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1.0 OVERVIEW

This document was prepared to provide background information on the small
steam generating unit (i.e., boiler) source category [i.e., steam generators
rated at 29.3 MW (100 million Btu/hour) heat input or less] in support of
potential new source performance standards (NSPS). Fossil and nonfossil fuels
discussed and analyzed include natural gas, oil, coal, solid waste, and wood.

This document contains information on the use of small boilers in
different applications and an assessment of controlled and uncontrolled
emissions from different configurations of boilers firing fossil and nonfossil
fuels. Costs and emission Tevels for several model boiler configurations
meeting alternative control levels are also presented. The information has
been compiled from available sources, primarily documents used in the
development of background information for proposed NSPS (40 CFR Part 60,
Subpart Db) for industrial boilers of heat input capacity greater than 29.3 MW
(100 million Btu/hour). The information has been compiled herein as a summary
specific to the small boiler source category. ,

Section 2 presents descriptions of the small boilers which make up the
source category, estimates of the current population of small boilers, a
review of existing regulations limiting their emissions, and projections of
baseline emissions expected in the absence of NSPS. Section 3 provides a
comprehensive review and evaluation of the control techniques which are being
used to limit emissions of part%cu]ate matter (PM), sulfur dioxide (SOZ)’ and
nitrogen oxides (NOX) from small boilers. Based on the information in Section
2, model boilers are developed in Section 4 to represent the predominant types
of boilers to be installed in the near future which would be subject to
potential NSPS. In addition, based on the data presented in Section 3,
emission 1imits and control techniques are selected for each model boiler
which are representative of both baseline emission levels and one or two
levels of more stringent emissions control. Capital, operating, and
annualized costs which would be required of new small boiler operations to
meet the baseline and more stringent emission control alternatives are



estimated on a model boiler basis in Section 5. The costs associated with the
more stringent control alternatives are compared to the baseline emissions
costs. Finally, in Section 6, the emissions of PM, 502’ and NOx associated
with all control alternatives are estimated on a model boiler basis and the
emission reductions of the more stringent control alternatives relative to the
baseline are calculated.
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2.0 CHARACTERISTICS OF THE SMALL STEAM GENERATING UNIT SOURCE CATEGORY

2.1 GENERAL CHARACTERISTICS

In this section, small steam generating units (i.e., boilers) are
described and classified by design type and fuel use. The existing
population of small boilers is characterized by design type, capacity, and
fuel usage. Existing regulations applicable to small boilers are reviewed
and used as the basis for projecting baseline emissions. Baseline emissions
correspond to emissions from new small boilers expected in the absence of
new source performance standards.

Unlike larger industrial boilers, small boilers are predominantly of
the shop-assembled, or packaged, method of construction with very few
field-erected units. Therefore, shop-assembled boilers will be considered
the predominant construction method for this source category.

2.1.1 Small Boiler Source Category

The small boiler source category is large and diverse, characterized by
a number of different boiler types, fuels, and applications. Small boilers
are defined as industrial, commercial, or institutional steam generating
units with heat input capacities of 29.3 MW (100 mi1lion Btu/hour) or less.
Small boilers burn fossil and nonfossil fuels including natural gas,
distillate oil, residual oil, coal, wood, municipal solid waste (MSW),
Industrial Solid Waste (ISW), Refuse Derived Fuel (RDF) and combinations of
these fuels. Of these, the first four are commonly recognized fuels. Wood
includes various types ranging from sawdust to wood bark. Municipal solid
waste consists of wood, paper, metal, glass, and garbage. The exact '
constituents of MSW may vary both seasonally and geographically. Industrial
solid waste includes processing wastes and plant trash such as paper,
cardboard, plastic, rubber, textiles, wood, and refuse. A subcategory of
MSW and ISW is RDF, which is waste which has been processed or classified to
remove some of the noncombustibles and produce a fuel of more uniform
particle size.
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Particulate matter (PM), sulfur dioxide (502)’ and nitrogen oxides
(NOX) are the pollutants emitted to the atmosphere from these sources that
will be considered in this document.

Small boilers are used in a variety of applications in the industrial,
commercial, and institutional sectors. Boilers in the industrial sector may
be used for space heating and for process steam; while boilers in the
commercial and institutional sectors are used primarily for space heating
and water heating.

2.1.2 Classification of Small Boilers

There are three principal design types of small boilers: cast iron,
firetube, and watertube. The following sections describe the design,
typical size range, and fuels burned for each principal small boiler type.
A more detailed description and illustration of each boiler type is
presented in the Background Information Document for Industrial Boﬂers.1

2.1.2.1 cast Iron Boilers. Cast iron boilers are built such that the

hot combustion gases are contained inside tubes--that is, in a furnace--
which, in turn, are surrounded by water. Heat from the gases transfers
through the walls of the tubes or furnace to heat the surrounding water. As
the name implies, these boilers are constructed of cast iron rather than
steel. Boiler sizes can range from 0.0009 to 2.9 MW (0.003 to 10 million
Btu/hour) heat input. Most cast iron boilers, however, are smaller than 0.12
MW (0.4 million Btu/hour) heat input, with very few larger than 0.44 MW (1.5
million Btu/hour). Cast iron boilers primarily fire natural gas or
distillate oil.

2.1.2.2 Firetube Boilers. In firetube boilers, the hot combustion
gases flow through a cylindrical or rectangular furnace and tubes that are

surrounded by water. The tubes are typically horizontal and the gases may
make as many as four passes along the length of the boiler before exiting
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to a stack. Firetube boilers are almost exclusively packaged units. There
are two major types of firetube boilers: firebox boilers and Scotch Marine
boilers.

2.1.2.2.1 Firebox boilers. Firebox boilers are built with a single
internal steel furnace which is surrounded by water. Combustion gases leave
this furnace and make at most three passes through the firetubes, also
surrounded by water, before exiting the boiler.

These boilers are rectangular, short, compact, and require proper
matching of the burner flame length and furnace volume. Generally, firebox
boiler sizes are below 5.9 MW (20 million Btu/hour) heat input.2 A variety
of fuels including natural gas, distillate and residual oil, and coal can be
fired in the boilers. A boiler efficiency of 80 percent is typical for
these boi]ers.3

2.1.2.2.2 Scotch Marine boilers. Like firebox boilers, Scotch-Marine

boilers are also compact, self-contained units which require minimal space
for instaﬂation.4 Scotch Marine boilers are cylindrical in shape,

however, with one or more water-cooled cylindrical chambers where combustion
occurs. Combustion gases leave the rear of the chambers and make two to
four firetube passes before exiting to the stack at the front of the boiler.
The combustion chambers of a Scotch Marine boiler are either of wet-back or
dry-back design. A wet-back boiler has a rear wall surrounded by water; a
dry-back boiler has its rear wall insulated by refractory.

Scotch Marine boilers are manufactured in sizes up to 14.7 MW (50
million Btu/hour) heat input and generally fire natural gas, oil, or gas/oil
combinations. Boiler efficiency is approximately 80 percent.5

There are a number of advantages in using firetube boilers over
watertube boilers. These include:

0 Lower costs than watertube boilers without economizers,

0 More rapid response to load swings,
0 Easier tube replacement,
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Less space required,
Greater corrosion resistance, and

0 Higher thermal efficiencies (compared to watertube boilers without
heat recovery auxiliaries).6

2.1.2.3 2ggkgggﬂ_ﬂg;gr;ggg_ﬁgjlgrg. The packaged watertube boiler is

the most common type of watertube boiler below 29.3 MW (100 million
Btu/hour) heat input. There are approximately 50 percent more packaged
watertube boilers than field-erected units between 2.9 and 29.3 MW (10 and
100 mi1lion Btu/hour) heat input.7 The popularity of packaged watertube
boilers in this size range is primarily due to lower capital costs.

In a watertube boiler, the hot combustion gases surround the outside of
the boiler tubes while water and/or steam are contained within the tubes.
Heat is transferred from the gases, across the tube wall, to the water or
steam. Each tube is connected to an upper and a lower steam drum.

Packaged watertube boilers are used in commercial, institutional, and
industrial applications and are generally available in sizes greater than
2.9 MW (10 million Btu/hour) heat input. Natural gas, distillate oil1, and
residual oil can be fired in these boilers. For coal and other solid fuel
burning, stoker boilers and fluidized bed combustion units, which are also
types of watertube boilers, are normally used.

2.1.2.4 Stoker Bojlers. A stoker is a watertube boiler in which coal,
wood, MSW, or other solid fuels are conveyed and fed onto a grate where the

fuel is burned. Stokers are classified into three types according to the
way they introduce fuel into the furnace: spreader, underfeed, and overfeed
(or massfeed) stokers.

Stoker boilers can be either Packaged or field-erected. Packaged
boilers are available in sizes up to 14.7 MW (50 million Btu/hour) heat
input.8 These boilers are usually preferred in this size range because they
are less expensive than field-erected boilers.
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2.1.2.4.1 Spreader stokers. 1In spreader stokers, fuel is thrown to

the rear of the furnace grate by a rotary feeder. There are basically three
types of spreader stokers distinguished by grate design. These are
stationary and dumping, traveling, and vibrating grates. The traveling
grate spreader stoker is typically used on larger sized stokers, while the
stationary and dumping grate and vibrating grate stokers are used mostly on
small and medium-sized boilers. :

The following heat release rates (calculated as the heat input at full
load per effective gfate area in kilojoules per second per square meter
[kJ/sec-mZ]) are the maximum allowable rates for coal operation recommended
by a leading vendor for each type of spreader stoker:9

0 Stationary and dumping grate - 1,420 kJ/sec-m2

(450,000 Btu/hour-ft2)
0 Traveling grate - 2,365 kJ/sec-m2 (750,000 Btu/hour-ftz)
o Vibrating grate - 1,262 kJ/sec—m2 (400,000 Btu/hour-ftz)

These maximum allowable heat release rates assume the use of coals suitable
for each stoker type and are designed to avoid grate overheating and
premature failure. The traveling grate spreader stoker is usually preferred
by industrial users due to its high allowable heat release rate. These
stokers tend to emit higher Nox emissions, however, because of their higher
heat release rates compared to the other two types of spreader stokers.10

Overfire air ports provide additional air needed to burn the suspended
fuel above the stoker grate. Usually two rows of overfire air ports are
installed on the rear furnace wall and one row is placed on the front
furnace wall.ll Increasing the overfire air and reducing the undergrate air
to achieve higher than normal levels of air staging in spreader stokers can
lead to operational problems such as clinker formation and grate
overheating.12

Among the various stoker types, the spreader stoker is the most
generally used in capacities of 14.7 MW (50 million Btu/hour) heat input and
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above. This is due to their rapid response to load swings and their ability
to burn a wide range of fue]s.13

2.1.2.4.2 \Underfeed stokers. Underfeed stokers feed the fuel, usually
coal, through a retort below the burning fuel bed. Two common types of

underfeed stokers used in this source category are the single
retort/horizontal feed stoker and the multiple retort/gravity feed stoker.
In the single retort/horizontal feed stoker, fuel is moved from a feed
hopper to a single trough or retort by a fuel ram. Once in the retort, the
fuel burns and is moved to the rear furnace wall by pusher blocks. Then it
is conveyed upward and spread over the air tuyeres. As more fuel is pushed
over the air tuyeres, the excess or spent fuel is dumped to a side dumping
'grate. Overfire air ports are used to reduce smoke and particulate
emissions, especially at low loads. 14

Single retort stokers have either stationary or moving grates. Most
stationary grate underfeed stokers have heat input capacities between 2.9
and 5.9 MW (10 and 20 million Btu/hour). While the moving grate underfeed
stokers are available in sizes up to 10.2 MW (35 mi1lion Btu/hour) heat
input, the maximum allowable heat release rate for coal operation
recommended for these stokers on an effective grate area basis is 1,351
kJ/sec- m (425,000 Btu/hour- ft ). 15 These small underfeed stokers are used
principally for space heating and are usually installed in sizes of less
than 10.2 MW (35 million Btu/hour) heat input.16

In multiple retort/gravity feed stokers, the fuel is fed from the fuel
hopper to inclined retorts and grates. The retorts and grates are usually
inclined by 20 to 25 degrees.l7 Excess fuel and ash are spread over the air
tuyeres and dumped via gravity onto an ash discharge plate.

Multiple retort/gravity feed stokers are available in larger sizes than
are the single retort/horizontal feed stokers. However, large underfeed
stokers have been largely displaced by spreader stokers in the intermediate
size range.18 Hence, few underfeed stokers greater than 10.2 MW (35 million
- Btu/hour) heat input are currently being sold.
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2.1.2.4.3 Qverfeed or massfeed stokers. In this type stoker, fuel is

fed by gravity from above the combustion zone and falls onto a moving
grate. The fuel, usually coal, is burned as the grate moves along the
furnace. Municipal solid waste and wood can also be fired in this type of
stoker. Ash is then dumped into an ash pit near the end of the furnace.

Overfeed stokers are generally characterized as either chain grate (or
traveling grate) units or water-cooled vibrating grate units. For chain
grate units, the amount of grate cooling depends solely on the air flow
through the grate. Since water is used to cool a vibrating grate, this type
of overfeed stoker can operate at lower excess air levels than chain grate
units, thereby further improving both boiler efficiency and NO emission
reduct1on potential. 19

Overfire air ports can also be incorporated into the design of overfeed
stokers. The air flow from these ports is controlled separately from the
primary air flowing under the grate.20 Depending upon the type of coal
fired, the recommended maximum allowable heat release rates based on
effective grate area range between 1,112 and 1,589 kJ/sec- m (350,000 and
500,000 Btu/hour- ft ). Overfeed stokers are typically available in sizes

ranging from 5.9 MW (20 million Btu/hour) to 73.3 MW (250 million Btu/hour)
heat input.21

2.1.2.5 A1hnsnhsr1s_Eluidizgd_Bgd_snmhuilinn_Bgilgri. Atmospheric

fluidized bed combustion (AFBC) boilers have developed rapidly over the past
few years and are now offered commercially in several different
configurations primarily for coal and wood combustion. The increasing
popularity of AFBC boilers is due to two reasons. First, NO and SO2
emissions from coal combustion can be controlled within the combustlon
chamber thereby eliminating the need for scrubbers, compliance coal, or
elaborate combustion modifications. Secondly, a wide range of solid fuels
can be burned, in particular fuels containing high ash and moisture
contents. Seventeen U.S. boiler manufacturers currently offer AFBC boilers
in sizes below 29.3 MW (100 million Btu/hour), with some offering units down
to 0.6 MW (2 million Btu/hour) heat input.2
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Design alternatives which are currently available include the
conventional bubbling fluidized bed (with or without solids recycle), staged
fluidized beds, and circulating fluidized beds.23

2.1.2.5.1 Bubbling bed EBC boilers. In the conventional bubbling bed

system, fuel and sorbent (usually coal and limestone) are continuously fed
into a bed of fluidized particles. The limestone is added for SO2 removal.

- The fluidized bed, consisting of unreacted, calcined, and sulfated limestone
particles; coal; and ash, is suspended in a stream of combustion ajr blowing
upwards from an air distribution plate.

Bed material is drained from the bottom of the bed. Some bed material
is also elutriated by entrainment with the combustion gases. This entrained
material is separated from the gases by a cyclone, baghouse, electrostatic
precipitator, or a combination of these devices. The collected material,
along with the bed drain material, is then discarded as a solid waste. A
more detailed description of conventional bubbling bed AFBC boilers is
presented in another report.24 |

In an AFBC boiler with solids recycle, flue gas with entrained bed
material passes through a primary cyclone where 80 to 90 percent of the
entrained material is removed.25 A1l or part of this material is then fed
back to the fluidized bed. The net effect of solids recycle is to increase
fuel and sorbent residence times in the bed, which leads to improvements in
combustion efficiency and SO2 contro].26

Staging of combustion air in conventional bubbling bed units is a
recently developed option which reduces NOx emissions.27 A
substoichiometric amount of air is added at the fluidizing air (primary air)
injection point. The balance of the air needed to achieve adequate '
combustion efficiency is added above the bed. This allows the combustion to
be completed in the freeboard area (i.e., space between the top of the
fluidized bed and the flue gas outlet).

2.1.2.5.2 Staged bed FBC boilers. For coal operation, another

approach to minimizing NOx formation while maximizing SO2 retention in
fluidized beds is to actually operate the FBC unit with two separate beds.
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In this arrangement, one bed is placed above the other. The lower bed
contains only coal and is operated at substoichiometric air conditions to
limit N0x formation. Limestone only is maintained in the upper bed where
desulfurization and final combustion occur. Since SO2 capture and NOx
formation occur in separate beds, operating conditions in the two beds can
be varied independently to achieve the desired performance.

2.1.2.5.3 Circulating bed FBC boilers. Another recently developed

AFBC technology for coal combustion involves a circulating fluidized bed
(CFB).28 Similar technology was originally used in other applications such
as fluidized catalytic cracking of petroleum feedstocks. Several CFB boiler
systems have been developed.

Circulating fluidized bed systems are characterized by higher gas
velocities, resulting in better mixing and reduced particle channeling
in larger-sized units. Circulating fluidized beds are operated by
circulating the solids, which generally leads to improved combustion
efficiency and limestone utilization. Staging of combustion air to reduce
NOX emissions is also a design option. Various designs incorporating
separate heat recovery systems and/or multiple beds can result in improved
turndown capabilities relative to conventional AFBC systems.

However, CFB boilers are generally larger in size, resulting in greater
capital costs and energy requirements (due to higher bed pressure drops)
compared to bubbling bed units. As a result of these factors, CFB units are
not prevalent in the small boiler size range; only three units in the small
boiler size range were reported in a February 1985 survey.29

2.1.2.6 small Modular Incinerators With Heat Recovery. In addition to

overfeed stokers, MSW is also combusted in small modular incinerators and
rotary combustors which fall within the small boiler source category.
Combustion of MSW in small modular incinerators (SMI) was introduced in
the late 1960’s. These units are shop fabricated on a packaged basis. They
- are batch-fed using a ram to push the MSW into the primary combustion
chamber. To accommodate expansion in burning capacity for small towns and
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industries, the modular boiler system is designed to allow installation of
additional units in modules as refuse generation 1ncreases.30

The boiler of a typical SMI consists of an incinerator with primary and
secondary combustion chambers. Units of this type are commonly referred to
as "controlled air" boilers because the air in the primary combustion
chamber is limited to minimize ash and fuel entrainment. Controlled air
boilers are grouped into two main categories according to the degree of
combustion, complete or partial, achieved in the primary chamber. Since
complete combustion requires excess air and partial combustion entails
substoichiometric conditions, these units are categorized as excess air
incinerators and "starved air" incinerators, respectively. Steam
generation, or water heating, takes Place in a waste heat boiler where heat
Afrom the incinerator flue gases is recovered before the gases exit the
stack. Small modular incinerators typically combust refuse at around 820°C
(1500°F) in the primary chamber and at 1000°C (1900°F) in the secondary
chamber.

Controlled air incinerators are produced in sizes as small as 1.3 MW
(4.5 million Btu/hour) heat input. The largest controlled air incinerator
sizes are 11.1 MW (38 million Btu/hour) heat input for starved air

incinerators and over 29.3 MW (100 million Btu/hour) for excess air
incinerators.31’32

2.1.2.7 Rotary Combustors. Another boiler type used for MSW

combustion is a rotary combustor. In this system, MSW is continuously fed
into the elevated end of a water-cooled cylindrical combustor. Dry
materials burn first, providing heat for drying and burning wet materials.
About 95 percent of the combustibles burn as they tumble down the combustor.
The remaining combustibles are burned on an inclined grate in a waterwall
boiler. Heat transfer occurs through the walls of the combustor as well as
between hot combustion gases and watertubes located in the boiler.

Specific advantages claimed for this type of boiler are that no
refractory is required; there are no moving or reciprocating grates; and an
overall efficiency of over 70 percent (versus an efficiency of about 55
percent for small modular incinerators) is typica1.33
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Rotary combustor boilers range in size from 6.4 to over 29.3 MW (22 to
over 100 million Btu/hour) heat input.34 At the present time, only one unit
firing MSW is in operation. However, these boilers may become more

prevalent in the future in view of the operating characteristics discussed
above.

2.2 EXISTING SMALL BOILER POPULATION AND FUEL USAGE PATTERNS

The existing population of small boilers can be divided into two major
fuel use categories: fossil fuel-fired boilers and nonfossil fuel-fired
boilers. The first category contains boilers firing natural gas, oil, or
coal, or combinations of these fuels. Boilers in the second category burn
vnonfossil materials which include wood and solid waste.

This section describes the existing population of small boilers with
respect to number, capacity, size distribution, and fuel use.

2.2.1 Fossil Fyel-Fired Bojlers

A study performed in 1979 for the EPA provides detailed information on
the number of industrial, commercial, and institutional (ICI) boilers,
installed capacity, boiler design, fuel type, and application for existing
boilers in 1977.35 This study showed that ICI boilers with heat input
capacities of 29.3 MW (100 million Btu/hour) or less represent over 99
percent of the total ICI population and about 70 percent of the total ICI
capacity.

Table 2-1 summarizes sales data obtained from the Hydronics Institute
(HI) for cast iron boilers and the American Boiler Manufacturers Association
(ABMA) for firetube and watertube boilers from 1975 through 1984. U§ing
these sales data, it is possible to estimate the existing boiler population
in 1984 using certain assumptions regarding boiler distribution and the
ratio of "new growth" to replacement boilers. It was assumed that 50
percent of the cast iron boiler sales represent replacement boilers and that
27 percent of the firetube boiler sales represent replacement boilers.36
For watertube boilers, no boilers were assumed to be replaced. Using these
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assumptions, the projected 1984 boiler population represents nearly a 5
percent increase over the 1977 population of cast iron boilers predicted by
Reference 35, about a 13 percent increase over the firetube population, and
a 3 percent increase over the watertube population. Assuming the same
distribution of boiler sizes and fuel types as predicted by Reference 35,
the estimated 1984 population of small boilers is shown in Table 2-2.

Table 2-2 presents the distribution of existing ICI boilers smaller
than or equal to 29.3 MW (100 million Btu/hour) heat input by size, fuel
type, and boiler type. Table 2-2 shows that about 80 percent of the boilers
are cast iron boilers, 16 percent are firetubes, and 4 percent are
watertubes. However, watertube boilers have the largest installed capacity,
followed by firetubes, with cast iron boilers having the smallest installed
Capacity. Table 2-2 also shows that natural gas- and distillate o0il-fired
boilers represent about 67 percent of the total number of boilers and about
58 percent of the total installed capacity. Residual oil-fired boilers
represent about 22 percent of the total number of boilers and about 28
percent of the total capacity, while coal-fired boilers represent about 11
percent of the total number of boilers and 14 percent of the total capacity.

Since actual fuel consumption data for boilers with heat input
capacities of 29.3 MW (100 million Btu/hour) or less are generally
unavailable, a study was conducted to estimate 1980 fuel consumption in
these boilers. This study made use of data presented in Reference 35, as
well as data in an Energy Information Administration (EIA) report, and
certain key assumptions which will be discussed in this section.39’40

The EIA report is a survey of the 1980 energy use in non-residential
buildings and provides information on the amount of floorspace, the energy-
use intensity, and typical boiler operating hours for various types of
buildings (e.g., education, offices, assembly, health care). This
information is summarized in Table 2-3. The weighted average annual
operating rate based on fuel consumption is about 3,300 hours/year. In
Reference 35, it was assumed that boilers in the commercial/institutional
sector operate at an effective capacity which is 70 percent of the installed
or nominal capacity. The basis for this assumption is that the installed
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capacity exceeds normal requirements because of the need to maintain some
back-up capacity in the event of failure or to provide for peak load steam
demands. An effective capacity of 70 percent combined with an operating
rate of 3,300 hours/year yields an average capacity utilization factor of
0.26.

The National Emissions Data Survey (NEDS) contains site-specific
information on fuel consumption which can be used to estimate the average
annual capacity factor for boilers of various sizes, fuel types, and
app]ications.46 A qualitative review of the NEDS data showed that the
annual capacity factors can range from less than 5 percent to 100 percent of
the installed capacity for a particular boiler. The NEDS data showed that
the average capacity factor did not vary significantly by boiler size, fuel
fired, or application, with all categories examined having an average
capacity factor of 0.20 to 0.40. Thus the NEDS data support the
reasonableness of the average capacity factor estimate of 0.26 derived in
Reference 35 for boilers of 29.3 MW (100 million Btu/hour) heat input or
less.

Table 2-4 presents estimates of fuel consumption by boiler size range
and fuel type, assuming an average capacity factor of 0.26. Table 2-4 shows
that natural gas/distillate oil represents 58 percent, residual oil
represents 28 percent, and coal represents 14 percent of all fuel consumed
in ICI boilers with heat input capacities of 29.3 MW (100 million Btu/hour)
or less. Table 2-4 further shows that natural gas/distillate o0il
consumption decreases significantly as boiler size increases, whereas

residual oil consumption and coal consumption remain relatively constant
across all size ranges.

2.2.2 Nonfossil Fuel-Fired Boilers

Information on the existing population and distribution of nonfossil
fuel-fired boilers with heat input capacities equal to or less than 29.3 MW
(100 million Btu/hour) is not as detailed as that for fossil fuel-fired
boilers. A study was conducted in 1982 to characterize the existing
population and the projected growth of industrial nonfossil fuel-fired
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boi]ers.47 Of the various information sources available, this study is the

most useful as it attempts to characterize the nonfossil fuel-fired boiler
population by boiler size range. Table 2-5 presents the 1978 and 1980
populations of nonfossil fuel-fired boilers. The NEDS database was used to
estimate the population of wood-fired boilers in 1978.48’49

Sales data for nonfossil fuel-fired boilers with heat input capacities
of 29.3 MW (100 million Btu/hour) or less for 1980 and later are not readily
available. Table 2-6 presents estimates of average annual sales for new
nonfossil fuel-fired boilers of 29.3 MW (100 million Btu/hour) heat input or
less from 1980 through 1990. These projections are based on historical
sales data and predictions of future growth by ABMA and other sources.50

Historical sales data for bagasse-fired units indicate that sales of
hnits with heat input capacities of 29.3 Mw (100 million Btu/hour) or less
declined markedly in the 1970’s and represented less than 2 percent of total
sales in 1980. Although agricultural wastes such as peanut hulls, cotton
gin trash, peach pits, corn husks, walnut shells, and olive pits may be
burned as a boiler fuel, these wastes are generally more valuable as a
chemical or animal feedstock. Thus, no new boilers designed specifically to
fire agricultural wastes are expected to be built in the foreseeable future.
Some FBC units may be built in this size range which burn agricultural
wastes as a secondary fuel.

Table 2-7 presents estimates of the 1984 population of nonfossil
fuel-fired boilers. These estimates are based on data on the existing
population and boiler sales projections. It was assumed that 95 percent of
the wood-fired boiler sales represent new growth and 100 percent of the
solid waste-fired boiler sales represent new growth.51 These assumptions
are reasonable since most existing nonfossil fuel-fired boilers are
relatively new. Table 2-7 shows that approximately 1,400 wood-fired boilers
with an installed heat input capacity of 12.1 GW (41.2 billion Btu/hour) and
800 solid waste-fired boilers with an installed heat input capacity of

4.1 GW (14.0 billion Btu/hour) are estimated in the 1984 small boiler
population.
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TABLE 2-5.

1978 AND 1980 POPULATIONS OF NONFOSSIL FUEL-FIRED BOILERS°Z

Fuel?

1978 Boiler population 1980 Boiler population
Heat input Heat input
capscity Number of capgcity Number of

MW (10™ Btu/hr) boilers MW (10 Btu/hr) boilers

Wood

Solid Waste
MSWP
RDF
MSW, ISWC

30,692 (104,750) 1,600 34,164 (116,600) 1,660

681 (2,325) 20 805 (2,747) 22
166 (567) 5 1,241 (4,236) 15
209 (714) 57 610 (2,082) 166

2 Msw
RDF
ISW

b
recovery.

municipal solid waste
refuse derived fuel
industrial solid waste

Does not include MSW-fired small modular incinerators (SMI) with heat

CIncludes only SMI.
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TABLE 2-6. PROJECTED ANNUAL SALES OF wOOD 53
FUEL-FIRED BOILERS (1980 - 1990)

Boiler_ size range, Avergge size, Number of Insta118d capacity,
MW (10° Btu/hour) MW (10" Btu/hour) boilers MW (10~ Btu/hour)
heat {input
0-14.7 (0-50) 10.7 (36.6) 7 76.2  (260)
14.7-29.3 (50-100) 22.8 (77.7) 15 342.8 (1,170)
Total 22 419.0 (1,430)
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TABLE 2-7. ESTIMATED NONFOSSIL FUEL~-FIRED BOILER POPULATION IN 19842

Boi1er6size range, Number of Igsta]Tedgcapacity
Fuel MW (10~ Btu/hour) botlers 10 MW (10~ Btu/hour)
heat input
Wood 0-14.7 (0-50) 1,106 5.2 (17.8)
14.7-29.3 (50-100) 297 6.9 (23.4)
Total 1,403 12,1 (41.2)
Solid Waste 0-14.7 (0-50) 760 3.1 (10.6)
14.7-29.3 (50-100) 41 1.0 (3.4)
Total 801 4.1 (14.0)
%Based on data presented in Reference 54.
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2.3 EMISSIONS UNDER CURRENT REGULATIONS

Current regulations applicable to small boilers (with capacities of
29.3 MW heat input or less) were examined through EPA reports and computer
database files. Also, a survey of EPA Regions, States, and local agencies
was conducted. The purpose of this survey was to determine the current
practices for regulating small boilers. This section presents the results
of this review of the current regulatory environment for small boilers.

2.3.1 State Implementation Plan Limits

New boilers with heat input capacities of 29.3 MW (100 million
Btu/hour) or less are not subject to new source performance standards, but
are subject to State emission limits for NO,, SO,, and PM. Particulate
emissions are typically limited by both a mass emission 1imit and an opacity
or visible emission 1imit. State regulations of NOx emissions are scarce.

State Implementation Plans (SIP’s) reflect local conditions and needs.
As a result, emission limits for small boilers vary considerably from State
to State. Also, certain areas which are not attaining the National Ambient
Air Quality Standard(s) (NAAQS) may require regulations with more stringent
control technologies and/or emission limits than those required by the
overall SIP.

States vary with respect to the smallest capacity boiler regulated. A
common size cutoff is 0.73 MW (2.5 million Btu/hour) heat input. The actual
size cutoffs contained in the State regulations are discussed in
Reference 55. Compliance and enforcement practices utilized for smaller
capacity size boilers were examined in a survey whose results are also
presented in Reference 55.

Each state is composed of one or more Air Quality Control Regions
(AQCR’s). Each AQCR establishes emission Timits for SOZ’ PM, and NOx in
keeping with the overall requirements of the SIP. A detailed listing of -
emission Timits arranged by AQCR and boiler size is contained in
Reference 55.
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2.3.2 &wﬂmmﬁmmﬁ

To develop estimates of national SIP emission levels of SOZ, PM, and
NOx, it was necessary to average the AQCR emission limits in those States
with more than one AQCR and then develop a weighted national average using
industrial/commercial fuel consumption as the weighting function. It would
be more accurate to weight-average AQCR emission limits by fuel consumption
to develop a national average, but fuel consumption data on an AQCR basis
were not available.

The details of this weighting analysis are contained in Reference 55.
The results of the analysis are presented in Table 2-8 in the form of
national and EPA regional average emission levels for a 29.3 MW (100 million
Btu/hr) heat input boiler. The EPA regional averages are simply the
fuel-weighted averages of the States’ emission levels for those regions. As
indicated in Table 2-8, the national average SOZ and PM emission levels are
based on the emission 1imits for over 90 percent of the national AQCR’s (the
remaining AQCR’s do not have emission limits which apply to small boilers).
For Nox, however, only 13 percent of AQCR’s have emission 1imits for
coal-fired boilers; only 16 percent have limits for oil-fired boilers.

National and EPA regional averages for other boiler sizes are contained
in Reference 55.

2.4 BASELINE EMISSIONS

Baseline emission levels for SOZ’ PM, and NOx are defined as those
levels which are expected for new small boilers in the absence of new source
performance standards but under the current mix of existing regulations.

