERIZED Size (MBtu/h)
COAL. 50-500 MBTU/1l Output heat - 100.0

SCALING COST
7TF.M FACTOR (0S)..

Site work & foundations .60 86.5
Boiler .68 3509.6
Pulverizers .60 808.3
Boiler house .50 531.2
Fuel handlin5 & storage .40 890.3
Ash handling .40 350.2
Electrical & piping .80 306.5
Baghouse .80 676.4
FGD lime spray-dry scrubber .70 1381.5

Subtotal 8540.6
Indirects (30%) 2562.2
Contingency (20%) 2220.5

Total 13323.3
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Table A.26 Circulating FBC boiler - 06'i costs

Technology: FIELD ERECTED CIRCULATING FBC BOILER,
50-500 HBTU/I! OUTPUT

Output heat (MBcu/h) - 100.0 COAL, LIMESTONE, ASH
Fuel to steam/IITW off. - .81 Ash fraction - .10

Capacity factor - .60 S fraction - .025
Asti disposal price ($/con)- 10.00 liIV (Btu/lb) - 12000
Electric price (cents/kWh)- 5.00 Ton coal/yar - 27037

Labor rate (K$/year) - 35.00 Ca/S ratio - 2.00
Limestone price ($/con) - 20.00 Inert fraction - .05

Ton sorbent/year - 4447
aste/sorbent - .988

SCALING
CATEGORY FACTOR COST (K2
Direct manpower (f) .18 631.3
Repair labor & materials (f) .36 396.2
Electricity (f) 1.00 49.0
Electricity inc. baghse (v) 1.00 107.3
Baghouse (f) .36 33.6
Limestone (v) 1.00 88.9
Ash disposal (v) 1.00 71.0

Nonfuel O&K total 1377.3

Table A.27 Circulating FEC boiler
- capital investment

Technology: CIRCULATING Size (mBtu/h)
FBC, 50-500 MBTU/H1 Output heat - 100.0

SCALING COST
_ TEM FACTOR (KS),

Site work & foundations .60 86.5
Boiler .74 5312.2
Now boiler house .50 664.0
Fuel handling & storage .40 953.6
Ash handling .40 350.2
Electrical & piping .80 306.5
Baghouse .80 676.4

Subtotal 8349.4
Indirects (30%) 2504.8
Contingency (20%) 2170.9

Total 13025.1
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given by the computer spreadsheets do not adhere to rules for signifi-

cant figures, because such adherence would greatly complicate the pro-

gramming.

For most 9f the technologies there are two cost spreadsheets, one

to estimate yearly O& costs and one to estimate capital investment

requirements. The one exception to this is the slagging combustor

technology, which uses the 0M cost estimate made for the micronized

coal system; therefore there is no separate O& spreadsheet specifically

tailored for slagging combustor technology. Not enough information is

currently available to estimate operating cost differences between the

two technologies.

A few items on the top portion of the spreadsheet tables are tech-

nology-specific input parameters that need to be discussed. Many of the

parameters from the input file spreadsheet (Table A.2) are repeated on

each O&M spreadsheet. In addition to these, the fuel-to-steam effi-

ciency is defined, and parameters are included to define limestone needs

and ash-disposal requirements.

Table A.3 is the O&M cost spreadsheet for micronized coal refit

technology and has input parameters typical of most of the coal tech-

nologies. The fuel-to-steam efficiency listed is defined as the ratio

of net heat output energy to input fuel heating content (based on higher

heating value). This ratio is intended to represent a yearly average.

The Ca/S ratio (calcium to sulfur ratio) defines the required Mole ratio

of calcium in the limestone or time to the amount of sulfur present in

the coal. The values listed for yearly use of coal and Limestone and

yearly production of ash (coal ash and spent sorbent) are calculated

from the other values given. Another new input parameter is waite/

sorbent, which is the mass ratio of waste produced from the sorbent

(lime or limestone) to the input aorbent. This ratio has been calcu-

lated outside the computer program and depends on the technology-

specific chemical change%) expected to take place.

A size range is given for each technology and is listed as 10 to

200 HBtu/h for the micronized coal technology spreadsheets (Tables A.3

and A.4). These size ranges listed indicate the size range possible for
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a single unit (combustor train or boiler) of the given technology. For

the field-erected boiler technologies (Tables A.20 to A.27), the maximum

size is given as 500 MHBtu/h output steam. This represents the upper

range for which the cost equations were developed, rather than the

technology limit. Also, boilers beyond 500-MBtu/h output capacity are

not of interest to this study.