Table 2-9 presents the baseline emission levels corresponding to each
boiler size/pollutant category. The baseline SO2 emission level for coal is
based on the national average SIP emission limit for coal-fired small
boilers. The national average SO2 values range from 1,402 ng/J (3.26 1b/
1b/106 Btu) for the 29.3 Mw (100 million Btu/hour) heat input capacity
boiler to 1,509 ng/J (3.51 1b/106 Btu) for the 2.9 MW (10 million Btu/hour)
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heat input capacity boiler. The overall average coal-based SIP emission
Timit is 1,460 ng $0,/9 (3.4 1b 50,/10° Btu).

To meet this limit on a continuous basis using a 30-day rolling
average, prior statistical analysis indicates that a boiler operator would
have to limit emissions to approximately 1,380 ng SOZ/J (3.2 1b 502/106 Btu)
on a long-term average basis to make adequate allowances for the variability
of SO2 emissions.56 Such a Tong-term average gyission level could be
achieved with a general class of coals whose sulfur content ranges from
1,075 ng $0,/J (2.50 1b 50,/105 Btu) to 1,432 ng S0,/ (3.33 1 50,/10° Btu)
and averages 1,226 ng SOZ/J (2.85)1b 502/106 Btu).5 Thus the baseline SO2
emissions level for small coa
(2.85 1b/10% Btu). 1 g0y

The baseline SO2 emission level for residual oil is also based on the
national average emission limit. The average emission limits were
essentially independent of boiler size. The calculated values range from
1,002 to 1,019 ng SOZ/J (2.33 to 2.37 1b 502/106 Btu) for the 29.3 and 2.9
MW (100 and 10 million Btu/hour) heat input boiler size, respectively.
Therefore, the average of the two calculated averages was used for the
baseline SO2 emission level for residual oil. Due to the low variability of
SO2 emissions from oil combustion, no further allowances to reduce the
baseline level were required. Therefore, the baseline emissions level for
small residual oil-fired boilers is estimated as 1,011 ng SOZ/J (2.35 1b
50,/10° Btu).

Baseline PM emission levels for coal and residual oil are based on both
national average emission 1imits and emission data for PM control devices.
The national average emission Timits for coal range from 142 to 198 ng PM/J
(0.33 to 0.46 1b PM/lO6 Btu) for the 29.3 and 2.9 MW (100 and 10 million
Btu/hour) heat input boiler sizes, respectively. The PM control system
typically used to meet these emission limits is a mechanical collector.
Based on emissions test data presented in Section 3.1.2, baseline levels of
258 ng PM/J (0.60 1b PH/IO6 Btu) for spreader stokers and 193 ng PM/J
(0.45 1b PM/lo6 Btu) for underfeed stokers were selected as representative
of mechanical collector performance on these boiler types. Spreader stokers
are predominant in the 7.3 to 29.3 (25 to 100 million Btu/hour) heat input
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size range while underfeed stokers are most prevalent in the 2.9 to 7.3 MW
(10 to 25 million Btu/hour) size range. Therefore, the corresponding PM
emission levels are applied to these boiler size ranges as estimates of
baseline emissions.

The national average PM levels for residual oil ranged from 129 to
190 ng PM/J (0.30 to 0.45 1b PM/lO6 Btu). However, as stated above, the
baseline SO2 emission levels for residual oil correspond to the combustion
of a 1,011 ng SOZ/J (2.35 1b 502/106 Btu) oi1. The uncontrolled PM emission
level associated with this 0il, according to AP-42 emission factors, is 77
ng PM/J (0.18 1b PM/lO6 Btu). This baseline PM emission level for residual
oil-fired boilers would be expected in consideration of the baseline SO
emission level.

For wood-fired boilers, the baseline PM emission levels in Table 2-9
reflect the national average SIP levels calculated in the Nonfossil
Fuel-Fired Background Information Document.58 Baseline PM emissions for
solid waste-fired boilers are based on uncontrolled emissions of 129 ng PM/J
(0.30 1b PM/lO6 Btu) for small modular incinerators operating in the 2.9 to
7.3 MW (10 to 25 million Btu/hour) heat input size range as discussed in
Section 3.1.11. New solid waste-fired boilers larger than 45 Mg/day
(50 tons/day) charging capacity, which are typically stokers or rotary
combustors, are already subject to a new source performance standard
(40 CFR Part 60, Subpart E) limiting emissions to 73 ng PM/J (0.17 1b PM/
106 Btu). This limit is based on the use of an electrostatic precipitator
for PM control. ‘

The baseline NOx emission levels for coal-, residual oil-, and
distillate oil/natural gas-fired boilers represent typical operational
conditions for these small boilers since so few States currently regulate
NOx emissions from this source category. The baseline emissions levels
correspond to average oxygen (02) levels for uncontrolled boilers as
specified in Section 3.3. The baseline emission level for coal corresponds
to 60 percent excess air (8 percent stack gas 02) operation. The baseline
levels for residual 0il, distillate oil, and natural gas correspond to
38 percent excess air (6 percent stack gas 02) operation.

2
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~ 3.0 EMISSION CONTROL TECHNIQUES

Emission control techniques applicable to small boiler sources firing
both fossil and nonfossil fuels are described in this section. These
descriptions include discussions of the design of each control technique,
its status of development, and its applicability to small boilers. Also
discussed are factors.which affect the performance of the control
techniques, including design parameters, operating conditions, and fuel
quality. Emission data taken by approved EPA test methods to verify control
technique performance are presented and discussed.

Control techniques discussed in this section are those meeting one of
the following criteria:

0 currently used on small boilers;

0 currently applied in the industrial boiler, greater than 29.3 MW

(100 million Btu/hour) heat input, source category; technology
transferability is indicated;

0 rapidly developing and 1ikely to be commercially available in the
next several years.

" This section has three subsections, organized by pollutant. Section 3.1
discusses controls for particulate matter (PM), Section 3.2 discusses
controls for sulfur dioxide (SOZ)’ and Section 3.3 discusses nitrogen oxides
(Nox) emissions controls.

3.1 PARTICULATE MATTER CONTROL TECHNIQUES

3.1.1 Introduction

This section will describe PM emission control techniques applicable to
small boilers. These descriptions include discussions of the design of each
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control technique, factors which affect the performance of the control
technique, and PM_emission test data for control device/fuel combinations.

3.1.1.1 Particulate Matter Formation and Control Theory. Particulate
matter emissions from boilers result primarily from the ash present in the
fuel and from carbonaceous compounds that are the product of incomplete
combustion. Sources of PM emissions and factors influencing these emissions
are discussed below for o0il, coal, solid waste, and wood. Table 3-1
presents AP-42 emissions factors for uncontrolled PM emissions from small
boilers firing these fuels.

3.1.1.1.1 Natural gas. Particulate matter emissions from boilers
firing natural gas are very low because natural gas has a negligible ash
content. Also, combustion with natural gas is generally very complete.

Thus, PM emissions from natural gas combustion will not be considered
further.

3.1.1.1.2 0i1. Particulate matter emissions from distillate oil-fired
boilers are primarily carbonaceous particles resulting from incomplete
combustion of the fuel, and do not correlate with the ash or sulfur content
of the fuel. However, PM emissions from residual oil-fired boilers result
from incomplete combustion, ash present in the fuel, and formation of
sulfates and sulfites. In general, PM emissions from distillate oil-fired
boilers are Tower than from residual oil-fired boilers as distillate oils
tend to be lower in ash, sulfur, and carbon residue than residual oils.

Carbon residue is a fuel property obtained analytically by measuring
the carbonaceous residue formed after evaporation and pyrolysis of a
petroleum product. Carbon residue is the best fuel property by which PM
emissions from residual o0il can be predicted. The residue is not entirely
composed of carbon, but is a coke which can be further changed by pyrolysis.

3.1.1.1.3 Coal. As shown in Table 3-1, PM emissions from coal-fired
boilers are generally directly related to the ash content of the coal and
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the boiler firing method. Poor combustion control is also a factor in PM
emissions from coal-fired boilers. Although some excess air is necessary
for proper combus{ion, minimizing PM emissions due to unburned carbon, too
much combustion air can increase gas velocities in the furnace, causing fuel
particles to exit the furnace prior to complete combustion. This effect is
greatest if the air is injected under the coal grate. Increasing undergrate

air directly affects the upward furnace gas velocities and increases fuel
and particle entrainment.

3.1.1.1.4 Nonfossil fuels. Nonfossil fuels commonly combusted in
steam generating units are wood and solid waste. Of these fuels, wood is by

far the most common. However, many smal) manufacturing facilities fire
solid waste from the manufacturing process and municipal solid waste (MSW)
is fired by many municipalities.

Two major factors that influence uncontrolled PM emissions from
wood-fired boilers are boiler design and operation. Most wood-fired boilers
are of the spreader stoker type because of their ease of operation and
relatively high efficiency (typically around 65 to 70 percent based on the
energy available in the fue]).2 In addition, spreader stokers can burn
fuels with high moisture contents (up to about 65 percent), an important
consideration since nonfossil fuels entering the boiler can have moisture
contents of 50 percent or more.

Another design for firing wood is a fuel cell. A fuel cell boiler is a
two-step process in which the wood is fired on a stationary grate using
forced draft air to drive off volatiles and burn the carbon; the volatiles
are then completely combusted in a second chamber. If a fuel cell boiler is
used, PM emissions are generally less than those from spreader stokers.

Solid waste consists of refuse and garbage from cities, communities,
and industries. Because of their similarities MSW, industrial solid waste
(ISW), and refuse derived fuel (RDF) are included in the solid waste fuel
category. The factors that influence PM emissions from boilers burning
solid waste are boiler type, fuel quality, and boiler operation.
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Boiler type defines the fuel and combustion air feed systems which
in turn affect emissions of particulate matter resulting from unburned fuel,
products of incomplete combustion, and entrained ash. Two types of boilers
are currently used to combust MSW. The most common type is the mass burning
stoker boiler. Boilers that mass burn are capable of burning solid waste
fuels with large size variations. The other common boiler is the small
modular boiler with multichamber controlled-air combustion. This boiler is
also designed to burn the waste without extensive fuel preparation. In
order to achieve good combustion with poor quality fuels, this boiler
employs a two combustion chamber design. The small modular boiler has lower
uncontrolled PM emissions in part due to greater combustion efficiency and
in part due to lower air velocities resulting in less ash entrainment. At
present, ISW is burned in this same type of small controlled air boiler.
Refuse derived fuel can be co-fired with coal or burned alone in coal-fired
spreader stoker boi]ers.3

The quality of solid waste fuels varies widely with resulting effects
on particulate matter emissions. In general, moisture content is high (on
the order of 25 percent) and heat content is low (on the order of 6700
Btu/1b) relative to fossil fuels. Moisture evaporates during combustion,
increasing gas velocity in the combustion zone, impeding combustion, and
increasing ash entrainments. Both moisture and heating value affect
combustion and therefore particulate matter from products of incomplete
combustion. Lack of uniformity within the solid waste fuels also makes it
difficult to maintain complete combustion conditions. The composition of
solid waste fuels can even vary with the season. For example, the yard
waste component of municipal solid waste in northern states is higher in
summer months than it is in winter. The non-uniform and varying fuel
composition hinders complete combustion tending to increase emissions of
particulate matter. The preceding discussion holds for all three categories
of solid waste (MSW, ISW, and RDF); however, ISW and RDF typically are more
uniform, vary less and generate fewer particulate matter emissions.

Boiler operation influences particulate matter emissions during
startup. Relatively more particulate per unit heat is generated during
startup prior to achieving steady operating conditions. Use of
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supplementary fuels, such as natural gas or oil, to ignite the solid waste
fuel and to help achieve normal operating temperatures in less time will
minimize startup particulate matter emissions.

The combustion air adjustment can affect particulate matter emissions
during startup and during normal operation. Increasing the combustion air
rate above design levels can increase particulate matter emissions by
increasing the amount of fuel that is entrained and carried out of the
furnace area before combustion is complete.

The commercially available systems of emission reduction for PM
emissions vary by fuel type. For residual oil-fired boilers, Tow sulfur/Tow
ash oil, wet scrubbers, and electrostatic precipitators (ESP’s) are
discussed. For coal-fired boilers, PM control techniques based on
side-stream separators and fabric filters are discussed. For wood-fired
boilers, PM control techniques based on wet scrubbers, ESP’s, and

electrostatic gravel beds are discussed. For solid waste-fired boilers,
ESP’s are discussed.

3.1.2 Combustion of Low Sulfur/Low Ash Qils

Combustion of low sulfur/low ash residual oils is an effective means of
reducing the PM emissions from residual oil-fired boilers. Distillate fuel

0oils will not be discussed in this section because of their inherent low PM
emission rate. '

3.1.2.1 F 1 ing P issions Fr il Combustion. There
are four primary sources of PM emissions from fuel oil combustion. These
sources are inert ash entering with the oil, sulfates and sulfites formed
from the combustion of sulfur in the 0il, oil additives used to protect the
boiler, and carbonaceous compounds formed from the incomplete combustion of
hydrocarbons composing the oil itse]f.4 A Tow sulfur/low ash 0il fired in a
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boiler with good combustion techniques will reduce each of the sources of PM
emissions. The f;ct that the oil has a -low ash content will directly reduce
the ash component of the PM emissions. Likewise, reduction of the sulfur
content of the oil will reduce the sulfate/sulfite component of the PM
emissions. A low sulfur/low ash oil is generally of a higher quality which
requires fewer o0il additives. Therefore, the reduction of the need for
additives will reduce the additive carryover in the flue gas. Additionally,
the Tow sulfur/low ash oil tends to have lower carbon residue and lower
viscosity, which improves combustion. This improved combustibility will
lower the carbonaceous products of incomplete combustion and the resulting
PM emissions in the flue gas.

Previous studies on small residential and commercial boilers indicate
that boiler/burner characteristics including atomization conditions,
fuel-air mixing, firing rate, and furnace volume have low correlations with
PM emissions.5 Some of the variables having the greatest influence on PM
emissions are carbon residue, fuel nitrogen, API gravity, and carbon
content. Particulate emissions are directly related to carbon residue, fuel
nitrogen, and carbon content, while API gravity is inversely related to PM
emissions. The single most important fuel property influencing PM emissions
is carbon residue. API gravity, the American Petroleum Institute’s oil
density indicator, generally reflects some of the other fuel properties
(ash, sulfur, etc.) and is itself a commonly measured fuel property.

The carbon residue, fuel nitrogen, and carbon content tend to be lower and
the API gravity property tends to be higher for low sulfur/low ash residual
0il. These fuel properties result in lower PM emissions from a low
sulfur/low ash residual oil fired in small boilers.

3.1.3 Electrostatic Precipitators
3.1.3.1 Process Description. Electrostatic precipitators are high

efficiency particulate collection devices applicable to a variety of boiler
types and flue gas conditions. Particulate collection in ESP’s occurs in
three steps: application of an electrical charge to the particles,
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migration of the charged particles to a collecting electrode of opposite
polarity, and disjodging of the particles from the electrodes into a
collection hopper. Electrostatic precipitators can be either wet or dry;
dry ESP’s are commonly used for boiler applications. A dry ESP consists of
a shell to enclose the collection and discharge systems, collecting
electrodes, discharge electrodes, a 'high-voltage transformer-rectifier for
application of electrical power, a system of rappers to dislodge the
particles from the electrodes, and a hopper to collect the dislodged
particles and remove them from the ESP. A typical dry ESP is shown in
Figure 3-1.

As a high-voltage current passes through the discharge electrode, it
produces an electrical corona of charged gas molecules which radiates from
the electrode, decreasing in strength with greater distance from the
electrode. The corona is generally negatively charged due to the inherently
superior electrical characteristics of a negative corona over a positive
corona. Flue gas particle charging and subsequent collection take place
between the outer boundary of the corona and the collecting electrode, where
the particle comes in contact with the negatively charged corona ions. As
ions continue to impinge on the particle, the charge on it increases until
it reaches a "saturation" charge (i.e., the charge on the particle so
distorts the surrounding electrical field that no further ions can come into
contact with it). For very fine particles, charging is generally
accomplished by diffusion, or random thermal motion bringing the particle
and the ion into contact. When the dust particle is sufficiently charged,
it is drawn to the oppositely- -charged collecting electrode, to which it
adheres until activation of the rappers dislodges it, mov1ng it down the
electrode into the collection hopper.

3.1.3.2 Factors Affecting Performance. Electrostatic precipitators

are commercially available and applicable to most types of boilers.
Although applicable to coal, ESP’s are more frequently applied on residual
0i1-, wood-, and solid waste-fired boilers.
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Electrostatic precipitators are sensitive to variations in the
resistivity of thg particulate. Mechanical or cyclonic pre-collectors are
generally useful on stoker-fired boilers since they tend to reduce the
amount of large, low resistivity particulates that are delivered to the ESP.

Electrostatic precipitators have demonstrated very high particle
collection efficiencies. In fact, collection efficiencies greater than 99
percent have been reached. Collection efficiency for an ESP is affected by
a variety of factors, including particle characteristics and ESP design.
Particle resistivity plays a major role in determining the sUitabi]ity of an
ESP. In general, particles with resistivities in the range of 104 to 1010
ohm-centimeters (ohm-cm) are the most suitable for electrostatic
precipitation. The resistivity of a given particle will vary with
temperature and moisture as well as the specific fuel properties of the
particle. The basic factors affecting resistivity are: (1) increasing
sulfur content reduces resistivity (2) increasing sodium content reduces
resistivity and (3) increasing temperature increases resistivity. Flue gas
temperature can be controlled by installing the ESP downstream (for lower
temperatures) or upstream (for higher temperatures) of the boiler air
preheater.

A major ESP design factor affecting collection efficiency is the
specific collection area (SCA), or the ratio of the total collection plate

area to the gas flow rate. For a given application, collection efficiency
improves as the SCA increases. -

3.1.4 Side Stream Separators

3.1.4.1 Process Description. A side stream separator system consists
of a mechanical collector followed in series by a baghouse system. Of the

mechanical collectors available, multitube cyclones are the most versatile

and efficient and are the devices applied in most side stream separator
systems.
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Cyclonic collectors use inertia to separate the particles from the gas
stream. As the f]ue gas enters the cyclone, a spin is imparted, creating a
centrifugal force which causes the particulate matter to move away from the
axis of rotation and toward the walls of the cyclone. Particles contacting
the walls of the cyclone drop into a dust hopper for collection and removal.
The cleaned gas then makes a 180-degree turn to exit at the top of the
cyclone.

In a multitube cyclone, the gas enters axially and has a spin imparted
to it by a stationary "spin" vane that is in its path. This allows the use
of many small, higher efficiency cyclone tubes, with a common inlet and
outlet in parallel to the gas flow stream.

A typical side stream separator system is depicted in Figure 3-2. The
side stream separator system typically consists of a single multitube
cyclone connected to a small pulse jet baghouse. The particle-laden gas
enters the cyclone and passes to the bottom of the tube in a vortex.
Approximately 15 to 40 percent of the flue gas is drawn off through the
bottom of the tube and enters the dust collection hopper. Dust-laden gas
from the dust collection hopper containing fine particulate is ducted to the
side stream baghouse. The cleaned flue gas is drawn off the top of the
multitube cyclones, combined w1th the cleaned flue gas from the baghouse,
and exhausted to a common stack

The gas stream at the bottom of the cyclonic vortex has a higher
concentration of fine particles, since many of the larger particles have
already been collected by the cyclone. The addition of the fabric filter to
the cyclone results in increased overall efficiency. Fabric filters are
discussed in more detail in the Section 3.1.5.

3.1.4.2 Factors Affecting Pgrfgrmgngg.lo Most of the factors that

affect performance of mechanical collectors and fabric filters also affect
the performance of the side stream separator. The performance of the
mechanical collector is influenced by the diameter of the tubes, the number
and angle of entry vanes, construction materials, and pressure drop. Fabric
filter performance is affected by air-to-cloth ratio, filter fabric,
cleaning mechanism, baghouse temperature, and fuel properties..
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The performance of mechanical collectors is also affected by the
proportion of sma}l fly ash particles (less than 10 microns in diameter) at
the inlet to the collector. However, this factor should have less impact on
side stream separators since the fabric filter used with the mechanical
collector is relatively efficient with respect to fine particles.

Mechanical collector efficiency drops off rapidly at low boiler loads.
Mechanical collectors rely on high flue gas velocities to achieve particle
collection. This factor will result in decreased side stream separator
efficiency at low loads, unless uncontrolled emissions at low loads are
reduced enough to compensate for the reduced efficiency.11 Currently, side
stream separators are equipped with constant flow rate fans. Therefore, as
boiler load decreases, a higher percentage of the total flow is routed to
the side stream baghouse. This design option may act to compensate for
reduced mechanical collector efficiency at low loads.

3.1.5 Fabric Filters

3.1.5.1 Process Description. A fabric filtration system consists of a
number of filtering elements (bags) along with a bag cleaning system - B
contained in a main shell structure equipped with dust hoppers.
Particu]ate-laden\gas enters the collection device and passes through the
bags, which retain the particles, and the cleaned gas exits through the
outlet duct. Depending on the type of filtration employed, particles may be
collected on either the outside or the inside of the bags.

There are three primary mechanisms of particle capture that form the
basis of fabric filtration: inertial impaction, direct interception, and
diffusion. Inertial impaction is generally associated with relatively
larger particles. When a particulate-laden gas travels on a collision
course with an interceptor (in this case the filter bag), the gas will move
in a streamline around the object. However, due to their relative mass,
inertia keeps the particles on a relatively straight path, forcing them into
contact with the interceptor. In direct interception, smaller particles
that are not subject to inertia may contact the filter element at the point
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of closest approach as they streamline around the bag. This occurs because
the gas streamlines converge as they move around the bag, and the particle
radius is greater than the distance between the gas stream and the bag. The
smallest particles may be captured by diffusion. In this mechanism,
particles contact the filter bag as a result of random molecular movement.12

As filtration proceeds, a dust layer (cake) accumulates on the bag
surfaces. As this dust cake builds up, additional surface area is available
to collect particles. ' This increases both the collection efficiency and the
pressure drop across the bag surface. Since the system cannot continue to
operate indefinitely with an increasing pressure drop, the bags are cleaned
periodically. There are three major methods of fabric cleaning: mechanical
shaking, reverse air cleaning, and pulse-jet cleaning. Each of these
devices is depicted in Figure 3-3.

3.1.5.2 Factors Affecting Pgrfgrmgngg.l3 The most important design
and operating factor for fabric filters is the air-to-cloth ratio (A/C).

This parameter relates the volume of gas filtered (m3/min or acfm) to the
available filtering area (m2 or ftz). The A/C ratio is, in effect, the
superficial velocity of the gas through the filtering media. Air-to-cloth
ratios typically range from 0.6 to 1.2 m/min (2 to 4 ft/min) for reverse-air
cleaning systems and from 1.2 to 2.4 m/min (4 to 8 ft/min) for pulse-jet
cleaning systems.14 Emission tests have shown that fabric filter collection
efficiency generally improves as the air-to-cloth ratio is decreased.15
Since the air-to-cloth ratio is greatest at maximum flue gas flow (i.e.,
maximum boiler load), the fabric filter must be designed to operate at the
desired air-to-cloth ratio at maximum boiler load. Operation at lower
boiler loads will result in a lower air-to-cloth ratio and a collection
efficiency equal to or greater than that at maximum boiler load (provided
all fabric filter compartments are kept on Tine during reduced load
operation to maintain the same available cloth area).

Variations in fuel properties also affect fabric filter performance.
Fuel sulfur content dictates the flue gas SO2 content and subsequent acid
condensation temperature. The baghouse temperature must be maintained above
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the acid condensation point in order to reduce corrosion in the baghouse and
ductwork and to reduce bag wear and destruction. This is especially
important during startup and shutdown operations when the temperature is
most likely to fall below the acid condensation temperature. If acid
condensation occurs after shutdown, the acid mist moisture eventually
evaporates and crystallization on the bag filter may occur. In this
situation, the bag filter may become brittle and subject to cracking when
stress is once again appHed.16

The composition and weave of filter material helps determine the 1ife
and collection efficiency of the filter system. In general, material is
chosen to withstand the specific flue gas environment expected to be
encountered. Mechanical strength is also an important factor with respect
to the structural demands exerted on the fabric by the gas flow and cleaning
system. The bag material used in coal-fired boiler applications is usually
fiberglass with a coating of silicone, graphite, and/or tef]on.17 Teflon
coated felt bags are used in some pulse jet systems.

~ In general, nonwoven fabrics (i.e., felt) are the most efficient
particle collectors; however, they also are the most difficult to clean.
Texturized filament fabrics (i.e., teflon coated fiberglass) represent a
middle ground in cleanability, durability and efficiency.

Most fabrics are efficient in collecting a wide range of sub-micron
particles. Emission tests conducted on a 63,100 kg steam/hr (139,000 1b
steam/hr) spreader stoker equipped with a reverse-air fabric filter
demonstrated that for partié]es in the 0.02 to 2 micron range, fabric filter
fractional efficiency did not fall below 99.9 percent.18

-3.1.6 Wet Scrubbers
3.1.6.1 Process Qg;crjptign.lg A wet scrubber is a collection device

which uses an aqueous stream or slurry to remove particles and/or gaseous
pollutants. Wet scrubbers for particulate collection commonly operate under
three basic collection mechanisms: direct interception, inertial impaction,

and diffusion. There are many types of wet scrubbers, but the ones
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primarily used for PM control on small boilers are gas-atomized spray
scrubbers (e.g., venturi and flooded disc scrubbers) and fixed-bed absorbers
(e.g., sieve traygunits).

In a typical venturi scrubber, illustrated in Figure 3-4, gas entering
the venturi is accelerated until it reaches its maximum velocity in the
venturi throat. Scrubbing liquid (usually water) is atomized by the high
velocity gas stream to produce droplets which act as targets for the
interception and inertial impaction of particulate. These droplets, with
their attached particulate matter, are then removgd from the gas stream by
centrifugal action in a cyclone separator or by impaction on a mist
eliminator. Venturi scrubbers are the most common wet scrubbing systems
applied for particulate control on small boilers.

3.1.6.2 Factors Affecting Performance. Wet scrubbers are applicable

to coal-, 0il-, and wood-fired boilers. Wet scrubbers have particulate
collection efficiencies ranging from less than 50 percent to greater than 99
percent for particles smaller than 10 microns, depending primarily on the
type of scrubber, the particle size distribution, the gas phase pressure
drop, and the liquid-to-gas (L/G) ratio. The scrubber types most suited to
particulate control on small boilers are venturis and plate towers. Venturi
scrubbers are the most effective for removal of particulates less than 1
micron in diameter. However, venturi scrubbers generally consume more
energy than plate towers.

The major factor influencing particulate removal efficiency for venturi
scrubbers is the gas phase pressure drop. Removal efficiency increases with
increasing gas phase pressure drop (and subsequent increasing energy
requirements). Most venturis are equipped with a variable throat system to
control pressure drop, allowing a constant pressure drop and PM control
efficiency to be maintained at varying boiler loads.

A method of increasing particulate removal efficiency in a plate tower
is to increase the pressure drop across a single tray, by raising the weir
height and the 1iquid head that the gas must overcome when passing through
the tray. Alternatively, efficiency may be increased by using a smaller
diameter tower, thereby increasing the velocity of the gas through the tray.
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3.1.7 Gravel-Bed and Electrostatic Gravel-Bed Filtration

3.1.7.1 Pro;egs Qescription.zo Gravel-bed and electrostatic
gravel-bed (EGB) filters remove particulate matter from gas streams in a dry
form using a moving bed or filter media. Electrostatic filters additionally
feature an electrically-charged grid within the gravel bed to augment
collection by impaction. A typical EGB filter is shown in Figure 3-5.

The gravel-bed filter or electrostatic gravel-bed filter consists of
two concentric Touvered cylindrical tubes contained in a cylindrical vessel.
The annular space between the tubes is filled with pea-sized gravel media.
Particulate-laden gas enters the filter through breeching and is distributed
to the filter face by a plenum section formed by the outer louvered cylinder
and the vessel wall. Particulate matter is removed from the gas stream by
impaction with the media. The PM-laden media exits the bottom of the
gravel-bed vessel and is pneumatically conveyed to a de-entrainment vessel
through a vertical 1ift pipe. The particulate matter is removed from the
gravel media by the abrasion of media as it is conveyed up the 1ift pipe, by
the scrubbing action of the air as it 1ifts the media, and by a rattler
section in the de-entrainment vessel. The gravel media falls from the
conveyor air stream by gravity and is returned to the filter bed. The
separated PM is air conveyed to a storage silo where it is removed from the
air stream by fabric fi]tration.21

3.1.7.2 Factors Affecting Egrfgrmgngg.zz The principal factors

affecting performance are:

the grid voltage;

the particle size of the particulate matter;

the air/media ratio;

the pressure drop across the media; and

the extent of particulate separation from the spent media.

Q O O O o

The effects of the first two factors are shown in Figure 3-6. Particle
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collection efficiency increases with increasing particle size and increasing
grid voltage. Based on theoretical considerations and on data for ESP’s and
other PM control devices, particle collection efficiency should increase

with decreasing air/collection media ratios and increasing gas-phase
pressure drop.

3.1.8 PM Emission Test Data for Qil-Fired Boilers

This section summarizes the available data for both uncontrolled and
controlled PM emissions from small oil-fired boilers. Data on controlled PM
emissions from oil-fired boilers are limited since the average uncontrolled
PM emission levels do not exceed the PM emission limits contained in most
State Implementation Plans (SIP’s).

The emission factors for oil-fired boilers were summarized in
Table 3-1. Emissions from residual oil-fired boilers are expressed as a
function of the sulfur contents of the fuel.

3.1.8.1 Low Sulfur/Low Ash 0il Test Data. Table 3-2 presents a

summary of the PM emissions from residual oil-fired boilers with heat inputs
of 29.3 MW (100 million Btu/hr) or less with no add-on control device. The
data are presented by increasing PM emission results. The sulfur contents
of the fuel oils range from about 0.2 to 2.2 percent. Fuel ash contents
range from 0.007 to 0.3 percent by weight. Particulate emission rates based
on EPA Method 5 (front half catch) results range from 8.6 to 61.5 ng/J
(0.020 to 0.143 1b/10° Btu).

3.1.8.2 Electrostatic Precipitator Test Data. This section presents

data from emission tests performed on oil-fired boilers equipped with ESP’s.
Most of the data available for ESP’s on oil-fired units were gathered in a
study of utility boilers, but the technology is directly transferable to
small oil-fired boi]ers.27 ESP performance is dependent primarily on SCA,
irrespective of boiler size. The performance data for utility boiler ESP’s
therefore define small boiler ESP performance as well.
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Table 3-3 presents a summary of PM emissions from oil-fired boilers
based on the use of ESP’s. The controlled PM emission rates based on the
use of ESP’s fangé from 17.6 to 30 ng/J (0.041 to 0.07 1b/106 Btu). Design
data relative to precipitator SCA are available for only one test site. The
Boston Mystic No. 7 unit is a cold side ESP with design SCA of 435 m2/1000
m3/s (133 ft2/1000 acfm). The controlled PM emission rates from this unit

ranged from 17.6 to 21 ng/J (0.041 to 0.049 1b/106 Btu) based on EPA
Method 5 results.

3.1.8.3 Wet Scrubber Test Data. Table 3-4 presents a summary of PM
emissions from small residual oil-fired boilers using wet scrubbers designed

primarily for SO2 removal. The data apply to boilers ranging in size from
6.5 to 16.7 MW (22 to 57 million Btu/hr) heat input. A1l of the boilers
fire medium to high sulfur fuel oil. The sulfur contents range from 1.10 to
2.80 weight percent. A1l of the scrubbers have SO2 removal efficiencies
ranging from 85 to 99 percent. The controlled PM emissions range from
13 to 185 ng/J (0.03 to 0.43 1b/106 Btu) input.

Tray tower scrubbers have PM emission rates of 26 to 43 ng/J (0.06 to
0.10 1b/106 Btu). Data from venturi scrubbers ranged from 13 to 56 ng/J
(0.03 to 0.13 1b/106 Btu) for controlled PM emissions. Data from two spray
baffle scrubbers showed controlled PM emissions of 30 and 39 ng/J (0.07 and
0.09 1b/10° Btu).

3.1.9 PM Emission Test Data for Coal-Fired Boilers
3.1.9.1 Side-Stream Separator Test Data. Table 3-5 presents PM

emissions data, fuel specifications, and boiler sizes for coal-fired boilers
equipped with side stream separators. The emissions data range from

52 to 71 ng/J (0.120 to 0.165 1b/106 Btu), with an average 58 ng/J

(0.136 1b/106 Btu). A1l eight units were tested using EPA Method 5. The
results were provided by industry from seven stoker boilers using
retrofitted side stream separators.35
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The results show that under relatively steady state conditions, average
emissions from newly installed and adjusted collectors applied to boilers
firing a Tow ash/ﬁow sulfur coal were less than 73 ng/J (0.17 1b/106 Btu)
at all seven locations. Average emissions during the tests ranged from
52 to 73 ng/J (0.12 to 0.17 1b/106 Btu). The boilers tested operated under
relatively steady state conditions and at boiler loads at or above 68
percent. No data were collected for low load or variable load operations.
Percent ash in the fuel varied from site to site and ranged from 4.3 to 10.1
percent. The percent of the total flow sent to the baghouse also varied
from site to site and ranged from 15 to 51 percent. It should be noted that
extensive adjustment of the existing mechanical collectors was required to
achieve the emission levels shown in Table 3-5.38

These data show that side stream separators on small coal-fired stoker
boilers can achieve emission levels ranging from 51.6 to 73.1 ng/J (0.12 to
0.17 1b/106 Btu). These data were obtained under a relatively wide range of

boiler operating conditions, with flue gas flow rates of up to 50 percent to
the baghouse.

~

3.1.9.2 Fabric Filter Test Data. Table 3-6 presents PM emissions test

data, boiler size, and fuel specifications for five coal-fired boilers and
two fluidized bed combustors equipped with fabric filters. These data show
PM emissions from fabric filters that range from 4.1 to 15 ng/J (0.010 to
0.035 1b/106 Btu). For the four coal-fired spreader stoker boilers, the
fabric filters were operated with air-to-cloth (A/C) ratios of 0.7 to 1.1
meters per minute (m/min) (2.3 to 3.6 feet per minute [ft/min]).

3.1.9.3 Electrostatic Precipitator Test Qgta.39 Table 3-7 presents PM

emissions test data from coal-fired boilers equipped with ESP’s.
Particulate emissions ranged from 3 to 19 ng/J (0.006 to 0.044 1b/106 Btu).
A1l test results were obtained with EPA Method 5 test methods.

Four of the tests were conducted on boilers with the ESP located
downstream of the air preheater (cold side ESP). The two tests at Plant N
were conducted on the ESP located upstream of the air preheater (hot side
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ESP). Operating spec1f1c co11ect1on areas of the cold side ESP’s ranged
from 419 to 1300 m /(1000 m /s) (128 to 397 ft /1000 acfm) The hot side
ESP at Plant N operated with SCA’s of 1770 and 2080 m /(1000 m /s) (542 and
634 ft /1000 acfm).

A1l of the emission tests shown in Table 3-7 were conducted on boilers
firing Tow sulfur coals (1 percent sulfur or less). A larger collection
area is generally required to achieve a given particulate collection
efficiency on Tow sulfur coal units than on high sulfur coal units.49 Thus,
the achievable emission control levels shown in Table 3-7 would be
achievable on boilers firing high sulfur coal with SCAs equal or less than
those shown.

The em1ss1on tests demonstrate that a cold side ESP with an SCA of at
least 1310 m /(1000 m /s) (400 ft /1000 acfm) is capable of ach1ev1ng PM
emission levels ranging from 3 to 9 ng/J (0.006 to 0.021 1b/10 Btu) on
smal] coal- f1red bo11ers A hot side ESP with an SCA of at least 2090
m /(1000 m /s) (640 ft /1000 acfm) cou]d achieve emission levels ranging
from 7 to 19 ng/J (0.018 to 0.044 1b/10 Btu).

3.1.10 PM Emission Test Data for Wood-Fired Boilers
3.1.10.1 ﬂgj;§ggghhgr_lgsg_ngzg. Table 3-8 presents PM emissions data

from wood-fired boilers equipped with wet scrubbers. Particulate emissions
range from 21 to 91 ng/J (0.048 to 0.212 1b/106 Btu).

A1l boilers reported are spreader stokers and the PM control systems
consist of a mechanical collector followed by the wet scrubber. Fly ash
reinjection is employed at all sources except at plants ACl and AC2 in Table
3-8. A1l data were obtained using EPA Method 5, with most of the test
results supplied through industry tests.

As shown in the table, wet scrubbers with operating pressure drops from
1.5 to 16 kPa (6 to 26 1nches of water) consistently show emission levels of
below 90 ng/J (0.21 1b/10 Btu). The scrubbers generally exhibit increasing
PM emissions levels with decreasing pressure drop. These emission test data
demonstrate that wet scrubbers with pressure drops between 1.5 and
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16 kPa (6 to 26 inches of water) preceded by a mechanical collector can
achieve emission jeve]s less than 90 ng/J (0.21 1b/106 Btu) while those with
pressure drops greater than 3.8 kPa (15 inches of water) can achieve
emission levels less than 26 ng/J (0.06 1b/106 Btu) on small wood-fired
boilers.

3.1.10.2 Electrostatic Precipitators and Electrostatic Gravel Bed Test
Filter Test Dng.sz Table 3-9 presents the emission test data for

wood-fired boilers controlled by ESP’s or EGB’s. All boilers are spreader
stokers firing wood or coal/wood mixtures. A 65 percent boiler efficiency
was assumed for the purpose of determining the boiler heat input. A1l
control systems are designed with a mechanical collector prior to the ESP or
EGB. Fly ash reinjection is used on all the sources tested, but fly ash was
not reinjected during test BE4 and BE6. Test data for PM was obtained by
EPA Method 5.

Three of the emission tests were performed on boilers firing wood or
mixtures of wood and coal controlled with an ESP. These controlled
particulate test results ranged from 18 to 31 ng/J (0.042 to 0.072 1b/

106 Btu). The operating specific collection area ranged from 752 to 1480
mz/(1000 m3/s) (230 to 453 ft2/1000 acfm). The lower specific collection
area had the highest PM emission level.

The emission test data indicate that and ESP with an SCA of 980
mz/(1000 m3/s) (300 ftz/looo-acfm) and preceded by a mechanical collector is
capable of achieving a PM emission level of less than 30 ng/J (0.07 1b/106
Btu) on a small wood-fired boiler.

Two tests were performed on an EGB having three modules. Each module
cleans one-third of the total flue gas and has its own stack. The first
test (BE2) was performed by EPA. The data shown in Table 3-9 are the
weighted average of the three stacks. This test was run under typical
operating conditions at this facility. The second test was performed by the
boiler operator and consisted of 15 test runs under a range of operating
conditions. The data shown are the emissions from the outlet of Module 3 of

the EGB only. The 15 test runs are grouped into 4 different sets. These
sets are as follows:
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] Set BE3 consists of test runs 1, 2, 5, 7, and 9. In this set
"good" hog fuel was fired and flyash was reinjected.

o  Set BE4 consists of test runs 3, 4, 8, and 15. "Good" hog fuel
was fired and flyash was not reinjected.

0 Set BE5 consists of test runs 10, 11, and 13. "Poor" hog fuel was
fired and flyash was reinjected.

0 Set BE6 consists of test runs 12 and 14. "Poor" hog fuel was
fired and flyash was not reinjected.

For these tests, the definition of "good" hog fuel is hog fuel with moisture
content of less than 55 percent. Hog fuel with a moisture content of 55
percent or more is defined as "poor." Test run 6 was made with the
electrostatic grid turned off. This is not part of normal operation and -
this test run was not shown in the test run averages. However, the PM
emission rate for the test run with the electrostatic grid off was 26 ng/J
(0.06 1b/106 Btu). This result demonstrates the ability of the
electrostatic filter to remove PM in a dry form using only the moving bed of
filter media. The emission rates shown by the EGB’s under normal operation
and with the electrostatic grid off were comparable to those shown by ESP’s.
These emission test data indicate that EGB’s operated with a 0.8 kPa
(3 inches of water) pressure drop are capable of achieving emission levels
less than 30 ng/J (0.07 1b/106 Btu) on small boilers firing a variety of
wood fuels and wood/coal fuel mixtures.

3.1.11 PM Emission Test Data for Solid Waste-Fired Boilers

Table 3-10 presents PM emissions test data from municipal waste
incinerators with heat recovery. Particulate emissions ranged from 0.9 to
43 ng/J (0.002 to 0.099 1b/106 Btu). A1l test results were obtained with
EPA Method 5.

Small mass feed boilers use similar fuel, grate design, and firing
mechanism as the large MSW-fired boilers. Thus, the PM emitted from a small
MSW and a large MSW unit should have similar PM characteristics, such as
resistivity and particle distribution.
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An analysis was performed on the test data to determine the ESP
specific collectién area required to achieve the various emission levels.
The analysis was berformed on 34 test data points relating the SCA and PM
emission test results. The 34 test data points were from the individual
test runs at the test sites in Table 3-10.74

The best fit model using the new database employs the Deutsch-Anderson
form:

PM (1b/10° Btu) = 0.414 e (-0-00567 * SCA)

This model predicts that ESP’s with SCA’s of approximately 524, 818, 1210
m2/(1000 m3/s) (160, 250, and 370 ft2/1000 acfm) are required to achieve PM
emission levels of 73, 43, and 22 ng/J (0.17, 0.10, and 0.05 1b/million
Btu), respectively.

Similar control technology information is not available for small
modular MSW-fired boilers. However, uncontrolled emission data for MSW
modular incinerators in Table 3-11 are comparable or lower than MSW-fired
massfeed boﬂers.75’76 Since the fuel has similar ash characteristics, the
resistivity characteristics will be similar. Therefore, the PM emitted from
a small modular MSW-fired boiler to an ESP will have similar resistivity and
lower particle loading.

This information indicates that ESP’s with SCA’s of 524, 818, and
1210 m?/(1000 m3/s) (160, 250, and 370 ft2/1000 acfm) are capable of
achieving PM emission levels of 73, 43, and 22 ng/J (0.17, 0.10, and 0.05
1b/106 Btu) respectively on small MSW-fired modular and massfeed boilers.

3.2 SULFUR DIOXIDE CONTROL TECHNIQUES
3.2.1 Introduction
3.2.1.1 §Qz Formation and Control Theory. In boilers, SO2 is formed

by the oxidation of sulfur contained in the fuel. Although sulfur trioxide
(503) emissions are also formed during the combustion process, they account
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for only one or two percent of the total sulfur oxide emissions.0?8]
Uncontrolled 502 §missions depend primarily on the fuel sulfur content.
Other fuel properties, such as fuel ash alkalinity, can also affect
uncontrolled SO2 emissions. Alkaline species in the fuel ash react with SO
and retain a portion of the sulfur in the fly ash and bottom ash, reducing
the level of SO2 exiting the boiler in the flue gas. The type of firing
mechanism does not affect SO2 emissions, with the exception of fluidized bed
combustion (FBC) with alkali addition.

Sulfur dioxide can be reduced in small boilers by three methods. The
first method is to combust Tow sulfur fuels. This method results in a
reduction in the amount of SO2 in the flue gas by reducing t:- amount of
sulfur to be combusted in the boiler. Sulfur dioxide emissions are directly
proportional to sulfur content of the fuel. The second method is to contact
the flue gas leaving the boiler with alkali sorbent. The third method is to
inject alkali sorbent into the boiler. The latter two methods result in a
reduction in the amount of SO2 in the flue gas by a chemical reaction

between the alkali and the 502. The captured SO2 is contained in the 1iquid
or solid waste stream.

2

3.2.1.2 §QZ Control Techniques Evaluated. Various SO2 control

techniques are applicable to reduce SO2 emissions from oil- and coal-fired
small boilers. For oil-fired units, low sulfur oil and sodium scrubbing
flue gas desulfurization (FGD) systems are considered. For coal-fired
units, SO2 control techniques based on Tow sulfur coal, sodium scrubbing FGD
systems, and FBC with limestone addition are considered. While other FGD
systems such as dual alkali, dry lime scrubbing, and 1ime/1imestone systems
are technically applicable to small boilers, sodium scrubbing systems are
the only systems that have been directly applied to small boilers. The
reason for the popularity of sodium scrubbing systems for small boilers is
the system’s simplicity in operation and high reliability (greater than
95 percent).sz’83

Sulfur dioxide control techniques are not considered for natural gas-,
distillate oil-, and nonfossil fuel-fired boilers. Sulfur dioxide emissions

from these boilers are low because those fuels contain negligible amounts of
sulfur.
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3.2.2 Combustion of Low Sulfur Fuels

Low sulfur fuels limit SO2 emissions by reducing the amount of sulfur
available for SO2 formation. In this section, low sulfur fuels will be
defined as those fuels able to meet existing new source performance
standards (NSPS) for boilers greater than 73.3 MW (250 million Btu/hour)
heat input without additional SO2 controls. The existing NSPS for this size
range requires that SO2 emissions cannot exceed 344 ng/J (0.8 1b/106 Btu)
for oil-fired boilers and 516 ng/J (1.2 1b/106 Btu) for coal-fired boilers.

Low sulfur fuels may be produced from high sulfur fuels or may be
obtained from naturally occurring low sulfur coal or oil deposits.
Commercially available methods for producing low sulfur fuels from high
sulfur fuels include physical coal cleaning (PCC) and oil
hydrodesulfurization (HDS). Low sulfur fuels may be purchased from PCC and
HDS plants which supply these fuels on the open market to owners and
operators of small boilers. The design and operating factors and the
mechanism by which PCC and HDS can reduce SO2 emissions are discussed in
another report.84

Coal gasification and liquefaction are additional means of obtaining a
Tow sulfur fuel from coal but at present have seen very limited application
in utilities. The primary reason for the limited application of coal
gasification in utilities is the current low cost (relative to coal-derived
gases) and high availability of natural gas and oil from conventional
sources. Therefore, coal gasification and 1iquefaction will not be
considered as processes for obtaining low sulfur fuels for small boiler
applications.

As mentioned above, low sulfur fuels may also be obtained from
naturally occurring deposits of low sulfur coal and low sulfur oil. In
fact, the vast majority of low sulfur fuels currently in use come from
naturally occurring sources.85

3.2.3 Sodium Scrubbing FGD System
3.2.3.1 Process Description. Sodium scrubbing processes currently in
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use employ an aqueous solution of sodium hydroxide (NaOH) or sodium
carbonate (Na2C03f in the scrubber to absorb SO2 from the boiler flue gas.
Figure 3-7 presents the flow diagram for such a process. Flue gas from the
boiler exit is sent to the absorber. In the absorber, flue gas is contacted
with the recycle stream containing sodium reagent. The scrubber liquid
effluent flows to a recirculation tank where it is mixed with make-up
reagent and feed water. Make-up water is added to account for the loss of
water due to evaporation in the scrubber and to control the specific gravity
of the liquor. If NaOH is used as the absorbent, it is typically added as a
50 weight percent solution. When Na2C03 is the reagent, it is usually added
as a saturated so1ution.86 The absorption reactions which take place in the
scrubber and recirculation tank are:

2NaOH + SO2 = Na2503 + HZO (3-1)
Na2c03 + 502- = NaZSO3 + Co, - (3-2)
Na2503 + SO2 + HZO E::E 2NaHSO3 (3-3)
S0, + Hy0 —= H,S0, ‘ (3-4)
Na,SO; +1/2 0, = Na,S0, . (3-5)

The aqueous solution or wastewater leaving the recirculation tank
contains NaOH (or Na2C03), sodium sulfite (Na2503), sodium bisulfite
(NaHSO3), sulfurous acid (HZSO3), and sodium sulfate (Na2504). Most of this
stream is recycled to the scrubber with a slipstream going to wastewater
treatment and disposa].87 The wastewater stream may be sent to a clarifier
(or settler) in order to settle out fly ash and other insoluble compounds.
Wastewater disposal is accomplished in one of several ways: recycle for
non-FGD process use, evaporation ponding, deep-well injection, or discharge
to a receiving water body or publicly-owned wastewater treatment plant.

Control parameters for the system’s operation are the specific gravity
and the pH of the solution in the recirculation tank. In some systems, the
specific gravity is controlled by the addition of make-up water. The
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specific gravity determines both the buffering capacity of the scrubbing
solution and the flow rate of the blowdown stream. The higher the specific
gravity, the grea%er will be the buffering capacity of the solution and the
lower will be the blowdown flow rate.88 The pH is controlled by the
addition of sodium reagent. If, for example, the process experiences a
transient increase in SO2 loading, then the pH in the recirculation tank
will drop. This, in turn, signals the addition of make-up reagent to
re-establish the pH to normal. Make-up water and blowdown flowrates will
then both be increased to maintain the set-point value of the specific
gravity.

Sodium scrubbing systems have demonstrated high reliability.
Information from 15 industrial boiler operators reported reliabilities of
between 89 and 100 percent with an average of 97.8.89 Of the 15 responses
gathered in that survey, 9 reported a 100 percent reliability and only two
- reported reliabilities less than 95 percent.90

These high reliabilities are due primarily to the simplicity of both
the chemistry and design of the process. The sodium species in the
recirculation stream remain in solution at the concentrations and
temperature ranges typically found in sodium scrubbing systems.91 Solution
scrubbing minimizes the erosion of pumps and pipes, as well as the scaling
of mist eliminators within the scrubbing unit, all of which contribute to a
substantial fraction of the downtime in calcium-based system. Calcium,
lTeached from the coal ash and sometimes present in the make-up water itself,
is the predominant species subject to precipitation. However, its
concentration generally is too low to cause scaling problems, even at
relatively high pH values. Operating the system in the concentrated mode
reduces the risk of calcium precipitation by reducing system pH.92 In the
concentrated mode of operation, the total dissolved solids (TDS) content of
the scrubbing 1iquor typically exceeds 5 weight percent.

3.2.3.2 Factors Affecting Performance. The major operating variables

affecting scrubber performance are the pH and total sulfite concentration
(TSC) of the scrubbing solution. The pH primarily affects SO2 removal
efficiency while TSC affects SO2 removal efficiency as well as reagent
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consumption. These two factors will be discussed in this section.
Secondary factors-affecting scrubber performance are the absorber type and
the Tiquid to gas'flow (L/G) ratio. These secondary factors will not be

discussed in this section but have been thoroughly discussed in another
report. 93

3.2.3.2.1. pH. The pH of the scrubbing 1iquor is determined primarily
by the ratio of NaZSO3 to NaHSO3 Since the bisulfite ion (HSO ) 1s a
weaker acid (with a pKa of 7.45 at 50°C) than the sulfite ion (SO ), the
greater the NaZSO3/NaHSO3 ratio is, the higher will be the pH of the
scrubbing Tiquor. The term pKa is defined as follows:

pKa = pH - log (3-6)

As shown on Figure 3-8, raising the pH W111 lower the equilibrium SO2
partial pressure of the scrubbing 1iquor which will in turn increase the
driving force for SO2 absorptwn.94 »95 This means that if all other design
and operating parameters are held constant, increasing the pH of the
scrubbing solution will increase the SO2 removal efficiency of the scrubbing
system.

Typica]]y, the pH of the scrubbing solution is maintained around 7.0,
which corresponds to an NaZSO3/NaHSO3 ratio of approximately 1:2.95 At
this pH, Figure 3-8 shows that the equilibrium SO2 partial pressure is less
than 20 parts per million by volume (ppmv) for most sodium scrubbing
so1utions.97 Since inlet concentrations of SO2 range from 1,000 to 3,000
ppmv, the theoretical SO2 removal efficiency is greater than 95 percent.
Because of the reactivity of dissolved SO2 in aqueous sulfite solutions and
the mass transfer capabilities of most absorber designs, these equilibrium
values are approximated in practice. Commercially operating systems have
consistently reported SO2 removal efficiencies greater than 95 percent
(refer to Sections 3.2.5.2 and 3.2.6.2).
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3.2.3.2.2 Tgtal sulfite concentrations. The TSC is defined as the sum

of all sulfite ions (503'2) and their corresponding cations. For the sodium
scrubbing Tiquor, this includes primarily Na2503 and NaHSO3. It should be
noted that sulfate ion (504'2) will also be dissolved in the scrubbing
solution, typically in a ratio of 1:3 relative to the sulfite species.
Sodium sulfite and sulfate are the primary dissolved species and together
comprise the TDS of the scrubbing solution. Sulfate is a very stable
species and has little effect on scrubber performance except when it becomes
so concentrated that it promotes precipitation of the sulfite species and
significantly reduces SO2 removal efficiency.

Figure 3-8 shows that as the TSC increases, the equilibrium SO2 back
pressure will also increase. For example, for the TSC range between 0.001
molar (M) and 0.1 M, the SO2 partial pressure will vary from 0.01 ppmv to
1.4 ppmv at a pH of 7.0 and at 50°C (120°F). Assuming that all other
operating and design parameters remain constant, the SOz removal efficiency
will theoretically decrease as TSC increases. However, when compared to
inlet SO2 partial pressures of 1,000 to 3,000 ppmv, this 140-fold change in
equilibrium outlet partial pressure does not significantly affect the
overall SO2 removal efficiency. This fact has been substantiated by
commercially operating systems which have shown no trend in SO2 removal
efficiency as a function of TSC.101 .

Although increasing TSC may reduce SO2 removal efficiency by a small
degree, it can significantly improve transient performance by stabilizing
the solution pH.102 Since HSO3' is a weak acid, NaHSO3 and NaZSO3 serve as
buffers in the scrubbing solution. The higher their concentrations, the
greater the buffering capacity of the scrubbing liquor. Scrubbers operated
in the concentrated mode will typically have an inlet pH of 7.0 to 7.5 and
an outlet pH of 6.5 to 7.0.103’104 On the other hand, scrubbers operated in
the dilute mode (conventionally defined as TDS levels less than or equal to
5 weight percent) typically have an inlet pH of 9 to 10 and an outlet pH of
4 to 5.10°

Buffering is important because it increases process reliability and
improves transient performance. At pH levels above 8.0, the 1ikelihood of

100
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calcium scaling is high. Within most sodium scrubbing Toops, there are some
background calcium cations (Ca+2) present (e.g., from make-up water or ash
Teachate) which will combine with available sulfite and sulfate ions. At

pH Tevels above 8.0, calcium sulfite (CaSO3) and calcium sulfate (CaSO4)
will precipitate out of solution and cause scaling. This scaling can lead
to plugging, especially in the recirculation lines and spray nozz'les.106 As
a result, the SO2 removal efficiency can be impaired; in extreme cases, the
unit will have to be shut down and de-scaled. At low pH levels, substantial
corrosion of the scrubber, tank, and pipe internals can occur, especially if
the scrubbing solution has a high chloride ion concentration. This
corrosion will increase the maintenance costs of the scrubbing unit and
decrease the scrubber’s reliability.

Buffering serves another useful function in that it helps to prevent
large pH fluctuations from occurring, even when inlet SO2 concentrations
vary because of boiler load fluctuations. This ensures relatively constant
outlet SO2 concentrations.

3.2.4 Flyidized Bed Combustion With Limestone Addition

Fluidized bed combustion is a boiler design option which, because of
its ability to incorporate limestone addition, can achieve significant SO
emission reductions. The technology offers a variety of advantages over
conventional boiler designs, including SO2 emission reduction without the
use of FGD systems and greater flexibility in fuel use. The fluidized bed
also operates at lower combustion temperatures than conventional combustion
methods, typically 815 to 930°C (1500 to 1700°F) as opposed to 1500°C
(2700°F).107 This results in lower nitrogen oxide (NOX) emissions because
thermal fixation of atmospheric nitrogen which occurs at temperatures above
1,370% (2500°F) is reduced (refer to Section 3.3.4.1).

2.
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Atmospheric fluidized bed combustion (AFBC) boilers have developed
rapidly over the past 5 years and are now being applied to small boiler
sizes. Two AFBC aesign alternatives which are currently available are the
conventional bubbling fluidized bed (with or without solids recycle) and the
circulating fluidized bed. Pressurized FBC technology has been under
development for several years but has not yet been used in commercial
applications and is unlikely to be used for small boiler applications.

Coal, wood, and process wastes are the primary fuels used in FBC
systems. Oil has not been combusted to any great extent in FBC systems and
will not be considered here. Of these solid fueis, only coal has
significant sulfur content, making coal the primary fuel for which FBC with
Timestone addition is a candidate SO2 control technology.

3.2.4.1. Process Description. In the conventional bubbling bed system
illustrated in Figure 3-9, fuel and sorbent, usually coal and limestone, are
continuously fed into a bed of fluidized particles. The limestone is added
for SO2 removal. The fluidized bed (consisting of unreacted, calcined, and
sulfated limestone particles, coal, and ash) is suspended in a stream of
combustion air blowing upward from an air distribution plate. When the coal
is combusted, the following reactions take place:

Calcination: CaCO3 —> (a0 + CO2 (3-7)
Sulfation: Ca0 + SO2 + 1/2 02 — CaSO4 (3-8)
Ca0 + SO2 - CaSO3 (3.9)

Bed material is drained to maintain the desired bed depth. Material is also
elutriated (carried over) from the bed with the combustion gas. This
entrained material is separated from the flue gas by cyclones and a baghouse
or ESP. Both the drained bed material and the carryover material are
disposed of as solid waste.
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In an FBC boiler with solids recycle, flue gas with entrained bed
material is passed through a primary cyclone where 80 to 90 percent of the
entrained material is removed.109 A1l or part of this material is then
recycled back to the fluidized bed. The net effect of solids recycle is an
increased fuel and sorbent residence time in the bed, which in turn improves
combustion efficiency and SO2 and NOX contr'ol.lm'113

Two important FBC operating parameters are the bed temperature and the
calcium-to-sulfur (Ca/S) molar feed ratio. The bed temperature must be
maintained between 760° and 870°C (1400 and 1600°F) to fully calcine the
limestone and to optimize boiler efficiency.114 Although effective Ca/S
ratios depend on many factors, tests on several boilers indicate that a Ca/S
ratio of at least 3.0 is needed to sustain SO2 removal efficiencies on the
order of 90 percent.115

One bubbling bed system available at present makes use of a two-bed
staged design. In this design the lower bed is operated at an optimum
combustion temperature of 980 to 1,040°C (1800 to 1900°F) and the upper bed
(where limestone is added) is operated at an optimum calcining temperature
of 705 to 760°C (1300 to 1400°F). In this way, both boiler efficiency and
SO2 removal efficiency are optimized within the same um't.116 Figure 3-10
shows a schematic of the two-staged design.

Circulating fluidized bed (CFB) combustion uses both a stationary dense
bed of large particles and a circulating entrained bed of fine particles.
The dense bed ensures adequate ‘fuel/sorbent mixing and residence time in the
combustion chamber, as well as uniform distribution of combustion air. The
entrained bed of fine particles is continuously recycled through the
combustion chamber to serve as the primary medium for heat transfer.

Figure 3-11 shows one CFB design.

3.2.4.2 Factors Affecting Performance. The three primary factors

affecting SO2 removal performance in bubbling bed, staged bed, and
circulating bed boilers are: Ca/S molar feed ratio, sorbent particle size,
and gas phase residence time. The impacts of these primary factors on SO

2
emissions are discussed briefly in this section. Secondary factors
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Figure 3-10. Staged bed AFBC boiler flowsheet.ll’
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influencing 502 emissions are sorbent reactivity, bed temperature, feed
mechanisms, and excess air. The impacts of the secondary factors on $0,

emissions are not’discussed in this section but have been discussed in other
reports.lzo’121

3.2.4.2.1 Calcium to sulfur molar feed ratio. The Ca/S ratio is

usually defined as the ratio of the molar feed of calcium in the 1limestone
to the molar feed of sulfur in the coal. The Ca/S ratio is normally
increased by increasing the limestone rate to the boiler instead of
decreasing the coal feed rate.

As the Ca/S molar feed ratio is increased, higher SO2 removal is
achieved. The SO2 removal rate increases rapidly as the Ca/S ratio
increases in an essentially linear fashion up to a certain SO2 removal
level. According to the Westinghouse model, this level is about 75 percent
SO2 removal for limestone with a particle size of approximately 500
microns. Above 75 percent SO2 removal, the SO2 removal approaches 100
percent asymptotically with increasing Ca/S ratio. Figure 3-12 shows the
trend graphically for various types of limestone.

As predicted by the Westinghouse model, the 1imestone utilization
decreases when operating at higher SO2 removals. Limestone utilization is
defined as the ratio of the amount of limestone that is converted to CasS0O
to the total amount of limestone fed. The decrease in utilization is
expected at higher SO2 removals because for every unit of increase in the
Ca/S ratio, the increase in SO2 removal becomes less as shown in Figure
3-12 for SO2 removals above 75 percent.

4

3.2.4.2.2 Sorbent particle size. For a given mass of limestone, the

smaller the mean particle size, the greater the net surface area. As the
particle size decreases, calcium utilization increases. Therefore, higher
SO2 removals can be achieved at the same Ca/S ratio by using smaller rather
than Targer particle sizes. The increase in SO2 removal for smaller
particle sizes is due to the increase in the surface area of the particle
being exposed to 502'122 However, for very small particle sizes, the
limestone particles can be elutriated from the bed before reaction with the
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sulfur has occurred, resulting in Tower SO2 removals and lower calcium
utilization. The;Westinghouse model predicts that for particle sizes below
500 microns, SO2 removal will be sigzificantly reduced for gas phase
residence times below 0.7 seconds.

3.2.4.2.3 Gas Phase Residence Time. The gas phase residence time is

defined as the time that the volume of gas remains in the bed and is the
ratio of the expanded bed height to the superficial gas velocity. As the
gas phase residence time is increased, higher SO2 removals are achieved at
the same Ca/S ratio. The reaction time between SO2 and calcium oxide (Ca0)
is increased allowing more SO2 to react with Ca0. The gas phase residence
time can be increased by increasing the bed level, decreasing the coal feed
rate, or decreasing the air flow rate (excess air).

3.2.5 §g2 Emission Test Data for Qil-Fired Boilers
3.2.5.1 Low Sulfur Qi Test Data. Low sulfur oils include both those

with naturally occurring low sulfur content and those that have had sulfur
removed by HDS techniques. Sulfur constituents in a given fuel oil supply
are distributed evenly throughout the fuel. Moreover, other factors such as
refinery techniques, storage and transportation methods, and fuel handling
at the steam generating unit site serve to make fuel o0ils relatively
homogeneous with respect to fuel sulfur content. Thus, there is little
variability in SO2 emissions resulting from the combustion of a specific

fuel oil supply and more than 95 percent of the fuel sulfur content is
converted to 502.125

Air pollution emission correlations are available to estimate SO2
emissions as a function of percent sulfur in the oil for firetube and
watertube boilers 2.9 megawatt (MW) down to (10 million Btu/hour) heat
input.126 These correlations were developed from actual test data for
uncontrolled oil-fired boilers and showed that SO2 emissions increased
proportionately as the percent sulfur in the 011 increased. Assuming that
low sulfur oils contain sulfur contents of 0.75 weight percent or less, the

3-56



maximum SO, emissions for low sulfur oils are 344 ng/J (0.80 1b/106 Btu) for small

boﬂers.12 ’

3.2.5.2 Sodium Scrubbing Test Data. Table 3-12 presents SO2 emissions
data for 20 oil-fired steam generators equipped with sodium scrubbers and
operated to produce steam for tertiary oil recovery. All SO2 tests were
short-term compliance tests (typically over a 3-hour period). Sulfur
dioxide emissions were measured using either EPA Reference Method 8 or
continuous emission monitors (CEM). The short-term CEM tests were performed
using ultraviolet photometry. These tests were classified by the EPA as an
alternative method to measure 302. From this table, it can be seen that SO2
removal efficiency ranged from 87.5 to 99.5 percent on 0ils having sulfur
contents ranging from 0.6 to 1.66 weight percent. Operating loads ranged
from 67 to 108 percent of full load.