The spreadsheets for capital cost estimation have two input parame-

ters that need to be explained. In Table A.4 a value is given for the

number of units (two in this case). The number of units is calculated

by considering the size limits of the technology and the existing

boilers to be converted. When multiple units are to be employed, a cost

factor is used that is listed as the "multiple unit multiplier." The

total capital cost for a single unit is calculated and then multiplied

by this factor to obtain the project capital cost. In the cost model

presented here, it is assumed that a second unit costs 85% at much as

the first unit, and any additional units cost the same as the second

unit. This "discount" is thought to be realistic based on experience

with multiple-packaged boiler units. This same factor is applied to all

technologies other than the field-erected boilers.

The two parameters discussed in the previous paragraph are not

applied to field-erected boiler installations. The computer program

makes no provision for multiple field-erected boiler projects. Evalua-

tion of such a project could be accomplished using this cost model with

some additional calculations.

All of the technology cost spreadsheets have a column labeled
"scaling factor" in the itemized-cost table portion. In general, the

cost of an item is scaled by the size (output heat rating) of the boiler

system. The scaling factors are the exponent of the power function used

to calculate cost as described previously.

The spreadsheet shown in Table A.28 vis developed to estimate O&

costs for packaged oil and natural gas-fired boilers. Comparisons can

then be made between the costs for installing coal technologies and con-

tinued firing of gas or oil in existing heating plants. These costs

should also be typical of field-erected oil and gas boilers or coal
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Table A.28 Packaged oil/gas boiler - 0&M c'ists

Technology: PACKAGED OIL/GAS BOILER
SIZE 10-200 MBTU/11

Total heat output (HBtu/h) - 100.0 Labor rate (KS/year) - 35.00
Fuel to steam/T11W off. - .80 Elec. price (cents/kWh)- 5.00

Capacity factor - .60

SCALING
CATEGORY FACTOR COST (K$)
Direct manpower (f) .21 481.2
Repair labor & materials (f) .55 232.9
Electricity (f) 1.00 32.1
Electricity (v) 1.00 44.9

Nonfuel O&M total 791.0

boilers that were convert-ed to oil/gas firing. Exceptions to this may

occur for boilers in poor condition that need more maintenance than

usual.

It also should be mentioned that OM costs do vary somewhat with

fuel. For example, distillate oil firing may require slightly more

maintenance than gas firing because of the oil delivery, storage, and

pumping systems. Similarly, residual oil firing will require more O&M

cost than either gas or distillate oil. Because these differences are

relatively minor, the O&H costs are treated as identical to simplify the

program.

A.4.3 Suiary Spreadsheet

A summary spreadsheet is incLuded at the end of the cost model that

compares the costs of simulated projects using each technology. Results

for the example case are shown in Table A.29. These results can be used

as input into a life-cycle cost model or other evaluation model to

compare options.
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Table A.29 Computer program results - summary spreadsheet

2 X 50 HBTU/H. REFTIVREPLACEMENT. WITH SO2 CONTROL: TEST CASE
Heating system size - 100.0 MBTU/h
Heating system cap. factor- .60
Number of units for refit - 2 Primary fuel is NATURAL GAS

FJEL/ NO, TOTAL ANNUAL ANNUAL
STEAM OF CAPITAL 0 & H FUEL

TECHNOLOGY EFF. UNITS (KS) (KS) (KS)
Micronized coal refit .80 2 5584.8 1555.2 985.5

Slagging comb. .80 2 8944.0 1555.2 985.5
BFBC add-on unit .79 2 10085.6 1468.5 998.0

Stoker firing refit .74 2 7919.1 IS44.2 1243.0
Coal/water slurry .75 2 5660.1 1405.4 2102.4
Coal/oil slurry .78 2 4644.8 1141.4 2358.5

Low Btu gasifier .66 2 8951.5 1774.2 1396.6
Packaged shell stoker .74 2 8830.8 1644.2 1243.0
Packaged shell FBC .76 2 8712.1 1477.4 1037.4
Field erected stoker .78 1 11718.7 1524.6 1179.2
Field erected FBC .80 1 10695.8 1438.0 985.5

Pulverized coal boiler .80 1 13323.3 1689.6 985.5
Circulating FBC .81 1 13025.1 1377.3 973.3

Natural gas boiler .80 EXISTING SYSTEM 791.0 2299.5
#2 oil fired boiler .80 EXISTING SYSTEM 791.0 3094.5
#6 oil fired boiler .80 EXISTING SYSTEM 791.0 2411.2
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