Table 3-13 summarizes the data in Table 3-12 and shows that the SO2
removal efficiency averaged 95.2 percent for the 20 boilers equipped with
sodium scrubbers. The average SO2 outlet emissions were 30.1 ng/J (0.07
1b/106 Btu). The sulfur content of the oils and operating load for the 20
boilers averaged 1.21 weight percent and 87.5 percent of full load,
respectively. \

Because data presented on sodium scrubbing FGD systems on oil-fired
boilers are from short-term testing, long-term SO2 emission and reiiabi]ity
performance cannot be directly determined. One method of estimating the
long-term SO2 emission performance of sodium scrubbing systems on oil-fired
boilers is to relate the short-term SO2 emission results from oil-fired
boilers to the long-term SO2 emission performance of coal-fired boilers.
Long-term SO2 emission data were available and were analyzed for SO2
reduction variability for one sodium scrubbing FGD system on a coal-fired
boiler. The data will be discussed in Section 3.2.6.2. Because the sulfur
content of residual oils is more consistent and less variable than the
sulfur content of coals, the variability results using the long-term SO2
emission data from this coal-fired boiler would be a conservative estimate
of the emission variability for sodium scrubbers on oil-fired boilers.
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TABLE 3-13. AVERAGE RESULTS FROM SODIUM SCRUBBING FGD SYSTEMS APPLIED
TO RESIDUAL OIL-FIRED SMALL STEAM GENERATORS?

§Q2 Removal Efficiencies. Percent

Average Efficiency (+ Standard Deviation) 95.2 + 3.4

Qutlet SO, Emissions. na/d (1b/10° Bty)®

Average SO2 Outlet Emissions : 30 + 26 (0.07 + 0.06)

sulfur Content in 011, Weight Percent

Average Sulfur Content in 0i1 Fired 1.21 + 0.31

Average Load. Percent of Fyll Load 87.5 + 11.3

aAverage results based on the data presented in Table 3-12.

bTo convert to ng/J, multiply emissions in 'lb/106 Btu by 430.

3-60



The results from this analysis of the coal-fired boiler data indicate
that sodium scrubbers on residual oil-fired boilers could comply with a 90
percent SO2 reduc%ion specification using a 30-day rolling averaging period
if the mean SO2 reduction is 91 percent or greater. The SO2 emission
performance is expected to be better for oil than for coal because the
sulfur variability of oil is lower than that of coal. The results of the
data analysis from the coal-fired boiler are discussed in Section 3.2.6.2.

3.2.6 §g2 Emission Test Data for Coal-Fired Boilers

3.2.6.1 Low Sulfur Coal Test Data. Low sulfur coals generally
represent coa]s that can meet the existing NSPS for SO2 of 516 ng/J

(1.2 1b/10 Btu) for boilers greater than 73.3 MW (250 million Btu/hour)
heat input. The variability and performance of low sulfur coal have been
addressed in earlier reports in support of NSPS for industrial

boilers. 131-133 The results from these references will be briefly
summarized.

Unlike SO2 emissions from oil combustion, those resulting from the
combustion of coal vary considerably because the sulfur content of the coal
is not homogeneous. Coal produced from a single seam at the same mine may
vary substantially in sulfur content. In addition to sulfur content, the
heat content of coal also varies. Therefore, when expressing fuel sulfur
content on a heat content basis (ng/J or 1b/106 Btu) and assuming that 100
percent of the sulfur is converted to SOZ’ SO2 emission variability is
actually a measure of the joint variability of these two coal properties,
heat content and sulfur content. Three other factors which affect the
amount of SO2 emission variability are: .

0 the extent to which coal is cleaned prior to shipment (i.e., whether
or not PCC is used),

0 coal handling practices at the mine, at the PCC plant, or at the
boiler site, and

o coal lot size, which is the quantity of coal consumed by a boiler
in one day.
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Coal blending decreases the variability in coal sulfur content by physically
averaging the sulfur content of coals. The degree of reduction in
variability, however, depends on the properties of the coals blended and the
specific blending method.

To assess the performance of low sulfur coal as an emission control
technique, SO2 emission data were gathered from five industrial-commercial-
institutional boilers and from six electric utility boi1ers.134’135
Analyzing the data sets of these 11 boilers using a time series statistical
model [AR(1) model], the model projected a ratio of 1.43 between the
once-in-10-year maximum expected 30-day rolling average emission rate and
the long-term average emission rate for a relative standard deviation (RSD)
of 34 percent and an autocorrelation (AC) of 0.7. Such RSD and AC values
are representative of SO2 emission statistics for coal combustion in
industrial boilers. 136 These variability statistics predict that a 0.75
weight percent sulfur coal with an average SO2 emissions of 516 ng/J (1.2
1b/106 Btu) would exh1b1t a once-in-10-years maximum SO2 emission rate of
731 ng/Jd (1.7 1b/10 Btu), as measured on a 30-day rolling average basis.

3.2.6.2 Sodium Scrubbing Test Data. Thirty days of certified CEM test

data were gathered from a sodium scrubber applied to a pulverized coal-fired
boiler rated at 55 MW (188 million Btu/hour) heat input (68,000 kg/hour
[150,000 1b/hour] of steam). 137 The FGD system tested was a tray and quench
Tiquid scrubber and consisted of a three-stage impingement tower with a
Chevron mist eliminator. The scrubbing medium was a 50 percent aqueous NaOH
solution. The makeup rate to the scrubber was 0.13 m3/min (35 gal/min).
The design SO2 efficiency of this system was 90 percent at an inlet SO
concentration of 2,000 ppmv.138

Figure 3-13 shows consistently high SO2 removal efficiencies, averaging
96.2 percent for the test period. The daily average outlet SO2 emissions
ranged from 56 to 267 ng/J (0.13 to .62 1b/10 Btu), averaging 87 ng/J
(0.20 1b/10 Btu) for the 30-day test period. The scrubbing solution pH was
consistently maintained at an average pH of 8.1. From Figure 3-13, it can
be seen that the boiler operated at loads between 40 and 60 percent of full

2
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Figure 3-13. Daily average SO2 removal, boiler load, and slurry pH

for coal-fired boiler equipped with a sodium scrubber. 139
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lToad and averaged 48 percent of full load for the test duration. The sulfur
content of the codl fired was 3.6 weight percent.

The ]ong-terﬁ data from this FGD scrubber were analyzed for SO2
emission reduction variability. The results of the variability analysis
indicate that a long-term mean of 91 percent SO2 reduction would be required
to comply with a 90 percent 502 reduction 1imit based on12030-day rolling
average with no more than one exceedance every 10 years. An RSD of 1.2
percent and an AC of 0.13 were determined from the SO2 reduction data for
this boﬂer.l41 If the mean SO2 reduction performance of 94 percent were
maintained over a long period of time at full load, then the sodium scrubber
would be in compliance with a 90 percent SO2 reduction specification using a
30-day rolling average.

It is also expected that if the inlet 802 concentrations are 2,000 ppmv
or less and that FGD operating parameters (e.g., pH, TSC, and liquid-to-gas
flow ratio) adjusted accordingly with increasing load, then the 502 removal
efficiency for the FGD system of the tested boiler would meet at least the
design SO2 removal efficiency of 90 percent at full load. During the 30-day
test, the inlgt SO2 emissions averaged about 1,800 ppm.142

Although the FGD scrubber is applied to a boiler rated above 29.3 MW
(100 million Btu/hour) heat input, the test data on this scrubber are
applicable to small boilers because SO2 emissions on a heat input basis are
independent of boiler type and size and are dependent only upon fuel type
and sulfur content. In addition, FGD system design and operating

characteristics do not vary significantly with size in this general size
range.

3.2.6.3 Flui ion T . Table 3-14 presents SO2

emission data for four bubbling bed and one circulating bed FBC boilers.
Certified CEM or EPA Reference Methods were used to measure SO2 emissions.
Tests using EPA Methods were short-term tests (approximately three hour
tests) except otherwise stated in Table 3-14, while tests using CEM’s were
long-term tests. The results from this table show that SO2 removal
efficiencies ranged from 86 to 99 percent for tests on the four bubbling bed
boilers. The range of outlet SO2 emissions is from 26 ng/J (0.16 1b/106
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Btu) for the bubbling bed boiler at Prince Edward Island firing a 5.7
percent sulfur coa] and operating at a Ca/S ratio of 7.2 to 430 ng/J (0.98
1b/10 Btu) for the same boiler firing a 4.5 percent sulfur coal and
operating at a Ca/S ratio of 4.5. For the only staged bed FBC boiler, the
operating Ca/S ratio was 3.1, resulting in a 91 percent SO2 removal
efficiency. For the circulating bed FBC boiler firing a 0.43 percent sulfur
coal, an SO2 removal efficiency of 82 percent was achieved. Outlet SO
emissions from this boiler were 56 ng/J (0.13 1b/106 Btu).

The effects of sorbent particle size on 502 removal efficiency were
examined on the boiler at Prince Edward Island. The results shown in Table
3-14 using two different sizes of limestone indicate that lower SO2 removal
efficiency was achieved while using the coarser limestone (particle sizes of
6.3 millimeters [mm] [0.25 inch] and less) compared to operation with the
finer limestone (particle sizes between 2.4 mm and 0.8 mm [0.09 and 0.03
inch]). For the coarser limestone, an SO2 removal efficiency of 91 percent
was achieved by operating the boiler at a Ca/S ratio of 4.5. This compares
with an SO2 removal efficiency of 94 percent while operating with a Ca/S
ratio of 3.7 and the finer limestone. Thus, even at the higher Ca/S ratio,
the coarser limestone resulted in Tower SO2 removal performance than did the
finer limestone. This lower performance can be attributed in part to the
larger particle sizes but may also be attributed to the larger percentage of
fines in this limestone which may have been readily elutriated from the bed.
The particle size distribution analysis supports this contention.149 Eleven
percent of the coarser limestone contained particles smaller than 0.58 mm
(0.023 inch) compared to only 2 percent for the finer limestone. Similarly,
23 percent of the coarser limestone contained particles larger than 3.3 mm
(0.13 inch) compared to only 3.4 percent for the finer limestone. The
calcium carbonate content of both limestones was about 98 weight percent.

In addition to the three test results reported in Table 3-14 for the
boiler at Prince Edward Island, emission data were collected for the entire
test period of 30 days. Figures 3-14 to 3-16 show the results of SO2
removal efficiency, Ca/S molar ratio, and boiler load, respectively, for the
entire test period. The results in these figures are based on daily

2
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average data. The daily average SO2 removal efficiency ranged from 73 to 97
percent, averaging 93.5 percent. The lower daily average SO2 rempva]
efficiency of 73 bercent on day 10 in Figure 3-14 was attributed to
operating the boiler at a low Ca/S ratio of 2.5. The Ca/S ratio was lowered
on this day because of inclement weather conditions. The inclement weather
forced the plant at the base to reduce ash removal rates since ash disposal
trucks could not reach the base. With the exception of day 10, the Ca/S
ratio ranged between 3 and 4 for the first 20 days as shown in Figure 3-15;
however, because of parametric testing thereafter, the Ca/S ratio increased
as high as 7.7. The Ca/S ratio for the entire test period averaged 4.0.
Boiler load remained around 70 percent of full load for the first 19 days
and then dropped to between 55 and 65 percent for the remainder of the test.
Nevertheless, boiler load averaged 70.6 percent of full load for the entire
period. It should be noted that the averages reported in Figures 3-14 to
3-16 were weighted averages with respect to the total number of hours of
operation. The daily average datapoints in these figures were based on the
hours of operation only, which for some days were less than 24 hours.
Emission data for the first 7.5 days of continuous operation from the
FBC boiler at Prince Edward Island were analyzed for SO2 emission reduction
variabi1ity.15° This time period represented the longest continuous
operating period for which emission and operating data were collected. In
view of the 94 percent mean SO2 reduction efficiency achieved by the FBC
unit for the 7.5 days, it is natural to compare this performance to the
requirements of a 90 percent reduction specification. The results of the
variability analysis indicate that a long-term mean of at least 91.3 percent
SO2 reduction would be required to comply with a 90 percent SO2 reduction
limit based on a 30-day rolling average with no more than one exceedance
every 10 years.151 Therefore, if 94 percent mean SO2 reduction were
maintained, the FBC boiler would be in compliance with a 90 percent SO

2
reduction specification using a 30-day rolling average.
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3.3 NOX CONTROL TECHNIQUES
3.3.1 Introduction

3.3.1.1 ugx Formation and Control Theory. The term nitrogen oxides

(NOx) refers to the mixture of nitrogen oxide (NO) and nitrogen dioxide
(NOZ) present in combustion gases; however, boilers produce predominantly NO
due to kinetic limitations in the oxidation of NO to NOZ’ Nitrogen oxides
are formed by one of two mechanisms. "Thermal NOX" is the result of the
reaction between molecular nitrogen and molecular oxygen, both of which
enter the combustion zone in the combustion air. "Fuel NO " results from
the oxidation of atomic nitrogen which enters the combust1on zone chemically
bound within the fuel structure.

Natural gas and most distillate oils have 1ittle or no chemically bound
fuel nitrogen and essentially all NO formed is thermal NO Fuel-bound
nitrogen content is typically less than 0.1 weight percent for distillate
0il. Residual oils and coals both have fuel bound nitrogen and when these
fuels are combusted, NOx is formed by both pathways. The combustion of
coals, and residual oils to a lesser extent, produces significant amounts of
fuel NOx since they are rich in nitrogen. Nitrogen content is typically 1.0
to 1.5 weight percent for coal and 0.2 to 0.7 weight percent for residual
oil.

Although the detailed mechanism of thermal N0 formation is not well
understood, it is widely accepted that thermal f1xat1on in the combustion
zone is described by the Zeldovich equations:

Ny + 0 ~ NO + N (3-10)
D —

N +0, ~ NO +0 (3-11)
<

The reaction rates of these equations are highly dependent upon both
the mixture stoichiometric ratio (i.e., the molecular equivalent air-to-fuel
ratio, with "rich and lean" describing the fuel amount) and the flame
temperature as shown in Figures 3-17 and 3-18.
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Figuré 3-17152 illustrates the very strong influence of stoichiometry

on thermal NO generation. The maximum NO occurs at a slightly lean fuel
mixture ratio due to the excess ava11ab111ty of oxygen for reaction within
the hot flame zone. The very rapid decrease in NO for either rich or lean
combustion indicates that control of local flame sto1ch1ometry is critically
important in achieving reductions in thermal NO

The influence of flame temperature on therma] NO generation is shown
in Figure 3-18. 153 For a given stoichiometry, the therma] NO generation
decreases rapidly as the flame temperature drops below the ad1abat1c
temperature. The local flame temperature decreases rapidly along the flame
axis as heat is radiated out of the flame. Therefore, most of the thermal
NOx is generated in the flame core and little in the furnace combustion zone
surrounding this flame core.

Localized control of the flame temperature is achieved by increasing
the time during which combustion occurs and, more important, by decreasing
the heat release rate. This is defined as the ratio of the bo11er heat
input, (Mw Btu/hr), to the heat transfer surface area (M2 ft ), or furnace
volume (M ft ). For stokers, the heat release rate is based on the
effective grate area.

Small combustion zones which generate high heat release rates and,
consequently, high NOx levels are typical in large, packaged industrial
boilers whose furnace size is limited by shipping restrictions. This
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phenomenon is 1ess of a problem for small boilers with heat inputs of

29.3 MW (100 mi11jon Btu/hour) or less. Boilers that are designed for low
NOx emissions generally have larger fireboxes in order to reduce peak flame
temperatures.

The mechanisms by which nitrogen compounds (primarily organic)
contained in liquid and solid fossil fuels evolve and react to form NO are
much more complex than the Zeldovich model, and the empirical data are 1ess
conclusive. Nevertheless, several independent studies indicate that the
fuel-bound nitrogen compounds react to form NO in two separate mechanisms:
a solid-phase char nitrogen reaction (in solid fuels) and a homogeneous
gas-phase reaction resulting from evolution and cracking of volatile
compounds (solid and liquid fuels).

The char nitrogen reaction is not well understood and the empirical
data are conflicting, although the data show that the char nitrogen
conversion to NOx is dependent on the flame temperature and stoichiometric
" ratio and on the char characteristics. The precise relations, however, are
not known. Conversion rates to N0 of 15 to 25 percent have been
documented. 154.

The gas-phase reaction 1is postulated to include a number of
intermediate reactions:155

/

CHAR—N, | NO

NO

7

FUEL CN ——> NCO

N o e
\ I\ N
| NS, 70

"2

where GFN is the gas phase nitrogen content of the volatiles.
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These reactions have been shown to produce the intermediate species at
rapid reaction rg}es. The decay rate of the intermediate species into N2
(fuel rich) and NOx (fuel Tean) is slower by at least an order of magnitude.
The rates are strongly dependent upon the stoichiometric ratio and the gas
phase fuel nitrogen concentration, weakly dependent upon the flame
temperature, and independent of the structure of the nitrogen compounds in
the fuel. It is the weak influence of temperature on gas-phase fuel NO
conversion that reduces the effectiveness of NO controls which rely on
temperature effects in the combustion of nltrogen bearing fuels.

Low NOx operation for high nitrogen-containing fuels involves
introducing the fuel with a substoichiometric amount of combustion air. In
this situation, combustion initiates and fuel nitrogen is released in a
reducing atmosphere which favors the reduction of fuel nitrogen to N2 rather
than the oxidation to NOx. The balance of the combustion air is then
injected in secondary and tertiary zones surrounding the fuel rich primary
flame zone for ensuring complete combustion. Here, as with thermal NO

controlling excess oxygen (02) is an important part of controlling NO
formation.

3.3.1.2 NO _ggnLrgl_lgghﬂjgggg_gxglggzgg Table 3-15 lists the NO
control techniques that are commercially available and applicable to sma]]
boilers.

Section 3.3.2 discusses low excess air (LEA) technology; Section 3.3.3
covers flue gas recirculation (FGR). Section 3.3.4 discusses overfire air
(OFA) for watertube and FBC boilers. Section 3.3.5 discusses low NO
burners (LNB) applied to natural gas- and oil-fired boilers.

Emission data and data analysis are presented in Sections 3.3.6, 3.3.7,
3.3.8, and 3.3.9 for natural gas-, distillate oil-, residual oil-, and
coal-fired boilers, respectively, rated at 29.3 MW (100 million Btu/hour) or
less. The Noxcontrol techniques of reduced air preheat (RAP) and combining
OFA with FGR are presented and discussed in this chapter.
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3.3.2 Low Excess Air

3.3.2.1 Pr&ées; Description. Low excess air can be applied to all
boilers between 2.9 and 29.3 MW (10 and 100 million Btu/hour) heat input.

In this technique, the combustion air flow is reduced to the minimum amount
needed for complete combustion. The level to which the excess air may be
lowered is usually limited by the onset of carbon monoxide (CO) and smoke
formation due to incomplete combustion.

Reducing the total excess air level reduces the local flame zone
concentration of 02, thus decreasing thermal NOx emissions. The lower O2
concentration in the flame zone also leads to lower fuel NOx emissions, but
fuel NOx is also affected by the amount of mixing within the flame core.
Fuel NOx formation will be slowed by reducing the amount of mixing between
the fuel and the air in the flame core. Low excess air operation generally
does not reduce the fuel-to-air mixing in the flame core. Therefore, LEA
will become less effective in reducing fuel NOx emissions of higher nitrogen
fuels such as coal or residual oil. Low excess air operation may be used as
the primary NOX control method or in combination with other NOx controls
such as LNB, OFA, or FGR.

Operation with LEA also presents an economic incentive to boiler
operators since it results in increased boiler efficiency. Boiler
efficiency is improved with LEA because less combustion air is heated and
more heat of combustion is transferred for producing steam, thus lowering
fuel requirements for the same steam output rate.

Firetube and watertube boilers can operate at lower excess air levels
(at 10 percent excess air, or about 2 percent excess 02 in the flue gas, and
less) using two available types of control equipment. The first type uses
an 02 trim device on a conventional burner/boiler system to regulate the
combustion air flow rate for achieving a desired excess 02 level in the
stack. This 02 trim system is connected either to the air or to the fuel
control instrumentation of the boiler for regulating air or fuel rates. In
fact, the 02 trim system can be linked to a burner management system for
regulating both air and fuel rates. The 02 sensor of the trim system is a
continuous monitor which analyzes flue gas 02 content in the boiler stack.
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An 02 trim system is needed for LEA operation to ensure that lower, yet
sufficient, excess air levels are maintained under boiler load variations.
The boiler can operate at lower excess air levels safely with an 02 trig7
system and use of an 02 trim system results in reduced fuel consumption.

The second control equipment option for LEA operation is to combine an
LEA burner and an 02 trim system. This burner can operate at lower excess
air levels than a conventional burner, typically between 1 and 2 percent
excess 02 (5 to 10 percent excess air) for gas or oil firing.lss'lso

It should be noted that the term "excess 02" in this section and other
sections of this report refers to the 02 content of the stack gas. In the
absence of air infiltration, this value is equivalent to the amount of 02 in
excess of that required for stoichiometric combustion.

For coal-fired stokers, low excess air is achieved by design and
adjustment of the combustion air delivery system. Typical stack 02 Tevels
without LEA are about 6 percent (40 percent excess air) on newer units and
about 5 percent (30 percent excess air) when LEA is apphed.161 162

Coal-fired stoker boilers are generally balanced draft units, with both
forced draft (FD) and induced draft (ID) fans. Often, these units control
combustion air flow based on furnace draft pressure. The FD fan damper
automatically adjusts to changes in furnace pressure, and the ID fan tracks
the FD fan signal. By including an 02 trim system, better 02 contro] can be
obtained in the boiler under extreme load variations.

3.3.2.2 Factors Affecting Performance. As discussed previously,

lTowering the excess air generally reduces N0 emissions. Low excess air
controls require more reliable combustion a1r control to ensure safe
operation. Reducing the excess air level below stoichiometric air
requirements can lead to a rapid increase in CO, hydrocarbon, and smoke
emissions. Application of LEA controls requires not only the means of
adjusting air flow at various loads, but also the installation of flue gas
02 and CO monitors to provide feedback to the combustion air flow
controller. For many cases, LEA is controlled automatically using an 02
trim system. Also, proper burner design resulting in good fuel/air mixing

is important for operating at 1ower excess air 1evels and for maintaining
complete combustion.
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3.3.3 Flue Gas Recirculation

3.3.3.1 Erghg;;_ggggtiggigg. In an FGR system, a portion of the flue
gas is recycled from the stack to the burner windbox. Upon entering the
windbox, the gas is mixed with the combustion air prior to being fed to the
burner or grate.

The FGR system reduces N0x emissions formation by two mechanisms. The
recycled flue gas is made up of combustion products which act as inerts
during combustion of the fuel/air mixture. This additional mass is heated
in the combustion zone and lowers the peak flame temperature, thereby
reducing the amount of thermal NO formation. To a lesser extent, FGR also
reduces thermal NO formation by lowering the 02 concentration in the
primary flame zone. Flue gas recirculation is effective in reducing NO
emissions in natural gas- and distillate oil-fired boilers, since nearly a11
of the N0 generated during combustion of these fuels is thermal NO

However, FGR is not as effective in reducing N0 emissions from
residual oil- and coal-fired boilers. This is due to the large fuel NO
component of those fuels which is not reduced by the thermal NO control.

Flue gas recirculation systems have been applied pr1mar11y to packaged
watertube boilers, although some FGR systems have been installed on firetube
boilers. Typical layouts for an FGR system on a firetube and packaged
watertube boiler are shown in Figures 3-19 and 3- 20, respectively.

Major equipment items shown in Figures 3-19 and 3-20 are the FGR fan
and motor and the FGR ducting from the stack to the windbox. In addition,
one boiler manufacturer provides a shut off damper, a flowmeter, and
controlled flow damper. For a boiler being retrofitted with FGR,
mod1f1cat1ons must be made to the stack and windbox to accommodate the FGR
duct.

One boiler manufacturer recently introduced an FGR design for stokers,
referred to as stoker gas recirculation. The Zurn process was developed by
KVB and is shown schematically in Figure 3-21. .

Stoker gas recirculation was designed as a technique for reducing
excess air requirements and for improving boiler control. The system was
not designed for, nor is it presently marketed as, a NOX control system.
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Figure 3-20. FGR system layout for packaged watertube boiIer.164
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Figure 3-21. Stoker gas recirculation system for
spreader stoker coal-fired boi]er.165
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With FGR, excess air can be reduced since the flue gas injected under
the grate increases the gas flow through the bed and is of higher heat
capacity, thus cooling the bed and avoiding clinker formation. Temperatures
above the bed are reduced by as much as 120°C (250°F).166 Lower excess air
and the cooling effect tend to Tower thermal NOx emissions but have minimal
impact on the more significant fue]-NOx emissions.

3.3.3.2 Factors Affecting Performance. As the amount of flue gas

recirculated to the boiler is increased, NOx emissions will decrease. The
effectiveness of FGR depends on the type of fuel being fired in the boiler
and the boiler heat release rate. As discussed previously, FGR is effective
in reducing thermal NOX emissions; therefore, this technique is most
effective in reducing NOx emissions from boilers firing natural gas or
distillate oil and is least effective for boilers firing residual o0il or
coal. Also,-FGR is more effective in reducing NOx emissions for high heat:
release rate boilers than for those with low heat release rates. By
recirculating the flue gas to the combustion zone, the peak flame
temperature is lowered, thereby lowering thermal NOX emissions. Therefore,
the potential for reducing NOx emissions is greater for boilers having high
heat release rates because the potential for reducing the peak flame
temperature is greater.

As discussed above for LEA, increasing the FGR rate to the point where
the delivered combustion air rate is below stoichiometric air requirements
can lead to a rapid increase in CO, hydrocarbon, and smoke emissions.
Proper flue gas, air, and fuel mixing is important for operating at high FGR
rates and for maintaining complete combustion.

3.3.4 Staged Combustion - Overfire Air
3.3.4.1" Process Description.

3.3.4.1.1 Mﬂmwmmmﬂ- In staged

combustion systems, conventional burners are used to introduce the fuel and
sub-stoichiometric quantities of combustion air (primary air) into the

Ty T

"
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boiler. The remaining combustion air (secondary air) is introduced
approximately one-third of the distance down the furnace through overfire
air (OFA) ports.

The OFA system reduces NOX emissions formation by two mechanisms.
Staging the combustion air partially delays the combustion process,
resulting in a cooler flame and suppressing thermal NOx formation. The
staging of the combustion air also promotes a deprivation of 02 and less
complete mixing of fuel and air in the combustion region where fuel nitrogen
evolves, thereby reducing fuel NOx formation.

Overfire air systems have been applied mainly to watertube boilers
rather than to firetube boilers. However, an OFA system was retrofitted on
an experimental firetube boi]er.167 Figure 3-22 shows an overfire air
system applied to a packaged watertube boiler.

The latest OFA system designs on watertube boilers incorporate high
pressure injection of the overfire air. The high pressure injection
promotes rapid'and complete mixing of the remaining unburnt fuel with the
secondary air. As a resu]t, the secondary combustion reactions are rapid
and complete, minimizing flame extension.

Coal-fired stokers achieve partial staged combustion by the nature of
their design. Part of the fuel is combusted on the grate while the rest is
burned in suspension above the grate. Combustion air can be split and
introduced both below the grate and above the grate through OFA ports. Many
stokers have OFA ports as smoke control devices. Therefore, the location of
the OFA ports in the boiler may not be at the optimum Jocation to achieve
the greatest NOx reductions. For stokers rated at heat inputs above 29.3 MW
(100 lnil1ion Btu/hr), N0x reductions of 10 to 25 percent have been
achieved. ! T

Reductions in NOx are enhanced further by reducing the undergrate air
flow and by increasing the air flow through the OFA ports. However,
reducing the undergrate air flow to achieve a staging effect significantly
greater than that which occurs naturally in stokers can result in serious
operating prob]ems.169 Some of these problems are grate overheating,
corrosion, and clinker formation. The effect of these operating problems
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Figure 3-22. Overfire air system applied to a packaged boiler.
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limits the use of this technology for N0X control in coal-fired stokers.
However, most of these problems can be eliminated by careful operator
attention and adequate boiler control instrumentation (i.e., 02 trim
systems, CO and smoke_monitors, better OFA controls, etc.).

3.3.4.1.2 Elu1dizgg_hgg_ggmhuggign_hgjlggg. Small boilers using FBC

technology inherently produce Nox emissions which are comparable to those
from spreader stokers. The use of solids recycle can lead to reduction in
NOx emissions by the heterogeneous reactions between the carbon contained in
the recycled solids and NO. Emissions of NOx from FBC boilers can be
reduced further by staging of the combustion air. A substoichiometric
amount of air is added at the fluidizing air (primary air) injection point.
The balance of the air needed to achieve adequate combustion efficiency is
added above the bed. This allows combustion to be completed in the
freeboard (i.e., space between the top of the fluidized bed and boiler f
outlet). ;

Bubbling bed boilers can be modified to operate with OFA ports.
However, OFA ports are usually installed to improve combustion efficiency
and 502 removal efficiency. One bubbling bed design which incorporates
combustion air staging is the staged-bed FBC boiler. As discussed in
Section 3.2.4.1, the total combustion air to this system is split between an
upper bed where limestone is added for SO2 control and a Tower bed where
optimum combustion temperatures are maintained to maximize boiler
efficiency. However, this type of boiler is designed primarily for
optimizing - boiler efficiency and SO2 removal with only secondary
considgration to controlling NOx emissions.

Circulating bed boilers are also designed with staging of the
combustion air. Primary air is injected under the bottom of the combustion
chamber creating a dense bed of large particles and a circulating entrained
bed of fine particles. Secondary air is injected through air ports above

the dense bed zone ‘to improve combustion efficiency and reduce NOx
emissions.
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3.3.4.2 Factors Affecting Performance. The variable having the

greatest impact on Nox emissions for staged combustion is the primary-to-
stoichiometric air ratio, defined as the ratio of the air rate introduced
either through a conventional burner for gas- and oil-firing or through the
distributor plate for'coal-firing to the calculated stoichiometric air rate.
As the primary/stoichiometric air ratio is decreased, NOx emissions will
decrease. However, lowering the primary/stoichiometric air ratio in the
boiler beyond its design capabilities will lead to operational problems such
as high CO, hydrocarbon, and smoke emissions due to low primary air flow
rates, creating incomplete combustion conditions.

Also, for natural gas- and oil-fired watertube boilers, a staged flame
is larger and extends further into the furnace than an unstaged flame. This
could lead to flame impingement on the rear furnace wall (or side walls)
causing premature tube failures and/or refractory damage. These factors
diminish the. applicability of staging techniques for boilers with high heat’
re]éase rates [greater than 426 kJ/sec-m2 (135,000 Btu/hr-ftz) based on f .
radiant surface area or greater than 828 kJ/sec-m3 (80,000 Btu/hr-ft3) based
on furnace vo]ume].17°’ 171 Small watertube boilers have heat release rates
generally below 828 kJ/sec-m3 (80,000 Btu/hr—ft3).172

Using staged combustion in combination with LEA in small boilers will
lead to further improvements in NOx reduction. The amount of staging and
the amount of the excess air reduction required to optimize NOx emission
reduction will depend upon boiler design, operational practices, and the
fuel being fired. For most steam generators, decreasing the total excess

air at the same primary-to-stoichiometric air ratio will decrease N0x
emissions.

whe Pt

4w

-

3.3.5 Staged Combustion - Low NO._Burners
3.3.5.1"Efggggg_ng;gripjign. Staged combustion with LNB reduces NOx

formation by carrying out the combustion, as the name implies, in stages.
The staging technique is similar to that of the OFA system except that the

combustion staging is achieved at and within the burner rather than further
up in the furnace. '
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As with OFA, the burner staging delays combustion and reduces the peak
flame temperature, thus reducing the amount of thermal NOX. For this
reason, LNB should be as effective as OFA in eontrolling NOx emissions from
boilers burning Tow nitrogen fuels such as natural gas and distillate oil.

The substoichiometric 02 levels (introduced with the primary combustion
air into the high temperature, fuel nitrogen evolution zones of the flame
core) reduce fuel N0x formation. This makes LNB effective in controlling
NOx emissions from boilers burning high nitrogen fuels such as residual oil
or pulverized coal.

Although pulverized coal-fired boilers are not expected to be employed
in the small boiler size range, much of the LNB technology was developed on
pilot plant units (with less than 29.3 MW [100 million Btu/hour] heat input
capacity) for application to pulverized coal-fired utility boilers. Low-NOx
burners have been applied to watertube boilers. One burner manufacturer is
testing a ceramic fiber LNB for natural gas-fired firetube boﬂers.173 )
However, this burner is available commercially for natural gas-fired
firetube boilers rated at 1.2 MW (4 million Btu/hour) heat input or less.
The manufacturer of this burner indicates that they plan to scale-up the
burner for larger firetube boilers in the near future.174

3.3.5.2 Iypes of low uQx_hyrngrg. There are basically four types of

LNB’s applied to small watertube boilers: staged air burners, staged air
burners with internal recirculation, staged fuel burners, and split-flame
burners. The staged air and staged fuel burners are the only LNB types that
are commercially available at present for small boiler application.
However, the other two LNB types are discussed in this section since they
could bossib]y”be developed for small watertube boiler application in the

future. With the exception of the radiant flame LNB, no LNB’s are available
for firetube boilers.

3.3.5.2.1 staged air burner. Staged air burners can be designed to

‘combust natural gas either alone or in conjunction with a wide range of
liquid fuels ranging from 1ight distillate oil to heavy residual oils. To
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allow flexibility, most staged air burners are designed for multiple fuel
capabilities.

The cross-sectional view of one type of staged air burner is shown in
Figure 3-23. Only a portion of the combustion air is introduced with the
fuel at the point of fuel injection. This air is designated as primary
combustion air. A substantial amount of secondary combustion air is
introduced in the burner throat. Finally, the remaining combustion air (if
any), designated as tertiary air, is introducedvat the burner face and is
directed down the boiler walls in such a manner that it does not mix with
the flame until it reaches zones deeper into the firebox.

The staged air burner reduces NOx formation by two mechanisms. Staging
the combustion air elongates the flame and delays combustion. This results
in a cooler flame and reduces thermal NOx formation. Secondly, with proper
combustion air staging, low 02 levels can be maintained in the specific
combustion regions where fuel nitrogen is evolved from the fuel, thus
suppressing fuel NOx formation. ;

At present, the staged air LNB is being offered by five manufacturers
for applications to gas- and oil-fired boilers. Two manufacturers have
applied the staged air burner to boilers between 6.4 and 29.3 MW (25 and 100
million Btu/hour) heat 1‘nput.175’176 Two other manufacturers have applied
this burner type to 0il-field steam generators rated between 6.4 and 29.3 MW
(22 and 100 million Btu/hour) heat input.177’178 One additional
manufacturer has applied this burner type to process heaters.179

3.3.5.2.2 Staged Fuel Burper. Staged fuel burners are designed for

the combustion of gaseous fuels such as natural gas. The cross-sectional
view of a staged fuel burner is shown in Figure 3-24. This burner achieves
staged combustion by introducing the fuel into two combustion zones.

In the primary combustion zone, the fuel is combusted with an excess of
air. This continues until the flame front reaches the second combustion
zone which is located downstream of the burner face. At this point the
secondary fuel contacts the main flame at such a rate as to keep the entire
burner operating within proper stoichiometric limits. The resulting flame
is partitioned into almost two separate flames.
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Thermal NOx emissions are reduced in the primary flame zone because
less fuel is available for combustion. Therefore, less heat will be
generated in the -primary zone reducing the peak flame temperature. In
addition, the fuel in the primary flame zone is exposed to very high excess
air 1eve1s.180 At these very high excess air levels, the inerts of the air
(primarily nitrogen) in the primary combustion zone will cool or quench the
flame resulting in further thermal NOx reduction. Thermal Nox emissions are
also reduced in the secondary combustion zone from the buildup of inerts
present in the primary combustion zone. The buildup of the inerts will also
reduce the peak flame temperature in the secondary combustion zone as well
as dilute the secondary combustion zone’s oxygen content.181

The staged fuel burner is being offered by one manufacturer for gaseous
fue]s.182 This manufacturer plans to develop a staged fuel burner for
liquid fuels. At this time, the staged fuel burner has been applied mostly
to process heaters and to some industrial boilers. ' «:

3.3.5.2.3 Internal ngj:gg!g;jgn(§;gggg Air Burner. The internal

recirculation/staged air burner is designed for the combustion of gaseous
and 1liquid fuels in boilers. It combines the advantages of a staged air
burner with a limited amount of FGR. Figure 3-25 shows the cross-section of
an internal recirculation/staged air burner. As with other staging burners,
only a portion of the combustion air is introduced with the fuel as primary
air.

The internal recirculation/staged air burner reduces Nox formation from
natural gas combustion by the same two mechanisms described above for staged
air burners. In addition, the internal recirculation/staged air burner
reduces thermaf NOx by diluting the 0, in the combustion zone with
recirculated combustion products.

Although actively marketed for use in natural gas-fired industrial
boilers, internal fecircu]ation/staged air burners have been applied only on
small oil-fired steam generators for tertiary oil recovery to date.183
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3.3.5.2.4 gSplit Flame Burner. The split flame LNB has been developed
for application to large industrial and utility pulverized coal boilers.

While not directly applicable to small boilers at present, this burner is an
example of the current state-of-the-art commercial LNB, and it could
possibly be applied to residual oil-fired watertube boilers. The split
flame burner is shown in Figure 3-26.

The controlled-flow, split-flame burner achieves a triple staging
effect by dividing the secondary air flow with dual series registers and
concentrating the coal flow into four streams. The concentrated split
flames reduce fuel NOx by operating fuel rich. Thermal N0x is reduced by
the Tower flame temperatures resulting from the increased flame surface
area and heat dissipation.

3.3.5.3 E3gLgLg_AffggLing_Bnggrmgngg. As similarly discussed in

Section 3.3.4.2 for OFA, the primary-to-stoichiometric air ratio is the ~

major operating factor affecting NOx emission performance for boilers usin§ ;

LNB. For LNB, this ratio is defined as the air introduced in the primary
zone of the burner to the calculated stoichiometric air. The influence of
the primary-to-stoichiometric ratio on NOX emissions for boilers using LNB
is the same as discussed for those generators using OFA (refer to

Section 3.3.4.2). Reducing this ratio will reduce NOx emission formation.
Additionally, reducing the total excess air for most boilers using LNB will
further reduce NOX emissions. However, operating the boiler beyond its
design capabilities will Jead to operational problems such as high co,
hydrocarbons, and smoke emissions.

3.3.6 'ugx Emissions Test Data From Natural Gas-Fired Steam Generators
3.3.6.1 LEA Test Data.
3.3.6.1.1 As1ual_gr_n9n;nnrmalizsd_ﬂgx_gmisgigns_daﬁi. Table 3-16

presents NOx emission data from tests on 14 natural gas-fired small boilers
using LEA. Emission data are available on five firetube and nine watertube
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- Figure 3-26. Split flame bur'ner.184
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boilers. The data in this table were not corrected or normalized to any
specific operating conditions. In addition to NOX emission data, this table
presents site and-beiler information and operating conditions for baseline
and LEA tests. Baseline conditions represented the normal operating
conditions of each bof]er and differed for each boiler tested. The average
test load and combustion air temperature data indicated for each boiler in
this table were held constant during baseline and LEA testing of the 14
natural gas-fired boilers.

Four of the five firetube boilers were tesfed for NOx emissions using
continuous emission monitors (CEM) over a short time period. Long-term
(30 days) CEM tests were performed on the boiler at Site 6. Reduction
efficiencies of NOx ranged from 5 to 34 percent excluding one test that
showed increased NOx emissions. Emissions of NOx from the five firetube
boilers using LEA ranged from 31.0 to 47.7 ng/J (0.072 to 0.111 1b/106 Btu). .
The boilers operated at loads ranging from 33 to 90 percent of full Toad. © :
Excess 02 levels during LEA operation ranged from 2.7 to 7.2 percent, andf ;
from 6.8 to 11 percent during baseline operation. Only one firetube boiler
(#26-1) produced higher NOx emissions using LEA than during baseline
testing. An explanation was not given for this observation in the emission
test report on this boﬂer.185

A1l watertube boilers in Table 3-16 were tested for NOx emissions using
CEM’s over a short time period. For the six packaged watertube boilers
using no air preheat, reduction efficiencies of NOx ranged from 6 to 22
percent excluding one test that showed increased NOX emissions. NO
emissions from these boilers using LEA ranged from 28.4 to 56.8 ng/J (0.066
to 0.132 1b/106 Btu). Excess 02 Tevels varied from 1.9 to 4.1 percent
during'LEA operation and from 3.2 to 5.8 percent during baseline operation.
The six boilers operated at loads ranging from 59 to 93 percent of full
Toad. LEA-controlled NOx emissions from only one boiler (#10-4) were higher
than base]iné’NDx emissions. Again, no explanation was given for this
observation in the emission test report on this boi]er.l86

For the three package watertube boilers with preheated combustion air,
reduction efficiencies of NOX ranged from 4 to 21 percent. LEA-controlled
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NOx emissions ranged from 86.9 to 126 ng/J (0.202 to 0.294 1b/106 Btu).
Excess 02 levels ranged from 1.9 to 3.7 percent during LEA operation and
between 3.2 to 5.7 -percent during baseline operation. Test loads varied
from 41 to 89 percent.

To examine the effects of combustion air preheat temperature on NOx
emissions, test data on one boiler (#38-2) with reduced combustion air
preheat firing natural gas and No. 6 fuel oil separately are shown in
Table 3-17. The results of these tests indicatg that reducing combustion
air temperature reduces NOx emissions for both these fuels. However, most
boilers in the small boiler size range do not have air preheaters.
Therefore, reduced air preheat is not generally available as a NOx control
technique for small steam generators.

Table 3-16 also presents CO emissions and boiler efficiency data from
test on boilers operating at baseline and LEA conditions. Carbon monoxide
emissions were measured from 13 of the 14 boilers and ranged from 0 to 145°
PPm. Nine of these 13 boilers produced higher CO emissions operating witﬁf
LEA than operating at baseline conditions. However, the increase in CO
emissions from these boilers operating with LEA was not significant enough
to cause a reduction in combustion efficiency. In fact, for two boilers
(#26-1 and #28-1) which produced higher CO emissions during LEA operation
than during baseline operation, the boiler efficiency of both boilers
increased 2 percent during LEA operation compared to baseline conditions.
Three boilers produced no detectable CO emissions during either baseline or
LEA operations, and one boiler (#3-2) emitted no detectable CO emissions
during LEA operation only.

Boiler efficiency was determined for LEA and baseline conditions on
four boilers (#1-3, #26-1, #28-1, and #38-2). These boilers operated at
roughly 1 to 2 percent higher efficiency at LEA than at baseline. Boiler
efficiency for the four boilers using LEA ranged from 79 to 85 percent.

L TNY TR

3.3.6.1.2 ugzmjlizgd_ﬂgx_gm1§§1gn_g§13. As shown in Table 3-16, NOx

‘emission data were obtained from 14 small boilers operating at various
baseline and LEA conditions. Nitrogen oxides emissions from natural
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gas-fired industrial boilers have been shown to be affected by load (or heat
release rate), combustion air temperature, and excess 02 1eve1.189 To
isolate the impacts of lower excess air operation on NOX emissions, the
small boiler NOx emission data presented in Table 3-16 were normalized with
respect to heat release rate, combustion air temperature, and excess O2
level using the 1985 industrial boiler NOX emission predictive (regression)
algorithm for watertube natural gas-fired boi]ers.lgo This technique
eliminates the contribution of those operating factors to NOx emissions by
correcting the data to a "common basis." The NOx predictive algorithm was
developed from data on both industrial small boilers (presented in

Table 3-18, excluding the firetube Nox emission data). For this reason, the
normalized N0x emissions of the firetube boilers calculated by this
algorithm are considered to be rough approximations.

Emissions of NOx for each boiler in Table 3-16 were normalized to full
load condition_(i.e., at its design heat release rate) and at an ambient ;
combustion air temperature of 279 (80°F). The chosen combustion air ;
temperature was assumed to be typical for a packaged firetube and watertube
boiler without an air preheater. If heat recovery is desirable for small
boilers, then an economizer can be used instead of an air preheater to
improve boiler efficiency. Using an economizer, which preheats only the
boiler feedwater by exchanging heat with the flue gas, will not increase NOX
emissions as would using an air preheater. For correcting baseline NOX
emissions with respect to excess 02 level, a baseline 02 Tevel of 6 percent
was chosen. Similarly, an LEA 02 level of 2 percent was chosen to correct
the LEA controlled NOx emissions. Both 02 levels can be achieved from
examining data collected from natural gas- and oil-fired boilers presented
in this chapter. |

The normalization equations used for correcting the NOx emission data

to the full load heat release rate and ambient combustion air temperature
are as follows:
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For baseline,
0.24 1.08 0.14

- (B F) )

where: En = Normalized NO emissions, ng/J or 1b/106 Btu

E = Actual or unnorma]1zed N0 emissions, ng/J or 1b/106 Btu

F - Full load combustion zone heat release rate, 103 Btu/hr-ft
surface

H = Test load combustion zone heat release rate, 10
surface

T .= Combustion air preheat temperature, R -

A = Excess 0, level, percent. :

For LEA,

2

3 Btu/hr-ft2

:

LANEPYYY T

1"

For two boilers (#6 and #5-716-3) in which no full load heat release rates
were reported in the source test report, NOx emissions were normalized with
respect to heat release rate using the ratio of full to operating test
loads. This ratio is -the same as the ratio of the full load heat release
rate to the test load heat release rate.

Table 3-18 presents the normalized NOx emission data from 14 boilers, 5
of which are firetubes and 9 are watertubes. For the firetube boilers, N0
reductions from baseline ranged from -28.6 percent for boiler #26-1 to 39. 7
percent for the boiler at Site 6. The negative NOx reduction from boiler
#28-1 implies that LEA-controlled NOx emissions were higher than baseline
NOx emissions. For the watertube boilers, NOx reductions ranged from 7.4
percent for boiler #10-4 to 28.8 percent for boiler #28-1.

Figures-3-27 and 3-28 show the baseline normalized NO emissions as a
function of boiler size at full load and full load heat release rate,
respectively. Also, superimposed on both figures is the normalized NOx
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Normalized NOX Emissions, I1b/10* Btu
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Figure 3-27. Normalized baseline NOx emissions as a function

of boiler size for natural gas-fired small boilers.
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Figure 3-28. Normalized baseline NOx emission as a function of
full load heat release rate for natural gas-fired
small boilers.
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emission curve of the industrial boiler predictive algorithm. The curve
shown in Figure 3-27 is based on typical full load heat release rates for
each boiler size determined from a regression algorithm relating boiler size
to heat release rate.l_g1 This algorithm is presented as follows:

HRR = 1.606 * Boiler Size - 00381 * (Boiler Size)2

where:

HRR = Full load heat release rate, 103 Btu/hour-ft2
Boiler Size = Full load heat input capacity, 106 Btu/hour

From the data presented in both figures, boilers rated between 2.9 and
7.3 MW (10 and 25 million Btu/hour) heat input (or heat release rates
between 16,000 and 38,000 Btu/ft2 -hour) can achieve baseline NO emissions’

-

>

of 60.2 ng/J (0 14 1b/10 Btu) or less. Using the 1ndustr1a1 boiler }_ ;

regression curve for a boiler rated at 14.7 MW (50 million Btu/hour) heat
input, boilers rated between 7.6 and 14.7 MW (26 and 50 million Btu/hour)
heat input (or heat release rates between 50 and 120 kJ/mz-sec [16,000 and
38,000 Btu/ftz hour]) can achieve a baseline N0x emission level of 64.5 ng/J
(0.15 1b/106 Btu). For boilers rated between 14.9 and 29.3 MW (51 and 100
million Btu/hour) heat input, baseline NOx emissions of 71 ng/J (0.165
1b/106 Btu) or less was obtained using the industrial boiler regression
curve at a heat input of 29.3 MW (100 million Btu/hour). It also should be
noted that -this analysis excludes the NOx emission data from watertube
boi]er§ using combustion air preheating, since very few small natural
gas-fired boilers are equipped with air preheaters. The industrial boiler
regression curve shown in both figures was used to cover any data gaps
present in the small boiler emission database.

By the 'same token, Figures 3-29 and 3-30 show the normalized NO
emissions for LEA as function of boiler size at full load and full load heat
release rate, respectively. By ana1y21ng both figures, LEA- contro]]ed NO
emissions of 38.1 ng/J (0.09 1b/10 Btu) and 47.3 ng/J (0.11 1b/10 Btu) can
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Normalized NOx Emissions, Ib/10® Btu
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Normalized NOx Emissions, lb)10‘ Btu
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Figure 3-30. Normalized LEA-controlled NOx emissions as a

function of full load heat release rate for
natural gas-fired small boilers.
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be achieved for natural gas-fired boilers rated at 2.9 MW and 7.3 MW (10 and
25 million Btu/hour) heat input, respectively. These NOx emissions were
obtained by examining both emission test datapoints and the industrial
boiler regression curve for both boiler sizes. For natural gas-fired
boilers rated 7.6 and 14.7 MW (26 and 50 million Btu/hour) heat input,
LEA-controlled NOX emissions of 53.8 ng/J (0.125 1b/106 Btu) or less can be
achieved using the industrial boiler regression curve for a 14.7 MW

(50 million Btu/hour) boiler with a heat re]ea;e rate of 224 kJ/mz-sec
(71,000 Btu/ftz-hour). Finally, LEA-controlled NOx emissions of 60.2 ng/J
(0.14 1b/106 Btu) or Tless can be achieved for small natural gas-fired
boilers rated between 14.9 and 29.3 MW (51 and 100 million Btu/hour) heat
input. Again, the industrial boiler regression curve was used to estimate
this NOx emission lTevel for this size range based on 29.3 MW (100 million
Btu/hour) boiler. This analysis also excluded Nox emission data from boilers .

>

using air preheaters. Tt

-
-

3.3.6.2 FGR Test Data. Table 3-19 presents NOx emissions data from'
tests on six natural gas-fired watertube boilers equipped with FGR. This

table provides site and boiler-specific data and test data on baseline and
FGR tests for each boiler. Baseline conditions are the normal operating
conditions of the boiler with no FGR. AN NOx tests reported in Table 3-19
were short-term (i.e., 3-hour) CEM tests. The test Joad was held at the
same level during both FGR and baseline operation for each boiler.

Of the six watertube boilers tested, FGR operation resulted in NOx
emission reductions ranging from 49 percent for boiler #§ operating at a
10 percent recirculation rate to 77 percent for the boiler #ECCC operating
at 26 percent recirculation. Emissions of NOx ranged from 6.9 to 24.9 ng/J
(0.016 to 0.058 1b/106 Btu) from the six boilers using FGR. The six boilers
operated at loads ranging from 30 to 100 percent.

Nitrogen ~doxides emission tests were conducted at different
recirculation rates for boiler #§ and the boiler at Location 19 both
‘operating at constant loads. The results from Table 3-19 show that
increasing the recirculation rate further reduces NOx emissions. For boiler
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#6, NOx emission reduction increased from 49 to 62 percent as the FGR rate
increased from 10 to 14 percent. Similarly, for the boiler at Location 19
operating at 79 to -80 percent of full load, Nox emission reduction only
increased from 71 to 74 percent as the FGR rate increased from 17 to 20
percent. The resu]tsffrom both boilers show that the increase in precentage
NOx emission reductions diminishes at ever increasing recirculation rates.

Nitrogen oxides emission data were not available on FGR-equipped
firetube boilers rated above 2.9 MW (10 mf111qn Btu/hour) heat input.
However, NOx emission data are available from one experimental f;;;tube
boiler rated at 1.5 MW (5 million Btu/hour) heat input using FGR. The
test results from this boiler operating at 95 percent of full load indicated
that N0x emissions with and without 15 percent FGR rate were 12.9 ng/J (0.03
1b/106 Btu or 25 ppm at 3 percent 02) and 34.4 ng/J (0.08 1b/106 Btu or 66
ppm at 3 percent 02) » respectively. Flue gas recirculation reduced NOx
emissions by 62 percent over baseline for this boiler operating at a 15 )
percent FGR rate. K

Table 3-19 also presents CO emissions on four boilers and boiler
efficiency data on three boilers equipped with FGR. Carbon monoxide
emissions measured during FGR tests were about the same as those measured
during the baseline tests for two of four boilers tested (ECCC and Loc. 19).
The differences in CO emissions were small between baseline and controlled
conditions for a boiler operating at close to the same excess 02 level
during both tests. For one boiler (ECCC) operating at different excess 0
levels during both tests, CO emissions increased slightly at lower 02
levels. Emissions of CO from boiler ECCC were 10 ppm during baseline
operatjon at 3.5 percent 02 and were 55 ppm during FGR test at 1.2 percent
0,. Increasing the FGR rate from 0 to 12 percent for boiler #3 increased CO
emissions from 0 to 57 ppm.

For the fourth boiler (#5), CO emissions were lower during FGR than
during baseline operations. Baseline CO emissions were 182 ppm, while CO
emissions measured during FGR testing were 82 ppm. The excess 02 level
during FGR testing was slightly below that during baseline tests.

2
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Boiler efficiency was determined during baseline and FGR operations
from three boilers. Boiler efficiency of those boilers either remained the
same or increased by about 1 percent from the baseline boiler efficiency.

Unlike the LEA data discussed in Section 3.3.6.1, no predictive
regression equation exists to normalize the N0x emission data from boilers
using FGR to compensate for the NOx emission effects of other operating

parameters. : : - 9,//

The data indicate that FGR can achieveNOx reductions
between 49 and 77 percent on small natural gas-fired boilers operating at
recirculation rates between 10 and 26 percent. FGR-controlled NO_ emissions
ranged from 6.9 ng/J (0.016 1b/106 Btu) to 24.9 ng/J (0.058 1b/10™ Btu).

3.3.6.3 OFA Test Data. Table 3-20 presents NOx emissions data on
three natural gas-fired smal) boilers equipped with OFA ports (#19-2, #38-2, s
and Loc. 38). Reductions in NO, from baseline emissions ranged from 13_: ?
percent for boiler #19-2 to 40 percent for boiler #38-2 when OFA was used.. .
OFA-controlled NOx emissions ranged from 31.4 to 61.1 ng/J (0.073 to 0.142
1b/106 Btu) for these three boilers. These boilers operated at loads
ranging from 83 to 89 percent and at excess 02 levels varying from 1.5 to
3.2 percent.

Carbon monoxide emissions and boiler efficiency results are also
presented in Table 3-20 for these three boilers equipped with OFA ports.
Emissions of CO were measured during the baseline and OFA tests. For
boilers #19-2 and #38-2, CO emissions were higher during the OFA tests than
during baseline tests. Boiler #38-2 emitted only 28 ppm of CO when using
OFA. This compares to no detectable CO being emitted from the same boiler
during the baséline test. For boiler #19-2, CO emissions were 185 ppm
during the OFA test compared to no detectable CO being emitted during the
baseline test. The large increase in CO emissions during the OFA test from
boiler #19-2 may be partially attributed to operating at a lower excess 02
level (1.5 percent) during this test compared to baseline (3.2 percent).

Emissions of CO measured from the boiler at location 38 during the OFA tests
were essentially the same as baseline.
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Boiler efficiency was determined for two boilers (#38-2 and Loc. 38).
For the boiler at Location 38, the boiler operated at 81 percent efficiency
during both OFA end baseline tests. However, boiler efficiency dropped 2
percent during OFA operation on boiler #38-2. Boiler #38-2 was 82 percent
efficient during baseline operation and 80 percent efficient during OFA
operation.

Table 3-21 presents NOx emission data on one boiler (Loc. 19) combining
both FGR and OFA. From examining the data in this table and in Table 3-19,
no improvement is gained in NO reduction over FGR alone when both NO
control techniques are app11ed In fact, this boiler was modified to
operate with both techniques primarily as a means of evaluating each
technique on the same boiler during experimental testing only. Combining
both FGR and OFA on boilers is not at present used in commercial or
industrial applications.

No predictive algorithm exists to normalize the NO emission data from
boilers using OFA for correcting other operating parameters effects on NO
emissions. Based on the data presented in Table 3- 20, the amount of NO
emission reduction attributed to OFA alone cannot be determined, since the

excess 02 for the above boilers tested were not at the same 02 level during
baseline and OFA conditions.

3.3.6.4 LNB Test Data. Table 3-22 presents NO emissions data on
three natural gas-fired boilers (#3, CA, and Site 5) us1ng LNB. Baseline
tests were not available on these boilers using conventional burners.

Emissions of NO ranged from 30.1 ng/J (0.07 'Ib/lo6 Btu) for boiler #3
to 38.7 ng/Jd (0.09 1b/10 Btu) for the California (CA) boiler. The boiler
at Site 5 was tested cont1nua11y for 39 days. Emissions of NO averaged
38.3 ng/J (0.089 lb/lo Btu) for 39 days, based on the daily average data.
This boiler operated at an average load of 44 percent of rated capacity.
For the other boilers, boiler #3 operated at 86 percent load and the
CA boiler operated at 40 percent load.
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Carbon monoxide emissions were measured from the boiler at Site 5 and
from boiler #3. <The boiler at Site 5 emitted 82 ppm CO on the average
during the 39-daj test, while boiler #3 emitted 744 ppm CO. As noted in
Table 3-22, the test on boiler #3 was intentionally run at the lowest
possible NOx emissions. Although the CO emissions were high, this boiler
still met the CO regulation of the county’s air pollution control district.
However, most boiler operators tend to operate their boilers below 200 ppm
co.

No predictive algorithm exists to normalize the N0x emission data from
boilers using LNB for correcting the operating parameters’ effects on NOx
emissions, such as heat release rate and combustion air temperature.

The data indicate that LNB can achieve a NO emission levels of 30.1 to
38.7 ng/J (0.07 to 0.09 1b/10 Btu) on small natura] gas-fired boilers.

3.3.7 ugx Emissjon Test Data on Distillate Oil-Fired Boilers

3.3.7.1 LEA Test Data.

3.3.7.1.1 Actual or non-normglizgg_ﬂgx_gmi;;igg_gglg. Table 3-23
presents NOx emission data on six disti]]atg oil-fired small boilers
operating with LEA. This table also presents site and boiler related data
as well as test data from baseline and LEA tests on each boiler. -Nitrogen
oxides emission data are available from tests on two firetube and four
watertube boilers. Baseline conditions are as defined in Section 3.3.6.1.
The average test load and combustion air temperature for each boiler in
Table 3-23 were held constant during baseline and LEA testing. All NOX
tests were short-term CEM tests. «

For the two firetube boilers (#3-2 and #4-4), LEA-controlled NOx
emissions were lower than base]ine‘Nox emissions. Emission reductions were
11 and 17 percent for boilers #3-2 and #4-4, respectively. LEA-controlled
NOx emissions were 84.7 and 80.0 ng/J (0.197 and 0.186 1b/1068tu) for
boilers #3-2 and #4-4, respectively. Excess O2 levels during the LEA tests
were 2.7 percent for boiler #4-4 and 3.6 percent for boiler #3-2. By
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comparison, excess O2 levels during the baseline tests were 5.2 and 5.6
percent for boilers #4-4 and #3-2, respectively.

LEA-controlled NOx emissions were lower than baseline NOx emissions on
the four packaged watertube boilers. For the three boilers (#1-2, #19-1,
and Loc. 19) using no air preheating, emission reductions ranged from 2 to
19 percent. LEA-controlled NOx emissions ranged from 37.8 to 53.8 ng/J
(0.088 to 0.125 1b/106 Btu). Low excess air NOx emissions were 57.6 ng/J
(0.134 1b/106 Btu) for boiler #1-3 with air preheating. Emission reduction
for this boiler using LEA was 15 percent. Excess 02 ranged from 1.1 to 5.1
percent for the four boilers during the LEA tests and from 3.2 to 8.2
percent during the baseline tests. The four boilers operated at loads
ranging from 50 to 80 percent of full load.

Carbon monoxide and PM emissions and boiler efficiency data are also
presented in Table 3-23 for distillate oil-fired boilers operating at LEA
and baseline conditions. Carbon monoxide emissions were measured from only
four boilers (three watertube and one firetube) tested at both LEA and
baseline conditions. From three of the four boilers using LEA (#1-3, #19-1,
and Loc. 19), CO emissions were slightly higher than at baseline conditions.
For boiler #19-1 using either air or mechanical atomization, no detectable
CO emissions were measured during the baseline and LEA tests. Similarly,
boiler #3-2 emitted no CO emissions during either test. Carbon monoxide
emissions from the four boilers using LEA ranged from 0 to 181 ppm.

Emissions of PM were measured during both baseline and LEA tests from
one boiler (Loc. 19). Emissions of PM from this using LEA were lower than
baseline PM emissions, producing PM emissions of 0.04 1b/-106 Btu during LEA
operation compared to 0.06 'Ib/lO6 Btu during baseline operation.

Finally, boiler efficiency was determined on three boilers (#1-3,
#19-1, and Loc. 19) during operation at LEA and baseline conditions. Boiler
efficiencies increased 1 to 2 percent for LEA operation relative to the
baseline efficiencies on these boilers.
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3.3.7.1.2 Normalized NQX emission _data. The methodology to normalize

the NOx emission data for the distillate oil-fired boilers is similar to
that discussed in Section 3.3.6.1.2 for the natural gas-fired boiler data.
The equations used to normalize the NOx emission data presented in
Table 3-23 with respect to heat release rate, combustion air temperature,
excess 02, and fuel nitrogen content are:

For baseline,

En = E

For LEA,

En=E

where:

TF =

FF =

Normalized NOx emissions, ng/J or 'Ib/106 Btu

Actual or unnormalized NOx emissions, ng/J or ]b/106 Btu
Full load combustion zone heat release rate,

103 Btu/hour-ft2 surface

Test load combustion zone heat release rate,

103 Btu/hour-ft2 surface

Combustion air preheat temperature, R

Excess 02 level, fraction

Fuel nitrogen content, weight percent

3.53 «x 10-4 H0.45 T0.81 A0.35
0.655 N 0-91
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Both equations shown were derived using the industrial boiler NO
predictive a]gor1thm for oil-fired watertube boilers. 203 In order to
normalize the emissions data with respect to fuel nitrogen content, a fuel
nitrogen content of 0.019 weight percent was used for correcting the
emission data for fuel nitrogen effects. This value was determined by
averaging the fuel nitrogen contents of the distillate oils presented in
Table 3-23. The same method discussed for normalizing the natural gas data
was used to correct the distillate oil NO emission data with respect to
full load conditions, excess 02 Tevel, and ambient combustion air
temperature of 27°C (80°F). Baseline NOX emissions were corrected to 6
percent 02, and LEA-controlled NO emissions were corrected to 2 percent 02

Table 3-24 presents the norma1lzed NO emission data for six boilers,
two of which are firetubes and four are watertubes. For the two firetube
boilers, NOx reductions from baseline were 27.8 percent for boiler #3-2 and
28.5 percent for boiler #4-4. The normalized NO emissions presented for
the firetube boilers in Table 3-24 are cons1dered as only estimates since
the average fuel nitrogen content of 0.019 weight percent was assumed for
correcting these data for fuel nitrogen effects. Fuel nitrogen content was
not measured for the oils fired in these boilers. Reductions in NO ranged
from 16.8 to 31.8 percent for the four watertube boilers.

One watertube boiler (#19-1) was tested for NO emissions using three
different oil atomization techniques; N0 reduct1ons from baseline for this
boiler using LEA ranged from 16.8 percent using mechanical atomization to
31.8 percent using steam atomization. Also, steam atomization produced the
lowest NOx emissions on this boiler during both baseline and LEA testing
compared to the other two atomization techniques. Based on these results,
steam atomization by itself produced the lowest NO emissions from the
boiler compared to the other two atomization techn1ques

Figures 3-31 and 3-32 show the baseline normalized NO emissions from
Table 3-24 corrected to 6 percent 02 as a function of both boiler size at
full load and full load heat release rate, respectively. Also, superimposed
on both figures is the normalized NO emission curve from the industrial
boiler predictive algorithm. Again, the curve shown in Figure 3-31 is based
on typical full load heat release rates for each boiler size.204 For
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Normalized NOx Emissions, |b/10* Btu

o - Firetube
a - Watertube without air preheating
8 - Watertube with air preheating
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Figure 3-31. Normalized baseline NOx emissions as a function of
boiler size for distillate oil-fired small boilers.
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Normalized NOx Emissions, Ib/10* Btu

© - Firetube
a- Watertube without air preheating

8- Watertube with air preheatin
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Full Load Heat Release Rate, 10° Btu/ft? - hour

Figure 3-32. Normalized baseline NOX emissions as a function of
full load heat release rate for distillate oil-fired
small boilers.
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boilers between 2.9 and 7.3 MW (10 and 25 million Btu/hour) heat input,
baseline NOx emis§ions of 118 ng/J (0.275 1b/106 Btu) or less can be
achieved. Because the firetube data are considered only as estimates, the
industrial boiler curve in Figure 3-32 was used to estimate the NOx
emissions of 118 ng/J for that size range at the highest full load heat
release rates for the f1retube data given in Table 3-23 [i.e., up to a heat
release rate of 743 KJ/m -sec (236,000 Btu/ft -hour)]. In the same manner,
for watertube boilers rated between 7.6 and 29.3 MW (26 and 100 million
Btu/hour) heat input, a baseline NOx emissions of 94.6 ng/J (0.22 1b/106
Btu) or Tess can be achieved based on the industrial boiler regression curve
shown in both figures for a watertube boiler rated at 29.3 MW

(100 million Btu/hour) heat 1nput with a full load heat release rate of
387 kd/m-sec (123,000 Btu/ft2-hour).

Figures 3-33 and 3-34 show the LEA-controlled normalized NO emissions
from Table 3-24 corrected to 2 percent 02 as a function of bo11er size at
full Toad and full load heat release rate, respectively. Using the same
approach discussed previously for estimating the base11ne NO emissions,
LEA-controlled NO emissions of 86 ng/Jd (0.20 1b/10 Btu) or 1ess can be
achieved for d1st111ate oil-fired boilers between 2.9 and 7.3 MW
(10 and 25 million Btu/hour) heat input. The industrial boiler regression
curve in Figure 3-34 was used to estimate the NO emissions of 86 ng/J (0.20
1b/106 Btu) for that size range at a heat re]ease rate of
743 kJ/m -sec (236,000 Btu/ft -hour). This heat release rate of 743
kJ/m -sec corresponds to the maximum heat release rate for a firetube boiler
available from the normalized data in Table 3-24. Emissions of NO of 66.7
ng/J (0.155 'Ib/lO6 Btu) or less can be achieved for natural gas -fired
watertube boilers using LEA rated between 7.6 and 27.3 MW (26 and 100
million Btu/hour) heat input as shown in both figures. This NO emissions
level for the larger size range was obtained for a boiler rated at 29.3 MW
(100 million Btu/hour) with a heat release rate of 387 kJ/m -sec
(123,000 Btu/ftz-hour) using the industrial boiler regression curve.
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Figure 3-33. Normalized LEA-controlled NOX emissions as a function
of boiler size for distillate oil-fired small boilers.
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Figure 3-34. Normalized LEA-controlled NOx emissions as a function
of full load heat release rate for distillate oil-fired

boilers.
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3.3.7.2 [EGR Test Data. Emissions data for NO from tests on two l
packaged watertube boilers (#5 and Loc. 19) equipped w1th FGR are summarized
in Table 3-25. Baseline conditions are the normal operating conditions of {
the boiler with no FGR. Al1l NOx tests reported in Table 3-25 were
short-term (less than 3 hours) CEM tests.

FGR-controlled NOx emissions were 65.4 ng/J (0.152 1b/106 Btu) for
boiler #5 operating at a 10 percent recirculation rate. At this
recirculation rate, baseline NO emissions were reduced by 18 percent. R
Boiler #5 operated at full load and at roughly 3.5 percent excess 02, for
both baseline and FGR tests.

For the boiler at Location 19 operating at a 28 percent recirculation 5
rate, NOX emissions decreased to 17.6 ng/J (0.041 1b/106 Btu) from a
baseline level of 66.2 ng/J (0.154 1b/106 Btu), resulting in a 73 percent
NOx reduction. The high reduction in NOX emissions during the FGR test can
be attributed to two factors. First, the recirculation rate was higher (28
percent) for this boiler than for boiler #5. Secondly, the excess 02 was
lower (0.8 percent) during the FGR test than during baseline test (3.2
percent). As discussed before, lowering the excess air generally tends to
reduce NOx emissions.

Nitrogen oxides emission data were not available for a boiler operating
at a constant load with varying recirculation rates. Therefore, the
relationship between NO emissions and the amount of flue gas recirculation
cannot be directly determ1ned for a small distillate oil-fired boilers.
However, data presented for the natural gas-fired boilers in Section 3.3.6.2
show that NOx emissions decrease as the flue gas recirculation rate
increases. It follows that this trend, observed for the natural gas-fired
boilers, should be similar for distillate oil-fired boilers since both fuels
contain Tittle or no fuel-bound nitrogen. As discussed in Section 3.3.3.1,
FGR is more effective in reducing NO emissions for boilers firing low
nitrogen fuels such as natural gas and distillate oil than high nitrogen
fuels such as coal and residual oil. o

' Nitrogen oxides emission data were not available on firetube boilers
rated above 2.9 MW (10 million Btu/hour) heat input. However, NO emission
data are available from one experimental firetube boiler using FGR rated at
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1.5 MW (5 million Btu/hour) heat input. 205 The test results from this
boiler operating at 95 percent of full load indicated that NO emissions
with and without a 15 percent FGR rate were 33.1 ng/J (0.077 1b/106 Btu or
60 ppm at 3 percent 02) and 63.2 ng/J (0.147 1b/10 Btu or 115 ppm at 3
percent 0 ), respectively. Flue gas recirculation reduced baseline NOx
emissions by 48 percent for this boiler operating at a 15 percent FGR rate.

Table 3-25 presents data on CO and PM emissions and boiler efficiency
from tests on these two distillate oil-fired boilers. Carbon monoxide
emissions were low (less than 50 ppm) from both boilers tested at baseline
and at FGR. The boiler at Location 19 emitted more CO emissions during the
FGR test because the excess 02 was lower than the baseline excess 02 (0.8
percent O2 at FGR versus 3.2 percent at baseline conditions).

Examination of PM emissions data from the boiler at Location 19 shows
that this boiler produced lower PM emissions during FGR tests than during
baseline operat1on Emissions of PM dropped from a baseline of 25.8 ng/J
(0.06 1b/10 Btu) to 4.3 ng/J (0.01 to 1b/10 Btu) when 28 percent of the
flue gas was recirculated to the boiler. This decline in PM emissions
indicates that some of the carbonaceous particulate matter returning to the
boiler may either have been combusted or that the recycled ash may have been
removed as bottom ash from the boiler.

Finally, boiler efficiency was the same, at 82 percent, for the boiler

at location 19 during the baseline and FGR tests. No predictive NOx

emissions regression is available to normalize the above FGR data.

The data indicate that FGR can achieve NOx emission reductions from 18
to 73 percent for small distillate oil-fired boilers operating at
recirculation rates between 10 and 28 percent. Based on the performance of
the small firetube boilers using FGR, FGR can achieve a 50 percent NO
reduction for this boiler operating at a 15 percent recirculation rate.

3.3.7.3 OFA Test Data. Table 3-26 presents NO emission data from one
distillate oil-fired small boi]er (Loc. 19) equipped with OFA. This boiler
emitted 53.8 ng/J (0.125 1b/10 Btu) of NO during OFA operation and 66.2
ng/J (0.154 1b/106 Btu) of NO during base11ne operation resulting in a 19
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percent reduction in NOx emissions over baseline. The boiler operated at 83
percent load and §bout 3.2 percent 02 for both baseline and OFA conditions.

Table 3-26 also presents boiler efficiency, CO, and PM emissions data
on the boiler at Location 19 during baseline and OFA tests. Carbon monoxide
emissions increased slightly from 4 ppm at baseline to 29 ppm dur1ng OFA
operation for this boiler. Emissions of PM were 25.8 ng/J (0.06 1b/10 Btu)
and 12.9 ng/J (0.03 1b/106 Btu) during the baseline and OFA tests,
respectively. Boiler efficiency increased roughly one percent during OFA
operation (83 percent) from the baseline boiler efficiency of 82 percent.

Table 3-27 presents NOx emission data on the boiler at location 19 when
combining both FGR and OFA. From examining the data from this table and
Table 3-25, no improvement is gained on NO reduction over FGR alone when
both techniques are applied.

The data indicate that OFA can achieve 20 percent NO emission
reduction on one small distillate oil-fired boiler. Outlet NOx emissions
were 53.8 ng/J (0.125 1b/10% Btu).

3.3.7.4 |NB Test Data. The results of a NO test on one distillate
0il-fired small boiler (#3) using a staged combust1on air burner are
presented in Table 3- 28 Emissions of NO measured from this boiler were
47.3 ng/J (0.110 1b/10 Btu) during low NO operation. Boiler #3 operated
at 84 percent load and 1.9 percent 0Z dur1ng the test. From Table 3-28,
this boiler emitted 91 ppm CO during low NO testing. Particulate matter
emissions were not measured during the test.

The data indicate that LNB can achieve NO emission level of 47.3 ng/J
(0.11 1b/10 Btu) on one small distillate oil- f1red boiler.

3.3.8 ugx Emission Test Data on Residual 0il-Fired Steam Generators

3.3.8.1 LEA Test Data.

3.3.8.1.1 Actual or non- normalized Ngx emission data. Table 3-29

presents NO emission data from tests on 14 residual oil-fired small steam
generators. Of the 14 generators, NOx emission data were collected on 3
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firetube and 11 watertube boilers. The average test load and combustion air
temperature for eéch boiler in Table 3-29 were the same during baseline and
LEA testing. A1l NOx tests were short-term CEM tests.

For the three firetube boilers (#23-1, #24-TV, and #28-1),LEA-
controlled NOx emissions were lower than baseline NO emissions. Emission
reductions ranged from 5 to 16 percent. LEA- contro]led NO emissions ranged
from 86.4 to 141 ng/J (0.201 to 0.328 1b/10 Btu) for the three boilers.
Excess 02 levels during LEA operation ranged from 1.9 to 3.9 percent. The
three boilers operated at loads ranging from 94 to 104 percent of full load.

Of the 11 watertube boilers listed in Table 3-29, NOx emission data
were collected from tests on 6 packaged watertube boilers without air
preheating. LEA-controlled NO emissions for these boilers were lower than
the base11ne NO emissions and ranged from 62.4 to 188 ng/J (0.145 to 0.438
1b/10 Btu). Emiss1on reductions ranged from 5 to 31 percent for the six
watertube boilers. During the LEA tests, excess 02 levels ranged from 0.9
to 4.0 percent. Baseline 02 levels were between 2.9 and 5.9 percent. These
boilers operated at loads ranging from 64 to 83 percent of full load.

To examine the effects of combustion air preheat temperature on NO
emissions, Table 3-30 presents data on two boilers (#37-2 and #38-2) us1ng
reduced air preheat. Test data from these two boilers indicate that
reducing combustion air temperature reduces NOx emissions from 13 to 49
percent.

Nitrogen oxide emissions data were collected from tests on four
packaged boilers (#28-1, #37-2, #38-2, and Loc. 38) using combustion air
preheating. LEA-controlled NO emissions were lower than baseline and
ranged from 98.9 to 134 ng/J (0 230 to 0.312 1b/106 Btu) for these four
boilers. Emission reductions ranged from 8 to 25 percent. Excess 02 levels
for the boilers tested with LEA ranged from 0.9 to 4.9 percent. This
compares with baseline 02 levels ranging from 3.0 to 5.3 percent. Loads
ranged from 41 to 85 percent.

One field-erected boiler (#2-4) was tested for NO emissions. The
results are also shown in Table 3-29. Emission reduct1ons of 11 percent
were achieved for thls boiler using LEA. LEA-controlled NOx emissions were
246 ng/J (0.572 1b/10 Btu). Excess 02 levels during LEA and baseline
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operation were 3.4 and 5.7, respectively. This boiler operated at 80
percent load. -

Table 3-29 also presents CO and PM emissions and boiler efficiency data
from tests on 14 residual oil-fired small boilers operating with LEA and at
baseline conditions. Carbon monoxide emissions from these boilers operating
with LEA ranged from 0 to 183 ppm. Ten of the 14 residual o0il boilers
listed in Table 3-29 emitted slightly higher CO emissions at LEA than at
baseline conditions. Furthermore, four boilers (#2-4, #26-1, #37-2, and
ECCC) could have operated at lower excess 02 levels since no CO emissions
were measured from these boilers during operation with LEA.

Only two boilers (Loc. 19 and Loc. 38) have data on PM emissions from
both baseline and LEA tests. Both boilers emitted less PM during the LEA
tests. For the LEA tests, PM emissions were 30.1 ng/Jd (0.07 1b/10 /Btu)
from the boiler at Location #19 and 47.2 ng/J (0.11 'lb/lO6 Btu) from
the boiler at Location #38. For the baseline tests, PM emissions from all
boilers in Table 3-29 ranged from 12.9 ng/J (0.03 1b/106 Btu) from boiler
#19-1 using steam atomization to 60.2 ng/J (0.14 1b/106 Btu) from boiler
#37-2.

Boiler efficiencies from baseline and LEA tests were determined from
tests on nine boilers. For seven boilers (#16-2, #19-1 using steam
atomization, #19-2, #26-1, #28-1, Lloc. 19, and Loc. 38), operating the _
boiler at LEA increased the boiler efficiency roughly 1 percent. Three
boilers (#26-2, #19-1 using air atomization, and #38- -2) operated at the same
efficiency at both LEA and baseline conditions.

3.3.8.1.2 Normalized NQX emission data. The methodology used to

normalize the NO emission data for the residual oil-fired boilers is
similar to that dlscussed in Section 3.3.6.1.2 for the natural gas-fired
boiler data. The equations used to normalize the NO emission data in Table
3-29 with respect to heat release rate, combustion a1r temperature, excess
0,, and fuel nitrogen content are:

>0 .91

For baseline,

HF 0.46 540 0.81 0.06 0.35
En = E TF H— T T + FF
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For LEA,

En = E|TF | 5 -

H T Y ML U

A description of the variables used in the above equations are presented in
Section 3.3.7.1.2. As discussed in Section 3.3.7.1.2, the form of the above
equation is derived from the industrial boiler NOx regreséion equation for
oil-fired watertube boﬂers.206

In order to normalize the emission data with respect to fuel nitrogen
content, the emission data were corrected using a fuel nitrogen content of
0.36 weight percent. This value was determined by averaging the fuel
nitrogen contents of the residual oils in Table 3-29. The rationale for
using the average nitrogen content was that the average value, based on the
data collected for small boilers, would be more representative of a typical
nitrogen content for residual oil available to small boiler users than any
other fuel nitrogen content. The same methodology was used to correct the
NOx emission data of each boiler with respect to full load heat release
rate, excess 02 level of 6 percent for baseline and 2 percent for LEA, and
ambient combustion air temperature of 27°C (80°F) as those used in
normalizing the natural gas NOx emission data.

Table 3-31 presents the normalized NOx emissions from 12 boilers, 2 of
which are firetubes and 10 are watertubes. Emissions of Nox could not be
normalized with respect to heat release rate from data on two boilers
(#24-TV and ECCC) because heat release rate information was not available.
The nitrogen content of the oil fired in boiler #28-1 was not measured
during the test; it was assumed to equal the average nitrogen content of the
database for the purposes of norma]ization.2°7 For this reason, the
normalized Nox emissions from this boiler can only be considered as an
estimate.

For the two firetube boilers reported in Table 3-31, N0x.reductions
from baseline were 2.1 percent for boiler #26-1 and 23.5 percent for boiler

#23-1. Reductions in NOx ranged from 12.4 to 34.1 percent for the 10
watertube boilers. “
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One watertube boiler (#19-1) was tested for Nox emissions using two oil
atomization techniques (steam and air atomization). When this boiler
operated with LEA,'NOx reductions from baseline were 12.4 percent using
steam atomization and 22.2 percent using air atomization. In addition, this
boiler emitted lower baseline and LEA-controlled NOx emissions using air
atomization than using steam atomization. Essentially the same excess 02
levels were maintained during baseline and LEA operations for this boiler
using both atomization techniques. By contrast, steam atomization produced
lower NOx emissions than air atomization for the small boiler firing
distillate oil, as discussed in Section 3.3.7.1.2. The results from testing
of this boiler while firing both types of o0il indicate that proper
atomization is also important for reducing NO emissions. One type of
atomization may be more conducive to reducing NO emissions when firing one
fuel but not another fuel.

Figures 3-35 and 3-36 show the baseline normalized NO emissions from
Table 3-31 corrected to 6 percent 0z and the normalized NO emission curve
of the industrial boiler NO regression curve as a funct1on of boiler size
at full load and full load heat release rate, respectively. The curve shown
in Figure 3-35 is based on typical full load heat release rates for each
boiler size. 208 From datapoints presented in both figures, a baseline NO
emissions level of 198 ng/J (0.46 1b/10 Btu) or less can be met for
firetube and watertube boilers rated at 7.3 MW (25 million Btu/hour) heat
input or less. This same NOx emission level of 198 ng/J (0.46 1b/106 Btu)
or less can also be achieved by watertube boilers between 7.6 and 29.3 MW
(26 and 100 million Btu/hour) heat input based on the industrial boiler
regression curve for a 29.3 MW (100 million Btu/hour) boiler [i.e., boiler
#20-4 with a full load heat release rate of 432 KJ/mz-sec (137,000 Btu/ftz-
hr)]. This analysis excludes data from field-erected boilers and package
watertube boilers using combustion air preheating, since these boiler types
are atypical of small boilers rated at 29.3 MW (100 million Btu/hour) heat
input or less.

In a similar fashion, Figures 3-37 and 3-38 show the LEA-controlled
normalized NOx emissions from Table 3-31 as a function of boiler size at
full load and full load heat release rate, respectively. Using the same
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Normalized NOx Emissions, Ib/10* Btu
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Figure 3-35. Normalized baseline NOx emissions as a function of
boiler size for residual oil-fired small boilers.
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Normalized NOx Emissions, Ib/10* Btu
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Figure 3-36. Normalized baseline NOx emissions as a function of

full load heat release rate for residual oil-fired
small boilers.
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Normalized NOx Emissions, |b/10* Btu
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Figure 3-37. Normalized LEA-controlled NOX emissions as a function

of boiler size for residual oil-fired small boilers.
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Normalized NOx Emissions, Ib/10* Btu
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Figure 3-38. Normalized LEA-controlled NOX emissions as a function

of full load heat release rate for residual oil-fired
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approach discussed previously, LEA-controlled Nox emissions of 183 ng/J
(0.425 1b/106 Btu] or less can be achieved for residual oil-fired boilers
rated at 7.3 MW (25 million Btu/hour) heat input or less. For watertube
packaged residual oil-fired boilers rated at 7.6 to 29.3 MW (26 to 100
million Btu/hour) heat input LEA-controlled NOx emissions of 172 ng/J (0.400
1b/106 Btu) or less can be achieved. These NOx levels apply to residual
0ils with 0.36 weight percent nitrogen or less.

3.3.8.2 FGR Test Data. Table 3-32 summarizes test data collected on ;
two residual oil-fired watertube boilers (ECCC and Loc. 19) equipped with |
FGR. Al NOx tests were short term CEM tests. Nitrogen oxides emission i
data for FGR operation were not available on firetube boilers rated above ,
2.9 MW (10 million Btu/hour) heat input. However, NOx emission data are }
available from one experimental firetube boiler using FGR rated at 1.5 MW (5
million Btu/hour) heat input and firing a 0.26 weight percent nitrogen
011.209 The test results from this boiler operating at 95 percent of full
load indicated that NOx emissions with and without a 15 percent FGR rate
were 94.6 ng/J (0.22 1b/106 Btu or 170 ppm at 3 percent 02) and 151 ng/J
(0.35 lb/lo6 Btu or 275 ppm at 3 percent 02), respectively. Flue gas
recirculation reduced baseline NOX emissions by 38 percent.
The FGR-controlled NOx emissions presented in Table 3-32 were lower
than baseline NOx emissions. The more flue gas that is recirculated to the
boiler, the greater the NOx reduction. For example, only a 3 percent
reduction in NOx emissions was achieved in boiler ECCC operating at a 7
percent FGR. Reduction of NOx emissions increased to 30 percent when 19
percent of the flue gas was recirculated in the same boiler. However, some
of the reduction in NOx emissions can be attributed to lower excess O2
levels achieved during FGR operation compared to baseline operation. For
the boiler at Location 19, 31 percent NOx reduction was obtained at 25
percent FGR. Again, the excess 02 level during FGR operation was lower than
during baseline 02 level, resulting in some reduction which should be
attributed to lower excess air operation. Emissions of NOx from the two

watertube boilers using FGR ranged from 48.2 to 83 ng/J (0.112 to 0.193
1b/10° Btu).
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Table 3-32 also presents data on CO and PM emissions and boiler
efficiency from tésts on two residual oil-fired boilers (ECCC and Loc. 19)
equipped with FGR. Carbon monoxide emissions were higher during the FGR
tests than at baseline from both boilers operating at lower excess 0 levels
during the FGR tests. For the boiler at Location 19 operating at 25 percent
FGR, CO emissions increased from 4 to 90 ppm when the excess 02 was lowered
from 3.1 to 1.8 percent 02 Similarly, CO emissions from boiler ECCC
increased from 20 to 145 ppm when the 02 was lowered from 4.4 to 2.0
percent. Carbon monoxide emissions from boiler ECCC with 7 percent FGR were
the same as baseline CO emissions. At this recirculation rate, the excess
02 was about the same as baseline excess 02 level.

Particulate matter emissions were measured from only one boiler
(Loc. 19) operating with FGR. Particulate matter emissions measured from
this boiler were the same, 34.4 ng/J (0.08 1b/105 Btu), at both baseline and
FGR conditions.

Boiler efficiency during FGR operation was determined from tests on
only one boiler (Loc. 19). The boiler at Location 19 operated at 83 percent
efficiency during the baseline test and at 82 percent efficiency during the
FGR test.

The data indicate that FGR can achieve NO emissions reduction from 3
to 31 percent on small residual fired-boilers f1r1ng up to a 0.25 weight
percent nitrogen oil and operating at recirculation rates between 7 and 25

percent. Outlet NO emissions ranged from 48.2 to 83 ng/J (from 0.112 to
0.193 1b/10 Btu).

3.3.8.3 OFA Test Data. Table 3-33 presents NO emission data on four
residual oil-fired watertube boilers equipped with OFA ports. Two boilers
(#19-2 and Loc. 19) operated without combustion air preheating, while the
other two boilers (#38-2 and Loc. 38) operated with combustion air
preheating.

For boilers #19-2 and Location 19, OFA-controlled NO emissions were
lower than the base11ne emissions. Reductions in NO ranged from 24 percent
for boiler #19-2 using OFA at the same baseline excess 02 level to 35
percent for the same boiler operating at a Tower excess 02 level of 2.4
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percent for the OFA test (compared to the baseline 0 level of 3.1 percent).
Therefore, reduC1ng the excess 02 level from 3.1 to 2.4 percent in boiler
#19-2 during the OFA tests reduced NO2 emissions by an additional 11
percent. For the three tests conducted on these two boilers, OFA-controlled
NOx emissions ranged from 60.6 to 83.4 ng/J (0.141 to 0.194 1b/106 Btu).

Two other boilers (#38-2 and Loc. 38) using combustion air preheating
also produced lower NOx emissions during the OFA tests than during baseline
tests. The OFA-controlled NO emissions from boiler #38-2 were 47 percent
lower than baseline em1ss1ons while OFA-controlled NO emissions from the
boiler at Location 38 were 37 percent lower. Boiler #38 2 and the boiler at
Location 38 emitted 45.5 and 105 ng NO /J (0.222 and 0.245 1b NO /106 Btu) .
during OFA operation, respectively. Bo11er #38-2 operated at 80 percent of
full load, and the boiler at Location 38 operated at 85 percent of full.
load.

Table 3-33 also presents boiler efficiency, CO, and PM emissions data
on the four residual oil-fired boilers using OFA. In general, CO emissions
were slightly higher from these boilers during OFA operation than during
baseline operation. For boiler #19-2, CO emissions increased from O ppm at
baseline to 190 ppm with‘OFA as excess 02 dropped from 3.1 to 2.4 percent.
In contrast, no detectable CO emissions were measured from this boiler
during the other tests when operated at 3.1 percent 02.

Particulate matter emissions were measured during baseline and OFA
tests for three boilers (#38-2, Loc. 19, and loc. 38). During OFA
operation, PM emissions were lower than baseline PM emissions for two
boilers (Loc. 19 and Loc. 38). The other boiler (#38-2) emitted more PM
during OFA than during baseline operat1on. Emission ranged from 30.1 to
60.2 ng PM/J (0.07 to 0.14 1b PM/10 Btu) for the three boilers operating
with OFA.

Boiler efficiency was determined during both baseline and OFA tests on
all four boilers; boiler efficiencies ranged from 82 to 87. For boilers at
Locations 38, 19, and #38-2, boiler efficiency was the same during baseline
and OFA operation. For boiler #19-2, the boiler efficiency was two percent
lower (82 percent) during OFA operation compared to baseline operation.
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Table 3-34 presents NOx emission data from one boiler (Loc. 19)
combining both FGR and OFA. Examination of the data in this table and the
data in Tables 3:31 3-32, and 3-33 for this same boiler using only FGR
indicates that no improvement is gained in NO reduction when both NO
control techniques are applied compared to FGR alone. It should be
reiterated that this boiler was modified to operate with both techniques as
a means primarily of evaluating each technique during experimental testing
only. Combining both FGR and OFA on the same boiler is not presently used
in small boiler applications for controlling Nox_emissions.

From the above data presented for small residual oil-fired boilers
using OFA with and without preheated air, NO emissions can be reduced from
24 to 35 percent below baseline NO em1ss1ons Outlet NO em1ss1ons for
these boilers ranged from 60.6 to 105 ng/J (from 0.141 to 0 245 1b/10 Btu).

This applies to boilers firing residual oil containing 0.49 weight percent
nitrogen or less.

3.3.8.4 LNB Test Data. Emission data are not available from residual
oil-fired boilers rated below 29.3 MW (100 million Btu/hour) heat input
using LNB’s. In addition, no emission data are available from residual
oil-fired industrial package boilers rated above 29.3 MW (100 million
Btu/hour) using LNB’s. However, one LNB manufacturer w111 guarantee NO
emissions between 125 and 129 ng/J (0.29 and 0.30 1b/10 Btu) for the1r
LNB’s applied to residual oil-fired bo11ers having a maximum heat release
rate of 518 kJ/m -sec (50,000 Btu/ft -hour) and firing oils containing 0.45
weight percent nitrogen or less. 210 The largest package watertube bo11er
that can be bu11t having a maximum heat release rate of 518 kJ/m -sec

(50,000 Btu/ft -hour) is typically rated at 17.6 MW (60 mi1lion Btu/hour)
heat 1nput.211

3.3.9 ugx Emission Test Data on Coal-Fired Steam Generators
3.3.9.1 LEA Test Data
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3.3.9.1.1 Actual or non-normalized NQx emission data. Table 3-35

presents NOx emissions data from tests on 12 coal-fired stokers using LEA.
Data were collected- from six spreader, three overfeed, two underfeed, and
one vibrating grate spoker. All NOx te;ts reported in Table 3-35 were
short-term CEM tests.

For the six spreader stokers, LEA-controlled NOx emissions were lower
than baseline NOx emissions. Emission reductions of NOx ranged from 1 to 30
percent. “LEA-controlled NOx emissions ranged from 13.4 to 211 ng/J(0.312 to
0.49] lb/lo6 Btu). Excess O2 Tevels.for these boilers varied from 3.0 to
7.8 percent during the LEA tests and from 6.0 to 9.9 percent during the
baseline tests. The coals fired in the six boilers had nitrogen contents
ranging from 0.5 to 1.6 percent by weight.

For the three overfeed stokers using LEA listed in Table 3-35, NOx
emissions were lower than baseline emissions. Emission reductions of NOx
ranged fron 4 ;o 29 percent. Emissions of NOx from these three boilers .
ranged from 90.7 to 136 ng/J (0.211 to 0.316 1b NOx/lo6 Btu). Excess 02 ?
levels were 5.0 to 7.5 percent during the LEA tests and 7.7 to 9.3 percent
during the baseline tests. These boilers operated at roughly 100 percent
load and the coals fired had nitrogen contents ranging from 1.4 to 1.8
percent by weight.

Emissions of NOx"were reduced from baseline on two underfeed stoker
boilers using LEA. Low excess air operation reduced baseline NOx emissions
by 28 percent from 157 to 113 ng/J (0.364 to 0.263 'lb/lO6 Btu) on boiler
#15-32-10 by lowering excess 02 from 6.6 to 4.9 percent. For the other
underfeed stoker boiler (#15-32-13), NOx emissions decreased by 17 percent
from 186 to 155 ng/J (0.433 to 0.361 1b/106 Btu) when the excess 02 was
lowered from 10.3 to 8.0 percent. Both boilers were tested at 77 percent
load. The coals fired in these boilers contained 1.4 percent nitrogen by
weight.

For the onTy vibrating grate stoker (UM-Stout #2), LEA-contro11ed NOx
emissions were 89.9 ng/J (0.209 'Ib/lD6 Btu), compared with baseline NOx

‘emissions of 119 ng/J (0.277 1b/106 Btu). Emission reduction was 25 percent
when LEA was applied. Excess 02 level was lowered from 9.3 to 5.2 percent.

[LIRYSY 1)
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Table 3-35 also presents data on CO and PM emissions and boiler
efficiency from tests on 12 stokers using LEA. Carbon monoxide emission
data are available from 9 of the 12 stokers, and the results are mixed.
Four of 9 stokers (#21-2, Fairmont #3 boiler firing a 1.1 percent nitrogen
coal, #5, and (UM-Stodt #2) emitted slightly higher CO emissions during the
LEA tests than during baseline tests. Four stokers (including Fairmont #3
boiler firing ao0.5 percent nitrogen coal, #21-3, Site F and Site K) emitted
lower CO emissions at LEA than at baseline, and 2 stokers (#15-32-10 and
#15-32-13) emitted no CO emissions during either the baseline or LEA tests.
The excess 02 could have been lowered further during the LEA tests for the
three stokers emitting less CO at LEA than at baseline conditions and for
the two boilers emitting no CO during the LEA tests.

Particulate matter emissions were measured during both the baseline and
LEA tests on three stokers (Fairmont #3, Site K, and UM-Stout #2).
Emissions of- PM were measured at the inlet to the PM control device for th§
Fairmont #3 and'Site K boilers. From Table 3-35, emissions of PM from botE
boilers decreased as the excess air was lowered. Particulate matter
emissions also decreased as the excess air was Towered for the Fairmont #3
boiler firing a coal containing 1.1 percent nitrogen, but PM emissions
increased as the excess air was lowered for this boiler firing a coal with
0.5 percent nitrogen.

Boiler efficiency was determined during both baseline and LEA tests on
four stokers (#15-32-10, #21-2, Fairmont #3, and Site K). Operating at LEA

on these stokers increased boiler efficiency from 1 to 4 percent above
baseline efficiencies.

3.3.9.1.2 " Normalized NO emission test data. Emissions of NO, were

normalized with respect to full load grate heat release rate and excess air
for three spreader stokers presented in Table 3-36 (#21-2, Site F and

Site G). BoiTer-specific regression models were developed from data on
these boilers for predicting NOx emissions as a function of grate heat

release rate and excess air 1eve'|.219 The boiler-specific models were of
the following general form:
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NOx = C1 + CZ * EA + C3 * GHRR

where: E
Cl’ CZ’ and C3 are boiler-specific linear regression coefficients
NO = NO emissions
EA = excess air levels
GHRR = grate heat release rate:

The coefficients of determination (Rz) for the best-fit stoker
boiler-specific models were 0.46 for the boiler at Site G, 0.79 for boiler
#21-2, and 0.81 for the boiler at Site F.220 The data from the other small
spreader stokers in Table 3-35 were not fitted to any regression models.
For the three small spreader stoker boilers, the baseline NO emissions were
corrected to full load and 60 percent excess air (7.8 percent 0 ), while the _
LEA-controtled NO, emissions were corrected to full load and 35 percent ~ :‘“
excess air (5. 4 percent 02) Most boilers presented in Table 3-36 are = °
capable of operating at both baseline and LEA excess air levels.

Table 3-36 presents the normalized NO emission data for the three
spreader stokers. Reductions from base11ne NO emissions ranged from 13.3
to 26.2 percent. The N0 emission data for base11ne and LEA conditions in
this table are shown in F1gure 3-39 as a function of full load grate heat
release rate. Also, shown in this figure is the LEA-controlled NO emission
data point for spreader stoker bojler #5 at full load, but not corrected to
35 percent excess air. This boiler operated at 27 percent excess air during
LEA testing.

Based on these data, the above spreader stokers can achieve baseline
NO emissions of 286 ng/J (0.665 1b/10 Btu) or less and LEA-controlled NO
emlss1ons of 204 ng/J (0.475 ]b/lO Btu) or less at 60 and 35 percent excess
air, respectively.

The overfedd, underfeed, and vibrating grate NO emission data could
not be normalized in-the same manner as the above spreader stokers because
no regression models were available. Nevertheless, data from the three
overfeed stokers (Sites I, J, and K) operating at full load indicate that

(.4
-
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Normalized NOx Emissions, Ib/10® Btu
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Figuré 3-39. Normalized NO, emissions as a function of full load

heat release rate for coal-fired spreader stokérs.
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baseline NO emissions of 172 ng/J (0.40 1b/10 Btu) or less and
LEA- contro]]ed NO emissions of 138 ng/J (0.32 1b/10 Btu) or less can be
achieved. It is expected that the two underfeed and one vibrating grate
stokers shown in Table 3-35 will be able to achieve the same NO emissions
at full Toad if baseline and LEA excess air levels are operated at 60 and 35
percent, respectively. Underfeed and vibrating grate stokers tend to
produce about the same Nox emissions as overfeed stokers because all three
stoker types have similar grate heat release rates.

Based on these data, all types of small mass feed stokers using LEA can
achieve a NOx emission Tevel of 138 ng/J (0.32 1b/106 Btu) or less.

3.3.9.2 [FGR Test Data. Table 3-37 presents N0 emissions data from
tests on one spreader stoker (#5) equipped with stoker gas recirculation
(SGR), which is the stoker equivalent of FGR. Although boiler #5 is rated

slightly above 29.3 MW (100 million Btu/hour) heat input, the design and °

operating character1st1cs of this boiler were not significantly d1fferent"
from those of smaller spreader stokers.

For boiler #5 operating at full load, NO emissions were reduced 15
percent from base]ine NO emissions using FGR. Baseline emissions were 187
ng/J (0.435 1b/10 Btu) compared to 160 ng/J (0.371 1b/106 Btu) at 20
percent SGR. Excess 02 was 3.0 percent (18 percent excess air) during the
SGR test and was 4.5 percent (30 percent excess air) during the baseline
test. The baseline test of this boiler can be considered to be a LEA test,
since LEA excess air levels are typically around 35 percent.

At 75 percent of full load, NO emissions from the same boiler were
reduced by 8 percent from baseline dur1ng FGR operation. Emissions of NO
were 166 ng/J (0.385 'Ib/lo6 Btu) at baseline and 153 ng/J (0.355 1b NO /10
Btu) with SGR operation. Excess 02 was about the same during both tests
(3.0 percent 02 at baseline and 2.8 percent 02 with SGR operation). Again,
the above baseline’ 02 levels of both tests at 100 and 75 percent of full
load are considered to be LEA conditions for most stokers.

Carbon monoxide emissions were the only secondary emissions that were
measured from boiler #5 during baseline and FGR tests. Table 3-37 presents
the CO emissions results on this boiler. Operating at full load, boiler #5
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emitted 42 ppm of CO during both baseline and FGR operation. At 75 percent
full load, CO emissions during baseline and FGR operation for this boiler
were 28 and 42 ppm,-respectively. Carbon monoxide emissions were slightly
higher during FGR operation than baseline operation at this load.

The data demonstrate that FGR can reduce LEA-controlled NO emissions
from 8 to 15 percent for one small coal-fired spreader stoker. At full load
and operating with 20 percent FGR, this boiler can achieve 15 percent NO
reduction using FGR. Outlet NO emissions for this boilers operat1ng at
both loads ranged from 153 to 160 ng/J (from 0.355 to 0.371 1b/10 Btu).

3.3.9.3. OFA Test Data. Emission data are not available on coal-fired
stokers rated less than 29.3 MW (100 million Btu/hour) heat input using OFA
in the current database. However, NO emission data are available on two
spreader stokers rated above 29.3 MW (100 million Btu/hour) heat
input. 221,222 For one spreader stoker rated at 46.9 MW (160 million Y
Btu/hour), NO emissions measured with OFA operataon were 233 ng/J (0.542 ~: ;
'Ib/lO6 Btu) compared to 236 ng/J (0.549 1b/10 Btu) at baseline operation.
Overfire air reduced the baseline NO emission by only 1 percent. Excess 02
levels and loads were maintained at 9 percent and 66 percent of full load,
respectively, during both operations. For the other boiler (rated at
58.6 MW [200 million Btu/hour], heat input) OFA-controlled NO emissions
were 35 percent lower than the baseline NO em1ss1ons N1trogen oxides
emissions during OFA were 215 ng/J (0.499 1b/10 Btu) compared to 330 ng/J
(0.767 1b/106 Btu) during baseline. Excess 02 levels and loads were
maintained at 11 percent and 75 percent of full load, respectively, during
both tests.

Nitrogen ox1des em1ss1on data are also presented in Table 3-14 of
Section 3.2.6.3 for FBC boilers without OFA ports. This table shows NO
emission data from three FBC boilers. Emissions of NO from these bo11ers
ranged from 241 to 396 ng/J (0.56 to 0.92 1b/106 Btu). Measured NO
emissions were 396 ng/J (0.92 1b/106 Btu) for the staged bed bo11er at Iowa
Beef Processors operating for one day without OFA. Additional NO emission
data not reported in Table 3- 14 but collected over 2.5 days of operat1on at
the Iowa Beef Processors FBC boiler are: average NO* emissions of 258 ng/J

P )
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(0.6 1b/106 Btu) with OFA compared to average emissions of 378 ng/J (0.88
1b/106 Btu) without OFA. 223 This resulted in about a 32 percent NO
reduction for this FBC boiler using OFA. During the OFA test on the staged
bed boiler, approx1mate1y 10 percent of the total combustion air was
introduced as secondary air below the desulfurization bed. 224

From the data above, the amount of NO emission reduction from
coal-fired spreader stokers using OFA can not be accurately determined
because of the large differences in NO reduction for the two spreader
stokers. However, the data do lndicate that OFA can reduce baseline NO
emissions by up to 32 percent on small FBC boilers.

3.3.9.4 LNB Test Data. Emission data are not available on coal-fired
small boilers using LNB in the database.

LR 1]
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4.0 MODEL BOILERS AND CONTROL ALTERNATIVES

Model boilers and their control alternatives for new small steam
generating units (i.e., boilers) with heat inputs of 29.3 MW (100 million
Btu/hour) or less are discussed in this section. These model boilers will
serve as a basis to assess the incremental environmental, energy, and cost
impacts of alternative emission levels-app]ied_to various types and sizes of
small boilers.

A three-step approach was used in selecting model boilers. First, a
preliminary set of model boilers was developed to represent the anticipated
new small boiler population. Second, control alternatives for reducing
sulfur dioxide (SOZ)’ nitrogen oxides (NOx), and particulate matter (PM)
emissions were selected for each model boiler as suggested by the
performance and emission data presented in Sections 3.1 to 3.3. Finally,
the model boilers were combined with the selected control alternatives to
form the basis for subsequent cost and emission impact analyses.

4.1 SELECTION OF MODEL BOILERS

4.1.1 Overview of Model Boilers

Table 4-1 presents 34 uncontrolled boilers selected as representative
of new small boilers in terms of design types, fuel usage, and boiler sizes.
In this table, model boilers are segregated into five size categories of
2.9, 7.3, 14.7, 22.0, and 29.3 MW (10, 25, 50, 75, and 100 million Btu/hour)
heat input. Seven model boilers were selected in the 2.9 MW (10 million
Btu/hour) size category, 11 in 7.3 MW (25 million Btu/hour) category, 7 in
the 14.7 MW (50 million Btu/hour) category, 4 in the 22.0 MW (75 million
Btu/hour) category, and 5 in the 29.3 MW (100 million Btu/hour) category.
Seventeen model boilers firing gas and oils, 13 firing coal, 2 firing wood
and 2 firing solid waste were selected.

The selection of model boilers was based primarily on the information
presented in Section 2.1 related to boiler classifications and uses. The



TABLE 4-1. SMALL MODEL BOILERS SELECTED FOR EVALUATION

Boi%er size category, MW
(10” Btu/hour) heat input

. a 2.9 7.3 14,7 22.0 29.3

Boiler type Fuel (10) (25) (50) (75) (100)
Firetube, packaged NG Xb X ¢ NAd NA
Firetube, packaged DO X X - NA NA
Firetube, packaged ‘RO X X X NA NA
Watertube, packaged NG X X X € X
Watertube, packaged DO X X X € -c
Watertube, packaged RO NA X X X
Underfeed Firetube Coal X X - NA NA
Underfeed Stoker, Watertube Coal X X € NA NA
Massfeed Stoker, Watertube Coal NA -c X X X
Spreader Stoker, Watertube Coal NA -c X X X
Fluidized Bed Combustor Coal € X X € X
Massfeed Stoker, Watertube Wood NA X € -€ €
Spreader Stoker, Watertube Wood NA -c ¢ X €
Incinerator, Small Modular Solid Waste -c X - NA NA
Massfeed Stoker, Watertube Solid Waste NA € € X -c
NOTES:

NG = Natural Gas DO = Distillate 0i1 RO = Residual 011

b"X" designates a category which was selected to be represented by a
model boiler.

CThese sizes are available for the respective boiler types, but they
are not included in the model boiler set because they are less
representative than other selected model boilers.

dNA = Not generally available or used in this size category.
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reader is referred to this section and the Industrial Boiler Background
Information Document for further details.1 In addition, American Boiler
Manufacturers Association (ABMA) personnel assisted in the selection of
typical small boiler types, fuel usage, and boiler sizes based on their
experience and recent sales trends. The final selection of model boilers
incorporates ABMA and EPA comments.z’3

4.1.2 Rationale in Selecting Model Boilers

Model boilers were selected to represent the expected new small boiler
population. Boiler characteristics such as design type, size, and fuel
usage are necessary to identify each model boiler. Information from the
small boiler manufacturers survey reports and information developed in
support of the industrial boiler new source performance standards (NSPS)
(40 CFR Part 60) were used to define the model boi1ers.4'1°

Cast-iron boilers were not included in the model boiler selection.
These boilers range in size from 0.0009 to 2.93 MW (0.003 to 10 million
Btu/hour) heat input. However, most new cast-iron boilers have capacities
below 0.12 MW (0.4 million Btu/hour) heat input.11 Cast-iron boilers
primarily fire natural gas or distillate 0i1.12 Since these boilers fire
relatively clean fuels, and are not commonly used in industrial-commercial-

institutional applications, no model boilers were selected to represent
cast-iron boilers.

4.1.2.1 Firetube Boilers. Two firetube boilers firing natural gas and
two firing distillate oil at 2.9 and 7.3 MW (10 and 25 million Btu/hour)
heat inputs were selected to represent the smallest sizes of firetube
boilers. For residual oil-fired firetube boilers, three model boilers were
selected at 2.9, 7.3, and 14.7 MW (10, 25, and 50 million Btu/hour) heat
inpufs. Furthermore, two model firetube boilers were selected to represent
coal-fired underfeed firetube boilers at 2.9 and 7.3 MW (10 and 25 million
Btu/hour) heat inputs.



Due to the similarities between Scotch Marine and firebox firetube
boilers, it was not necessary to identify separate model firetube boilers
for each type. The model firetube boiler specified in Table 4-1, and the

costs and emission impacts developed in later sections, apply equally to
both types.

4.1.2.2 MMLBLM&MMM Four
packaged watertube boilers firing natural gas were selected as model boilers
at 2.9, 7.3, 14.7, and 29.3 MW (10, 25, 50, and 100 million Btu/hour) heat
inputs. For distillate oil firing, model boilers were selected with heat
inputs of 2.9, 7.3, and 14.7 MW (10, 25, and 50 million Btu/hour). Another
three model boilers were selected to represent residual oil-fired boilers at
7.3, 14.7, and 29.3 MW (25, 50, and 100 million Btu/hour) heat inputs.

Most watertube boilers rated below 29.3 MW (100 million Btu/hour) heat
input are shop-assembled, or packaged, units. Some design types for these
boilers are available in sizes as Tow as 0.3 MW (1 million Btu/hour), but
most packaged watertube boilers are typically available down to only 2.9 MW
(10 million Btu/hour) heat input.13

4.1.2.3 Coal-Fired Watertube Boilers (Stokers). Stokers are

classified into three general types: underfeed, massfeed (or overfeed), and
spreader. Model boilers were selected for each type. For the underfeed
stokers, two model boilers were selected at 2.9 and 7.3 MW (10 and 25
million Btu/hour) heat input to cover the smallest-sized stokers. Three
massfeed and three spreader stoker model boilers were selected as
representative of these types at 14.7, 22.0, and 29.3 MW (50, 75, and 100
million Btu/hour) heat inputs.

Stoker boilers are expected to account for most of the new small
coal-fired boilers installed in the near future. Stoker boilers currently
account for about 95 percent of the coal-fired industrial boiler capacity
between 2.9 and 73.3 MW (10 and 250 million Btu/hour) heat input.14 One can
also expect that stokers will predominate among the commercial and
institutional boilers between 2.9 and 29.3 MW (10 and 100 million Btu/hour)
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heat input. The size breakdown of coal-fired model boilers among underfeed,
massfeed, and spreader stokers in Table 4-1 was based on information
supplied by ABMA and from the industrial boiler NSPS project work.15

4.1.2.4 Fluidized Bed Combustion Units. For boiler sizes at 7.3,

14.7, and 29.3 MW (25, 50, and 100 million Btu/hour) heat input, three
coal-fired fluidized bed combustion (FBC) units were chosen as model
boilers. Fluidized bed combustion units are becoming more popular with
industry because NOx and SO2 emissions can be reduced in the furnace,
eliminating the need for scrubbers, low-sulfur coal, or elaborate combustion
modifications. Most boiler manufacturers who make FBC units for coal

manufacture these units in sizes as small as 5.9 MW (20 million Btu/hour)
heat input.16

4.1.2.5 MWood-fired Watertube Boilers (Stokers). Two model boilers

firing wood were selected as model boilers. For the massfeed (or overfeed)
units, a model boiler was selected at 7.3 MW (25 million Btu/hour) heat
input to cover the smallest size stoker. For the larger spreader stokers, a
22.0 MW (75 million Btu/hour) heat input boiler was selected as
representative.

The firing mechanisms for the majority of new wood-fired boilers are
similar across the capacity range. These units are primarily overfeed or
spreader stokers with the major differences being in the type of grate
se]ected.17 Some other firing methods used at times to fire wood include
Dutch ovens, fuel cells, and fluidized beds. However, Dutch ovens have been
phased out for new construction due to high costs, low efficiencies, and
inability to follow load swings. Particulate emission rates for the other
firing mechanisms are usually less than from spreader stokers.18

4.1.2.6 $So0lid Waste-Fired Boilers. Municipal solid waste-fired

(MSW-fired) boilers are used to represent the general class of boilers
combusting solid waste. These MSW-fired boilers fall into two distinct
design types based on heat input capacity. Small municipal incinerators



with heat recovery are usually installed in modules, the number and size of
which are determined by the amount of waste to be burned. These modular
devices often use two combustion chambers with substoichiometric air
delivered to the firét chamber. The larger MSW-fired boilers burn waste as
it is received on moving grates.19 These boilers are mass feed stokers.
Model boilers were selected for each of these types. For the small
modular incinerators (SMI), one model boiler was selected at 7.3 MW (25
million Btu/hour). One massfeed stoker mode] boiler was selected as
representative of the type at 22.0 MW (75 million Btu/hour) heat input.

4.2 SELECTION OF CONTROL ALTERNATIVES

Control alternatives are defined as the application of control
technologies, or techniques, to model (uncontrolled) boilers so as to
achieve specified emission levels and/or percent reduction requirements for
NOx, 502, or PM emissions. Control alternatives include both baseline
emission levels/controls as well as more stringent control techniques to
reduce emissions below baseline levels. The control alternatives for the
model boilers discussed above are presented in this section.

Baseline emission levels discussed here are consistent with the
baseline emission analysis presented in Section 2.3. The emission levels
and/or reduction requirements associated with more stringent control
alternatives are based on the emissions and performance data presented in
Sections 3.1 to 3.3. These control levels are used in subsequent sections

to estimate the cost and emission impacts of Tower levels of emissions
relative to the baseline emissions.

4.2.1 Alternatijve PM Emission Levels and Control Techniques
4.2.1.1 Qil- and Coal-Fired Boilers. Particulate matter control

techniques for 0il1 and coal-fired model boilers were examined for a baseline
level of control and for two alternative levels of control. Table 4-2
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presents the control levels selected for analysis and the control technique
used to meet each of these levels.

Emission levels of 77, 34, and 17 ng PM/J (0.18, 0.08, and 0.04 1b
PM/lO6 Btu) were selected to evaluate PM control techniques for residual
0il-fired small boilers. The baseline level of 77 ng/J is based on
uncontrolled firing of a high sulfur oil (1,020 ng SOZ/J or 2.35 1b
50,/10% Btu). The 34 ng PM/J (0.08 1b PM/108 Btu) Tecel can be met by
firing a Tow sulfur oil or by firing a medium sulfur oil and installing a
mechanical collector. The 17 ng PM/J (0.04 1b PM/lO6 Btu) level can be met
by firing a very low sulfur o0il or by firing a low sulfur 0il and installing
a mechanical collector. Since Levels 1 and 2 can be met by several
alternative control methods, the control technique chosen by actual boiler
operators will likely be the lowest cost option. If SO2 control is required
concurrent with PM control for small boilers, then the lowest cost option
for PM control would be firing Tow sulfur oil. In this case, all of the
additional fuel cost (i.e., fuel sulfur premium) would be attributed to the
SO2 control cost. Thus, the PM control levels would be achieved at
effectively zero additional cost. On the other hand, if only PM control is
required for small residual 0il-fired boilers, then the lowest cost option
would be to fire a medium sulfur oil and install a mechanical collector.

A baseline PM emission level of 258 ng/J (0.6 1b/10G Btu) for spreader
stoker and 194 ng/J (0.45 lb/lo6 Btu) for underfeed stoker coal-fired units
can be met by installing a mechanical collector. Side stream separators are
able to meet an emission level (Level 1) of 108 ng PM/J (0.25 1b PM/lO6 Btu)
operating with 20 percent flow or less to the baghouse. The Level 2 control
is 22 ng PM/J (0.05 1b PM/lO6 Btu) which can be met by operating a fabric
filter at an air-to-cloth ratio of 0.61 m3/m2-min (2 acfm/ftz) or less.

4.2.1.2. Wood- i - _Fi i . Particulate matter
control techniques for wood- and solid waste-fired model boilers were
examined for a baseline PM emission level and for two alternative control




levels. Table 4-3 presents the control levels selected for analysis and the
control techniques used to meet each of these levels.

The baseline emission levels of 172 and 159 ng PM/J (0.40 and 0.37 1b
PM/106 Btu) were selected for wood-fired boilers less than 14.7 MW (50
million Btu/hour) heat input and for wood-fired boilers with heat inputs
from 14.7 to 29.3 MW (50 to 100 million Btu/hour), respectively. The less
than 14.7 MW (50 million Btu/hour) size category is represented by a 7.3 MW
(25 million Btu/hour) heat input wood-fired boiler and the 14.7 to 29.3 MW
(50 to 100 million Btu/hour) category is represented by a 22 MW (75 million
Btu/hour) heat input wood-fired boiler. An alternative emission control
Tevel of 86 ng PM/J (0.20 1b/106 Btu) can be met with the use of a venturi
scrubber operated at a § kPa (20 inches of water) pressure differential for
both size categories. The strictest alternative control Tlevel, 43 ng/J
(0.10 1b/106 Btu), can be met by using an electrostatic precipitator (ESP)
control system with a specific collection area (SCA) of 523 and
2070 m?/(1,000 m/s) (160 and 634 £t/1,000 acfm) for cold- and hot-side
units, respectively.

The baseline PM emission levels for solid waste-fired boilers represent
uncontrolled emissions from small modular incinerators and the Subpart E
emission level for massfeed stoker boilers. The baseline emission level of
73 ng/Jd (0.17 1b/106 Btu) for the massfeed stoker requires an ESP with a 525
n’/(1000 n/s) (160 £t2/1000 acfm) SCA. The alternative emission control
lTevels of 43 and 22 ng/J (0.10 and 0.05 1b/106 Btu) can be met with the use

of an ESP with an SCA of 820 and 1210 m%/(1000 m/s) (250 and 370 £2/1000
acfm), respectively.

4.2.2 Alternative §Qz Emission Levels and Control Techniques

4.2.2.1. Qil-Fired Boilers. Sulfur dioxide control techniques for
0il1- and coal-fired model boilers were examined for a baseline level of

control and for two alternative levels of control. The control levels
selected for analysis and the corresponding 502 control technique used to
meet these levels are presented in Table 4-4.
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For oil-fired boilers, a baseline SO2 emissions level of 1,010 ng/J
(2.35 1b/106 Btu) is based on the uncontrolled firing of medium sulfur oil.
Level 1 emissions of 344 ng/J (0.8 'lb/lO6 Btu) are based on the uncontrolled
firing of a low sulfur oil; Level 2 emissions of 129 ng/J (0.3 1b/106 Btu)
are based on the uncontrolled firing of a very Tow sulfur oil or 90 percent
removal efficiency on a high sulfur oil using a sodium scrubber operating at
inlet scrubber pH between 7.1 and 7.6.

4.2.2.2 (Coal-Fired Boilers. The baseline SO2 emissions level of 1,460

ng/J (3.4 1b/106 Btu) for coal-fired units is based on uncontrolled firing
of a a medium sulfur coal. The basis for the 516 ng/Jd (1.2 1b/106 Btu)
emission level (Level 1) is the firing of an uncontrolled low sulfur coal.
The medium and low sulfur coals selected reflect the average fuel sulfur
content of a class of coals that would consistently meet a given emissions
limit. An emissions level of 258 ng/J (0.6 1b/106 Btu) (Level 2) is based
on achieving 90 percent SO2 removal efficiency on a high sulfur coal in EPA
Region V and 75 percent SO2 removal efficiency on a medium sulfur coal in
EPA Region VIII. These SO2 emission reductions can be achieved eijther using
a sodium scrubber operating at a pH of 8, or an FBC unit operating with a
calcium to sulfur (Ca/S) ratio of 4.5.

4.2.3 Alternative NQx Emission Levels and Control Techniques

Nitrogen oxide control techniques for natural gas-, distillate 0il-,
residual o0il-, and coal-fired model boilers are examined for a baseline NOx
emission level and one alternative NOx emission control level. The control
Tevels selected for analysis and the corresponding NOx control techniques
used to meet these levels are presented in Table 4-5. Based on the limited
amount of NOx emission data on FGR, OFA, and LNB and the inability to
correct these data to full load conditions, emission levels were not

selected for NOx control stricter than LEA emission Tevels.

4.2.3.1 Natuyral Gas-Fired Boilers. The baseline NOx emission levels

for natural gas-fired units are based on the analysis of the normalized
baseline Nox emission data presented in Section 3.3.6.1.2. As discussed in
this section, model boilers rated at 2.9 and 7.3 MW (10 and 25 million
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Btu/hour) heat input have characteristic baseline NOx emissions of 60.2 ng/J
(0.14 1b/106 Btu) at 6 percent oxygen (02). For boilers rated at 14.7 and
29.3 MW (50 and 100 million Btu/hour), baseline NOx emissions of 64.5 ng/J
(0.15 1b/106 Btu) and 71.0 ng/J (0.165 1b/106 Btu) are representative,
respectively, at this same 02 Tevel. Similarly, emission levels for Level 1
cqntro] basgq on the u;e of 1pw excess air (LEA) a@_z pgrcent Qz were
determined by averaging the normalized LEA-controlled NOx emission data
presented in Section 3.3.6.1.2. 'LEA-controlled NOx emissions of 38.7 ng/J
(0.09 'lb/lO6 Btu) and 47.3 ng/J (0.11 'Ib/lO6 Btu) can be met for the 2.9 MW
(10 million Btu/hour) and the 7.3 MW (25 million Btu/hour) heat input
boilers, respectively. Model boilers using LEA rated at 14.7 and 29.3 MW
(50 and 100 million Btu/hour) heat input can meet N0x emissions of 53.8 ng/J
(0.125 1b/10° Btu) and 60.2 ng/d (0.14 Tb/10° Btu), respectively.

4.2.3.2 Qi;;illg;g_gil;Eizgg_ﬂgilgrg. The baseline NOx emission

levels for the distillate oil-fired units are based on the analysis of the
normalized baseline NOx emission data presented in Section 3.3.7.1.2.
Operating at 6 percent 02, model boilers rated at 2.9 and 7.3 MW (10 and 25
million Btu/hour) heat input have characteristic N0x emissions of 86.0 ng/J
(0.275 'Ib/106 Btu); while the 14.7 MW (50 mi1lion Btu/hour) boiler has NOx
emission levels of 94.6 ng/J (0.22 'Ib/lo6 Btu). The higher baseline NOX
emissions for the smaller model boiler sizes are attributed to the very high
heat release rates characteristic of firetube boilers. Emissions of NOx are
generally higher for boilers having higher heat release rates. For the same
reason, NOx emission levels for Level 1 control based on the use of LEA at

2 percent 02 were higher for the 2.9 and 7.3 MW (10 and 25 million Btu/hour)
heat input boilers than for the 14.7 MW (50 million Btu/hour). As discussed
in Section 3.3.7.1.2, NOx emissions levels of 86 ng/J (0.2 lb/lo6 Btu) can
be achieved for the 2.9 and 7.3 MW (10 and 25 million Btu/hour) heat input
boilers with LEA, and 66.7 ng/J (0.155 lb/lo6 Btu) emission levels can be
achieved for the 14.7 MW (25 million Btu/hour) heat input boiler. The

emission levels were based on a fuel nitrogen content of 0.019 weight
percent.
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4.2.3.3 Residyal 0i1-Fired Boilers. The baseline and Level 1 (LEA)

NOx emission levels for residual oi]-fired boilers are based on the analysis
of the normalized NOx emission data presented in Section 3.3.8.1.2. As
discussed in this section, all boilers between 2.9 and 29.3 MW (10 and 100
million Btu/hour) heat inputs have characteristic baseline NOx emissions of
198 ng/J (0.46 1b/106 Btu) based on a 6 percent 02 operation. For Level 1,
NDx emissions of 183 ng/J (0.425 1b/106 Btu) can be achieved for model
boilers rated at 2.9 and 7.3 MW (10 and 25 million Btu/hour) heat input and
172 ng/J (0.40 1b/106 Btu) for boilers rated at 14.7 and 29.3 MW (50 and 100
million Btu/hour) heat input when operating at 2 percent 02. These emission

levels are also based on fuel nitrogen contents of 0.36 weight percent or
less.

4.2.3.4 Coal-Fired Boilers. Baseline and Level 1 (based on LEA) NOx

emission levels for coal-fired boilers are based on the analysis of the
normalized NOx emission data as presented in Section 3.3.9.1.2. Based on
full Toad test data for the overfeed stokers, baseline (7.8 percent 02
operation) and Level 1 (5.4 percent 02 operation) NOx emission levels of 172
ng/J (0.40 lb/lo6 Btu) and 138 ng/J (0.32 'Ib/lo6 Btu) can be achieved for
model boilers rated between 2.9 and 14.7 MW (10 and 50 million Btu/hour)
heat input, respectively. For spreader stokers, N0x emission levels for the
baseline and LEA conditions specified above are 286 ng/J (0.665 1b/106 Btu)
and 204 (0.475 'lb/lO6 Btu) for stokers rated at 22 MW (75 million Btu/hour)
and 29.3 MW (100 million Btu/hour) heat input. '

4.3 SUMMARY OF MODEL CONTROL SYSTEMS AND BOILERS

Table 4-6 summarizes control technologies for PM, SOZ’ and NOx
emissions by fuel type and control level. Level 1 controls generally are
those which can provide a degree of emission control greater than that
currently obtained under existing regulations. Level 2 controls are those

which achieve the greatest degree of emission reduction using commercially
available control technology.
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Flue gas desulfurization (FGD) using sodium scrubbing is a commercially
available SO2 control system that is capable of offering the greatest SO2
emission reductions for small residual oil- and coal-fired boilers. Flue
gas desulfurization is an established technology currently being applied to
small boilers. Therefore, FGD was selected as the system that could achieve
Level 2 control. Low sulfur fuel was selected for achieving Level 1
control. .

Two levels of PM controls were identified. The type of control depends
on the fuel fired. For small boilers firing oil, very low sulfur oil or low
sulfur oil along with a mechanical collector was selected for meeting the
Level 2 PM emission level. For small boilers firing coal, side-stream
separators were selected for Level 1 and fabric filters were selected for
achieving the Level 2 emission level. Electrostatic precipitators were
selected for solid waste- and wood-fired boilers.

(:::f’ The type of system selected for controlling qu emissions again depgégg:jzﬁz_—____'
on the fuel fired and the boiler type. JLow excess air was selected for

meeting the Level 1 NOx emission Tevels for natural gas-, oil-, and
coal-fired small boilers.
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5.0 MODEL BOILER COST IMPACTS

5.1 COSTING APPROACH

The cost impacts of requiring particulate matter (PM), sulfur dioxide
(502), and nitrogen oxides (Nox) control devices on various types and sizes
of small steam generating units (boilers) are assessed in this section
through an analysis of "model boilers." For wood- and municipal solid waste
(MSW)-fired boilers, only PM costs are assessed. The costs of each model
boiler can be separated into three major cost categories:

0 Capital costs (total capital investment required to construct and
make operational a boiler and emission control system),

] Operation and maintenance (0 & M) costs (total annual costs

necessary to operate and maintain a boiler and emission control
system), and

] Annualized costs (total O & M costs plus annualized
capital-related charges).

As discussed in Section 4, model boilers were selected to represent the
population of new small boilers expected to be built in the future, and thus
cover a range of boiler sizes, fuel types, and control devices. Applicable
emission control technologies for small boilers were evaluated in Section 3.

Capital and operating costs for those controls have been estimated.

The cost estimates for fossil fuel-fired boilers were prepared using the
industrial boiler fossil fuel cost algorithms, supplemented by data from
manufacturers and published cost manuals for cases where the algorithms were
not app]icab]e.l’2 For estimating the costs of nonfossil fuel-fired
boilers, the model boiler costs were obtained using the cost algorithms
developed specifically for those boi]ers;3 The PM control device costs for
nonfossil fuel-fired boilers were calculated from PM cost algorithms applied



to coal-fired boilers. Process and emission characteristics typical of
wood- and solid waste-fired boilers were incorporated into the PM cost
algorithms. The capital and operating costs presented in this section are
budgetary-type estimates with an overall accuracy level of + 30 percent.
A11 costs are 1995 "first year" costs presented in January 1983 dollars.
Costs in this chapter are based on annual capacity factors of 0.3, 0.6, and
0.9.

Tables 5-1 and 5-2 present the Region V and Region VIII fuel costs and
specifications used in each analysis for oil and coal, respectively. These
fuel costs represent projected 1995 prices in 1983 dollars. Table 5-3
presents Region V costs and specifications for wood. In this analysis, it
was assumed that wood and MSW have a zero cost. In some cases, wood may be
purchased off site and thus have an associated fuel cost. However, since
costs are presented only for PM controls, the cost of wood does not affect
the cost of the PM control device. Municipal solid waste units are paid a
tipping fee to burn the waste. Thus, as these units burn more waste, they
earn more money from tipping fees. The mean tipping fees by region and by
process type are presented in Table 5-4. Credits from tipping fees were
included in the costs of MSW-fired boilers.

Costs for PM, 502, and NOx emissions control are presented in
Sections 5.2.1, 5.2.2, and 5.2.3, respectively. The cost analysis for each
pollutant focuses primarily on those costs associated with a 0.3 capacity
factor since this was shown in Section 2.2.1 to be the most representative
value. Boilers used for space heating and for some industrial applications
such as food processing typically operate at such a capacity factor.4 Food
processing industries typically rely on their boilers to operate at full
load for only a short period of time (e.g., 24 hours/day for 3 months of the
year). The remainder of the time, these boilers are either shut down or
operated at low loads for space heating (representing about 5 to 6 percent
of the total steam demands for many food processing p'lants).5 Other
commercial, industrial, and institutional applications may require their
small boilers to operate at annual capacity factors above 0.3. For example,
some hospitals will operate one boiler approximately 60 percent of the time
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TABLE 5-3. SPECIFICATIONS FOR WOOD AND MUNICIPAL SOLID WASTE (MSW)
DELIVERED TO EPA REGION v!0

' Fuel grice Heating value, Sulfur content, Ash content,
Fuel type ($/10° Btu) (Btu/1b) (wt. %) (wt. %)
Wood 0? 4,560 0.02 1.00

MSW 0? 4,875 0.12 22.38

This analysis assumes zero cost for wood and MSW.



TABLE 5-4. MEAN TIPPING FEES BY REGION AND PROCESS Typrll
($/Mg OF WASTE)®D

Process Northeast South North central West Average
Mass-burning 22.02 20.28 18.79 12.46 19.53
except modular (13) (9) (5) (5) (32)
Modular 12.85 9.40 14.97 13.78 11.82
Mass-burning (8) (9) (3) (2) (22)
RDF 13.68 14.68 10.42 13.01 13.28
(A11) (8) (7) (4) (5) (24)
Total 17.20 14.79 15.05 12.91 15.43

370 convert tipping fees to $/ton, multiply by 0.9072.

bNumbers in parentheses indicate number of plants in each subgroup.




and have up to 2 boilers as backup.12 A recent survey on resource recovery
plants indicates that the average resource recovery plant has an annual
capacity of 0.82.13 For this reason, capacity factors of 0.6 and 0.9 were
chosen to represent these energy-intensive applications.

5.2 ANALYSIS OF COST IMPACTS

5.2.1 PM Control Cost Impacts

For the purposes of this analysis, model boilers with heat input
capacities of 2.9, 7.3, 14.7, 22.0, and 29.3 MW (10, 25, 50, 75, and 100
million Btu/hour) were chosen for the coal and residual oil-fired units.
Costs for model boilers have been developed on the basis of construction and
operation in the midwest region (EPA Region V) of the U.S. Although the
absolute costs for model boilers and various PM control alternatives will
vary from region to region, the incremental costs of the various control
alternatives over the baseline will not differ significantly on a regional
basis.

In order to examine the potential overall cost of PM control on oil-,
coal-, wood-, and solid waste-fired small boilers, it is necessary to
consider the compliance costs associated with meeting each alternative
emission level. Therefore, for each alternative control level, costs were
estimated both with and without an opacity monitor. The additional costs
associated with this monitor were $57,000 for capital cost, $8,000/year for
0 & M costs, and $15,000/year for annualized costs.“’15 The baseline

control level does not include opacity monitors since they are not commonly
required on new small boilers.

5.2.1.1 Residual 0i1-Fired Model Boilers. Table 5-5 presents the PM

control costs for residual oil-fired small boilers operating at a 0.3
capacity factor without monitors, assuming that SO2 control will not be
required. If SO2 control is required (e.q., burning a Tow sulfur 0i1), then
PM emissions could be controlled at zero cost. This table presents capital
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costs, 0 & M costs, and annualized costs for each model boiler and contro]
level examined.

Table 5-5 shows that the capital costs increase about 8.3 percent over
“the baseline to meet a PM emission level of 34.4 ng/J (0.08 lb/lo6 Btu).
ror a PM control level of 17.2 ng/J (0.04 1b/10° Btu), the capital coste
increase approximately 8.6 percent over the baseline. Table 5-5 also shows
that the annualized costs increase about 5.1 percent to meet control Level |
and approximately 8.9 percent to meet control leve] 2.

Similarly, PM control costs are presented in Tables 5-6 and 5-7 for
0il-fired boilers without monitors operating at 0.6 and 0.9 capacity
factors, respectively. Table 5-8 shows the variation of boiler and PM
control costs with capacity factor. The capital costs do not vary with
capacity factor, but the operating and maintenance costs are sensitive to

capacity factor. Thus, as capacity factor increases, the annualized costs
also increase.

5.2.1.2 Qggl;firgd_ﬂndgl_ﬁgilgr;. Table 5-9 presents the PM control

costs for coal-fired boilers operating at a 0.3 capacity factor in Region V
without monitors. This table shows the annual emissions, capital costs,

0 & M costs, and annualized costs for each model boiler and emission control
level examined.

Table 5-9 shows that the capital costs increase about 2 percent over
the baseline when a side stream separator is used to meet a PM emission _
lTevel of 108 ng/J (0.25 1b/106 Btu). When a fabric filter is installed to
meet an emission level of 22 ng PM/J (0.05 1b PM/lO6 Btu), the capital costs
increase by 3 to 8 percent.

Table 5-9 also shows that the increased annualized costs over the
baseline associated with the use of side stream separators range from 1.5 to
1.8 percent. The annualized Costs associated with the use of a fabric
filter range from 4.6 to 6.7 percent higher than the baseline costs.

The PM control costs for coal-fired boilers in Region V without monitors for
‘boilers operating at a 0.6 and 0.9 capacity factor are presented in
Tables 5-10 and 5-11, respectively.
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Table 5-12 summarizes the annualized costs and emissions for coal-fired
boilers in Region V operating at capacity factors of 0.3, 0.6, and 0.9.
Also shown are the costs for operation with and without monitors. The
results show that as the boiler capacity factor increases, the annualized
cost of PM control also increases. This is due to the fact that operating
and maintenance costs are directly related to the capacity factor, even
though capital costs are not affected by capacity factor differences.

5.2.1.3 Wood-Fired Mode] Boilers. Table 5-13 presents the costs of PM

control for wood-fired boilers without monitors. This table shows the
capital, operating, and annualized costs and emissions for the control
alternatives considered with the boiler costs.

Table 5-13 shows that for level ] control, the capital costs increase
about 3 percent over the baseline when a venturi scrubber is used to meet an
emission level of 86 ng PM/J (0.20 1b PM/106 Btu). When an electrostatic
precipitator (ESP) is installed to meet a 43 ng PM/J (0.10 1b PM/106 Btu)
level, the capital costs rise an additional 20 to 25 percent. Table 5-13
also shows that for level 1 control, the increased annualized cost over the
baseline is about 2.5 percent. Annualized costs increase about 11 percent
over the baseline when an ESP is installed to meet a 43 ng PM/J (0.10 1b
PM/lO6 Btu) emission 1imit. Table 5-14 presents the annualized costs for
each model boiler at varying capacity factors of 0.3, 0.6 and 0.9. This
table shows that the annual costs increase with increasing capacity factor.

5.2.1.4 Municipal Solid Waste-Fired Model Boilers. Table 5-15

presents the PM control costs for MSW-fired boilers in Region V without
monitors. This table shows the annual emissions, capital costs, 0 & M
costs, and annualized costs for each of the model boilers and emission
control levels examined for a boiler operating at a 0.3 capacity factor.
capacity factor. The costs to control PM emissions from other forms of
solid waste would be comparable.

Table 5-15 shows that the capital costs increase about 2 to 18 percent
over the baseline when an ESP is used to meet a PM emission level of 43 ng/J
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(0.10 1b/106 Btu). When an ESP is installed to meet an emission level of 22
ng PM/J (0.05 1b PM/lO6 Btu), the capital costs increase 3 to 23 percent.

Table 5-15 also shows that the increased annual costs over the baseline
range from 2 to 12 percent using an ESP to meet the 43 ng/J (0.10 1b/106
Btu) PM level. The annualized costs associated with the use of a ESP at the
22 ng/J (0.05 1b/106 Btu) PM level range from 2 to 12 percent higher than
the baseline costs. The PM control costs for MSW-fired boilers in Region V
without monitors for boilers operating at a 0.6 and 0.9 capacity factor are
presented in Tables 5-16 and 5-17.

Table 5-18 summarizes the annualized costs for MSW-fired boilers in
Region V operating at capacity factors of 0.3, 0.6, and 0.9. The results
show that as the boiler cépacity factor increases, the total annualized cost
decreases. The reason for this anomaly is that a waste disposal credit is
allowed for MSW-fired boilers based on the amount of fuel/waste combusted.
As capacity factor increases, the waste disposal credit also increases but
at a faster rate than the 0 & M costs associated with PM control. As a

result, a net decrease in total annualized costs is observed as capacity
factor increases.

5.2.2 §Q2 Control Cost Impacts

For the purposes of this analysis, model boilers with heat input
Capacities of 2.9, 7.3, 14.7, 22.0, and 29.3 MW (10, 25, 50, 75, and 100
million Btu/hour) were chosen for the coal-fired units and model sizes of
2.9, 7.3, 14.7, and 29.3 MW (10, 25, 50, and 100 million Btu/hour) were
chosen for oil-fired units. As stated in Section 3.2, SO2 emissions
reductions can be achieved through the use of 1ow sulfur fuels, flue gas
desulfurization (FGD), or fluidized bed combustion (FBC). In order to
compare the costs of these control techniques, the cost of the boiler, fuel,
and add-on SO2 control device were examined.

Costs for residual oil-fired model boilers are estimated for boilers
operating in Region V only since the difference in price between various
sulfur content oils does not vary by region. Costs and specifications for
residual oils in Region V are presented in Table 5-1. Costs for coal-fired
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model boilers are estimated for boilers operating in both EPA Regions V and
VIII. Region V was chosen because the prices and types of coal available
there are generally representative of those in Regions I through VII, as can
be seen in Table 5-19. Region VIII was selected because it has
significantly lower coal prices than any other region in the U.S. Costs and
specifications for coals in Region V and VIII are presented in Table 5-2.
For control levels which require FGD, the costs for a sodium scrubbing FGD
system were estimated since this is the most widely applied FGD system among
small boilers.

In order to examine the overall costs of SO2 control on oil- and
coal-fired boilers, it was necessary to examine the costs of ensuring
compliance with an alternative emission level. Therefore, the costs
associated with continuous emission monitors (CEM’s) have been considered
for each alternative emission level required to show compliance. For
control levels which require low sulfur fuels, it is assumed that an SO2 CEM
and a carbon dioxide/oxygen (COZ/OZ) diluent monitor are required at the
outlet. It should be noted that there may be alternative approaches to
ensuring compliance with emission levels based on the use of low sulfur
fuels. For example, fuel sampling by the boiler operator or fuel supplier
could be used. For Level 2 control where an FGD system is required, both an
inlet and outlet SO2 monitor is specified in addition to the (302/02 diluent
monitor. The additional costs for required CEM’s are presented in Table
5-20. These additional costs have been added to the SO2 control costs for
Levels 1 and 2 to obtain the cost of SO2 controls with monitors. The

baseline control level does not include monitors since they are not commonly
required on new small boilers.

5.2.2.1 Qil-Fired Boilers. Table 5-21 presents the costs of SO2

control for oil-fired boilers operating at a capacity factor of 0.3 in
Region V without monitors. This table also presents the annual emissions,
capital costs, O & M costs, and annualized costs for each of the model
boilers and emission control levels examined.
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TABLE 5-20. CONTINUOUS EMISSION MEASUREMENT COSTS
(JANUARY 1983 §)16,17

Capital cost O & M cost Annualized cost

System ($1,000) ($1,000/yr) ($1,000/yr)
SO2 (outlet only) 44 36 42
SO2 (inlet and outlet) 64 72 ' 81
OZ/CO2 (outlet only) 9 8 9
OZ/CO2 (inlet and outlet) 18 15 18
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Table 5-21 shows that when monitors are not included, there is a slight
increase in the capital costs for emission levels based on the use of low
sulfur oils over the baseline cost. This increase is attributed to a slight
increase in working capital requirements resulting from the higher fuel
price of low sulfur oil over the baseline oil. The increased capital costs
of sodium scrubbing over the baseline range from 40 percent for a 2.9 MW (10
million Btu/hour) heat_input boiler to. 25 percent. for a 29.3 MW (100 million
Btu/hour) boiler.

Table 5-21 shows that the increased annualized cost over the baseline
for an emission level based on the use of the low sulfur 344 ng/J (0.8
1b/106 Btu) oil is less than 8.5 percent for all boilers. The increase in
annualized cost over the baseline for the very Tow sulfur 129 ng/J (0.3
1b/106 Btu) oil is less than 13 percent for all boilers. The annualized
cost increases over the baseline associated with the use of FGD range from
23 percent for the 2.9 MW (10 mi1lion Btu/hour) heat input boiler to 12
percent for a 29.3 MW (100 million Btu/hour) boiler.

The SO2 control costs for residual oil-fired boilers in Region V
without monitors for boilers operating at 0.6 and 0.9 capacity factors are
presented in Tables 5-22 and 5-23, respectively. As discussed previously in
this section, the slight increase in capital costs for boilers firing low
sulfur oils is attributed to a slight increase in working capital
requirements resulting from a higher fuel price for Tow sulfur oil compared
to the baseline oil. Table 5-24 summarizes the annualized costs and
emissions for oil-fired boilers in Region V operating at capacity factors of
0.3, 0.6, and 0.9. Shown in the table are the SO2 control costs including
and excluding the costs for monitors.

5.2.2.2 Coal-Fired Model Boilers. Table §-25 presents the costs of

SO2 control for coal-fired boilers operating at a capacity factor of 0.3 in
Region V without monitors. As shown, annualized costs increase with
increasing capacity factor due to increases in 0 & M costs. A1l emission
‘Tevels are based on the average fuel sulfur contents of representative
coals. The table shows that, when monitoring costs are not included, there
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is no increase in capital cost over the baseline cost for emission levels
based on the use of low sulfur coal. The increased capital costs of sodium I
scrubbing over the baseline range from 14 percent for a 2.9 MW (10 million
Btu/hour) heat input boiler to 8 percent for a 29.3 MW (100 million !
Btu/hour) boiler. The-capital cost of FBC is approximately 26 to 29 percent
higher than the baseline cost.
Table 5-25 shows that the increased annualized cost over the baseline
for an emission level based on the use of low sulfur coal is less than 2
percent for all boiler sizes. The annualized cost increases over the ‘
baseline associated with the use of FGD range from 15 percent for a 2.9 MW
(10 mi1lion Btu/hour) heat input boiler to 7 percent for a 29.3 MW (100
million Btu/hour) boiler. Table 5-25 shows that the annualized costs of FBC
are approximately 12 to 22 percent higher than the baseline costs in this
size range. The SO2 control costs for coal-fired boilers without
monitors in Region V for a boiler operating at 0.6 and 0.9 capacity factors
are presented in Tables 5-26 and 5-27, respectively.
Table 5-28 presents the costs of SO2 control for coal-fired boilers
without monitors in Region VIII. This table presents the annual emissions,
capital costs, O & M costs, and annualized costs for each of the model
boilers and emission control levels examined. A1l costs are based on a
capacity factor of 0.3 and all emissions are based on the average fuel
sulfur contents of representative coals. It should be noted that the
capital cost of a boiler in Region VIII is greater than in Region V because
of the lower heating value of subbituminous coal. The lower heating value
requires a larger solids handling system and combustion chamber in order to
meet the desired rated capacity.
Table 5-28 shows that when monitoring costs are not included, there is
no increase in capital cost over the baseline cost for emission levels based
on the use of low sulfur coal. The increased capital costs of sodium
scrubbing over the baseline range from 9 percent for a 2.9 MW (10 million
Btu/hour) heat input boiler to 6 percent for a 29.3 MW (100 million
Btu/hour) boiler. 1In all cases shown in Table 5-28, the capital cost of FBC
is approximately 13 to 16 percent higher than the baseline costs. Table
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5-28 also shows that the different fuel characteristics of subbituminous and
bituminous coal (see Table 5-21) result in higher capital costs in Region
VIII than in Region V for the same SO2 control option. This is due to the
fact that subbituminous coals generate more flue gas (on a thermal input
basis) than bituminous coals resulting in a larger, and more expensive, SO
absorber. ) N ‘

Table 5-28 shows that the increased annualized cost over the baseline
for an emission level based on the use of low sulfur coal is less than 1.5
percent for all boiler sizes. The annualized cost increases over the
baseline associated with the use of FGD range from 14 percent for the 2.9 Mw
(10 million Btu/hour) heat input boiler to 10 percent for a 29.3 MW (100
million Btu/hour) boiler. Table 5-28 shows that the annualized costs of FBC
are 11 to 21 percent higher than the baseline costs in this size range. The
SO2 control cost for coal-fired boilers in Region VIII without monitors for
boilers operating at 0.6 and 0.9 capacity factors are presented in
Tables 5-29 and 5-30, respectively.

Tables 5-31 and 5-32 summarize the annualized costs and emissions for
coal-fired boilers in Regions V and VIII, respectively, operating at
capacity factors of 0.3, 0.6, and 0.9. These tables also present the costs
for operation both with and without monitors. All emissions shown are based
on the actual average fuel sulfur contents of the representative coals.

For all of the costs shown, as the boiler capacity factor increases,
annualized costs also increase. The costs increase because certain 0 & M
costs (e.g., fuel, water, electricity, waste disposal) are directly related

to capacity factor. Capital costs are not affected by differences in
capacity factor.

2

5.2.3 NO _Contro) Cost Impacts

This section presents the costs of Nox controls for model boilers
firing natural gas, distillate 0il, residual oil, and coal in EPA Region V.
Costs were estimated for the same model boiler sizes as those presented for
SO2 control costs in Section 5.2.2. All costs include the cost of the
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boiler, fuel, and add-on NOx control equipment. Nitrogen oxide control cost
algorithms for Tow excess air (LEA) were used to estimate the capital,
0 & M, and annualized costs for the mode] small boi'lers.18

In order to examine the overall costs of Nox control on natural gas-,
0il-, and coal-fired small boilers, it was necessary to investigate the
compliance costs associated with meeting each alternative emission level.
Therefore, the costs associated with a stack gas NOx monitor and a C02/02
diluent monitor have been considered for each alternative emission level.
The additional costs for the CEM’s are $66,000 for capital costs,
$44,000/year for 0 & M costs, and $53,000/year for annualized costs.lg’20
These additional costs have been added to the NOx control costs for Level 1
to obtain the cost of NOx controls with monitors. The baseline control

level does not include monitors since they are not commonly required on new
small boilers.

5.2.3.1 Natural Gas-Fired Boilers. Table 5-33 presents the costs of

NOx controls for natural gas-fired boilers without monitors. This table
presents the capital, 0 & M, and annualized costs for each of the model

boilers using gitier LEAJb@ébQ/qufuulwithout monitors. All costs are based

on a capacity factor of 0.3.

For the 7.3 MW (25 million Btu/hour) heat input firetube boiler,
capital cost for LEA control increased by 1.8 percent over the baseline.
Baseline costs are the boiler costs without any Nox controls. Annualized
costs for LEA are 0.6 percent lower than baseline boiler costs. The
decrease in annualized cost for LEA is due to fuel savings associated with a
baseline excess air level of 38 percent and a controlled excess air level of
9 percent.

For the 29.3 MW (100 million Btu/hour) heat input watertube boiler, LEA
control increases the baseline boiler capital costs by 0.44 percent. By
operating this boiler with LEA, annualized costs are reduced by 1.1 percent
due to fuel savings as discussed above.

Detailed costs of Nox controls for natural gas-fired boilers operating
at capacity factors of 0.6 and 0.9 are shown in Tables 5-34 to 5-35. These
tables present costs on each capacity factor without CEM’s.
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Table 5-36 summarizes the annualized costs and emissions for natural
gas-fired boilers in Region V operating at capacity factors of 0.3, 0.6, and
0.9. Shown in the table are the NOx control costs including and excluding
the costs for monitors.

For all the costs shown, as the boiler capacity factor increases, the
annualized cost increases. The costs increase because certain operating
costs (e.g., fuel, water, electricity, water disposal) are directly related
to capacity factor. Capital costs are not affected by differences in
capacity factor.

Annualized costs for Level 1 NOx control based on LEA are lower than
baseline annualized costs for all model boiler sizes operating at the three
capacity factors without monitors. This is because LEA operation reduces
fuel costs over baseline operation and this reduction in fuel costs is
greater than additional annualized capital costs for level 1 control. It
should be noted that Level 1 control costs for a 2.9 MW (10 million
Btu/hour) heat input boiler operating at 0.9 capacity factor are the same as
the baseline costs due to round-off.

When monitor costs are included in the Level 1 control costs,
annualized costs for Level 1 control are higher than baseline costs for all
model boiler sizes, except for the 29.3 MW (100 million Btu/hour) heat input
boiler operating at 0.6 and 0.9 capacity factors. In these two cases, the
fuel savings due to LEA are larger than the annualized cost of the monitors.

5.2.3.2 Qi;1illg;g_gil;firgd_ﬂgilgrg. Table 5-37 presents the costs

of NOx controls for distillate oil-fired boilers without monitors. A1l
costs are based on a capacity factor of 0.3. This table reports similar
cost information as Tables 5-33 for the natural gas-fired boilers, except
the fuel cost component of the 0 & M costs is higher for distillate 0il than
for natural gas. This is because distillate oil is projected to cost more
than natural gas on a heat content basis (i.e., $7.60/kJ for distillate oil
versus $7.31/kJ for natural gas in EPA Region V).

Since the NOx control cost algorithms used for distillate 0il-fired
boilers are the same as those used for natural gas-fired boilers, the cost
impacts of using these controls are the same. Control by LEA is the least
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expensive Nox method used on distillate oil, wh44e-EGR—een%rol—+s—the~mostfa/// i
Qxpensive, 5— ‘

The capital and annualized costs for NOx controls without monitors on !
the largest size distillate oil-fired firetube model boiler (7.3 MW, 25 ;
million th/hour, boiler) are essentially the same as the NOx control costs
for the same size natural gas-fired boiler as presented in Table 5-33.
Control by LEA increases the uncontrolled boiler capital cost by 1.8
percent. Annualized costs are 0.7 percent less for LEA operation versus a
baseline boiler due to fuel savings. Again, this cost savings assumes a
baseline excess air level of 38 percent and a controlled excess air level of
9 percent.

The capital and annualized costs for NOx controls without monitors on
the largest size distillate oil-fired watertube boiler [14.7 MW (50 million
Btu/hour) boiler] are summarized as follows. The increased capital cost for
LEA, is 1.4 percent over that for the baseline. Annualized costs are
1.3 percent less for LEA operation compared to a baseline boiler. The same
assumptions regarding excess air levels were used as stated previously.

Detailed costs of Nox controls for distillate oil-fired boilers
operating at capacity factors of 0.6 and 0.9 are shown in Tables 5-38 and
5-39, respectively. These tables present costs at each capacity factor
without continuous emission monitors.

Table 5-40 summarizes the annualized costs for distillate oil-fired
boilers in Region V operating at capacity factors of 0.3, 0.6, and 0.9.
Shown in the table are the NOx control costs including and excluding the
costs for monitors. Also included are the annual emissions which correspond
to the given model boiler size and capacity factor. For all the costs
shown, as the boiler capacity factor increases, the annualized cost
increases due to the increase in 0 & M costs as discussed above.

The annualized costs for Jevel 1 Nox control based on LEA are lower
than baseline annualized costs for all model boiler sizes operating at the
three capacity factors without monitors due to fuel savings. When monitor

‘costs are included in the Level 1 control costs, annualized costs for

Level 1 control are higher than baseline costs for all model boiler sizes
examined.
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5.2.3.3 Residual 0il1-Fired Boilers. Table 5-41 presents the costs of

NOx controls for residual oil-fired boilers without monitors. This table
presents the capital, 0 & M, and annualized costs for each of the model
boilers using LEA. .
The table shows that LEE~EBEE;;T—;;—;;sidua1 0il-fired watertube
boilers is less expensive than LNB control on a capital and annualized cost
basis. The capital and annualized costs for Nox controls without monitors
on a 29.3 MW (100 million Btu/hr) heat input watertube boiler are summarized
for LEA.
The increased capital costs over the uncontrolled boiler cost for LEA
are 0.9 percent. Annualized costs are 0.8 percent less when operating the
29.3 MW (100 million Btu/hour) heat input boiler with LEA than at the
baseline due to fuel savings. These fuel savings are based on a baseline

excess air level of 38 percent and a controlled excess air level of 9
percent.

The capital costs for LEA without monitors on a 7.3 MW (25 million -
Btu/hour) heat input firetube boiler are 3.2 percent more than the boiler
costs. However, the annualized costs for LEA are 0.4 percent lower. The
lower annualized cost indicates a savings for this boiler using LEA rather
than a cost. _

Detailed costs of Nox controls for residual oil-fired boilers operating
at capacity factors of 0.6 and 0.9 are shown in Tables 5-42 and 5-43,
respectively. These tables present costs at each capacity factor without
CEM’s.

Table 5-44 summarizes the annualized costs and emissions for residual
oil-fired boilers in Region V operating at capacity factors of 0.3, 0.6, and
0.9. Shown in the table are the NOx contro] costs including and excluding
the costs for monitors. For all the costs shown, as the boiler capacity
factor increases, the annualized cost increases due to the increase in 0&M
costs as discussed above.

Annualized costs for Level 1 NO, control based on LEA are lower than
baseline annualized costs for all model boiler sizes operating at the three
capacity factors without monitors due to fuel savings. When monitor costs
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are included in the Level 1 control costs, annualized costs for Level 1 are
higher than baseline costs for all model boiler sizes, except for the
29.3 MW (100 million Btu/hour) boiler operating at 0.9 capacity factor.

5.2.3.4 Coal-Fired Stoker Bojlers. Table 5-45 presents the costs of

LEA control for coal-fired stoker boilers without monitors. This table
presents the capital, 0 & M, and annualized costs for each model boiler.

From Table 5-45, the increased capital cost for LEA control without
monitors over the baseline boiler cost is 0.7 percent for a 2.9 MW (10
million Btu/hour) heat input stoker and 0.2 percent for a 29.3 MW (100
million Btu/hour) stoker. The increased annualized cost for LEA control is
0.5 percent for a 2.9 MW (10 million Btu/hour) stoker. For a 29.3 MW (100
million Btu/hour) heat input stoker using LEA, annualized costs are the same
for LEA and baseline. Annualized costs correspond to baseline and
controlled excess air levels are 60 and 35 percent, respectively.

The costs of NOx controls for coal-fired boilers operating at capacity -
factors of 0.6 and 0.9 without the costs of continuous emission monitors are
presented in Table 5-46 to 5-47, respectively. Table 5-48 summarizes the
annualized costs and emissions for coal-fired boilers in Region V operating
at capacity factors of 0.3, 0.6, and 0.9. Also shown in the table are the
NOx control costs including and excluding the costs for monitors. For all
the costs shown, as the boiler capacity factor increases, the annualized
cost increases due to the increase in 0 & M costs as discussed above.

5.3 OTHER COST CONSIDERATIONS

This section addresses additional costs that may be incurred by boiler
operators and/or regulatory agencies, but that have not been addressed in
Section 5.2. Additional cost impacts are possible in two areas:

(] boiler liquid and solid waste disposal, and
0 impact of compliance and reporting requirements.
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The major liquid and solid waste streams from an uncontrolled boiler =
are: water-softening sludge, condensate blowdown, bottom ash disposal, and l
coal pile runoff. Bottom ash collection, handling, and disposal costs have 2
been incorporated inta the uncontrolled boiler cost estimates. Bottom ash ;
disposal costs were estimated based on a non-hazardous waste classification
and RCRA regulations. If boiler wastes are classified as hazardous material
in the future, then the disposal costs and overall boiler control costs
could increase significantly. :
Costs for treating the other three waste streams were not '
quantitatively evaluated in this study. The costs associated with the

disposal problems are highly site-specific, with the following parameters
being important:

o Water-softening sludge - raw water quality, steam quality,
water makeup rate,

0 Condensate blowdown - effluent discharge quality requirements,
raw water quality, condensate blowdown quantity, and

o Coal pile runoff - coal quality, meterological conditions,
effluent discharge quality requirements.

However, these costs would be associated with the boiler itself and would

not affect the analysis of incremental cost impacts of air pollution
control techniques.

Impacts of compliance and reporting for industrial boilers have been
addressed in a separate study.
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6.0 MODEL BOILER EMISSION IMPACTS

This section presents estimates of the potential emission impacts
associated with alternative emission levels for small model steam generators
(i.e., boilers). The particulate matter (PM), sulfur dioxide (SOZ)’ and
nitrogen oxides (Nox) emission impacts result from the control of emissions
from new small boilers with heat inputs of 29.3 MW (100 million Btu/hour) or
less to levels below baseline emissions. The emission impacts for the model
boilers are presented in terms of total emissions and emission reductions
from the baseline for the various types of fuel and boiler size categories.

Section 6.1 discusses the approach used to estimate the potential
emission impacts for the model boilers. Section 6.2 presents and discusses
the PM, soz, and Nox emission impacts. Emission impacts for PM are
presented for natural gas-, oil-, coal-, wood-, and municipal solid waste
(MSW)-fired model boilers, while emission impacts for SO2 and NOx are
presented for natural gas-, oil-, and coal-fired model boilers.

6.1 APPROACH

Emissions of PM and SO2 associated with each model boiler were
calculated for the baseline and two alternative control levels (Level 1 and
Level 2). The baseline PM and SO2 emission rates reflect the level of
control typically required by State Implementation Plan (SIP) regulations.
Emissions of NOx associated with each model boiler were calculated for a
baseline and one alternative control level (Level 1). Under SIP
regulations, NOx emissions are essentially uncontrolled. Thus, the baseline
emission level for NOx is the uncontrolled level. Detailed discussions of
baseline emission levels are contained in Sections 2.2 and 2.3.

Emissions of PM, SOZ’ and NOx for the model boilers can be reduced
below baseline levels using various emission control techniques. Level 1
and Level 2 emission levels have been established based on the available

‘test data for these various emission control techniques. Section 4.3

discusses the applicable control techniques for PM, SOZ’ and NOx associated
with both levels of control.
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6.2 ANALYSIS OF EMISSION IMPACTS

6.2.1 Particulate Matter Control Emission Impacts

Table 6-1 presents the PM emission control levels in ng/J, and percent
emission reductions from baseline, for Levels 1 and 2 for the model boilers.
The emission levels presented in this table are the-same as those presented
in Tables 4-2 and 4-3. No PM emission levels are assigned to the natural
gas- and distillate oil-fired boilers since these boilers emit negligible
quantities of PM. For all the residual oil-fired model boilers, the percent
PM emission reductions from baseline for Levels 1 and 2 associated with the
assigned PM emission level for each control in Table 6-1 are 55.6 and 77.8
percent, respectively.

The percent PM emission reductions from baseline for each control level
varies with boiler size for the coal-fired model boilers. For the two model
coal-fired boilers rated at 2.9 and 7.3 MW (10 and 25 million Btu/hour) heat
input, the percent PM emission reductions from baseline for Levels 1 and 2
are 44.4 and 88.9 percent, respectively. For the model coal-fired boilers
rated above 7.3 MW (25 million Btu/hour) heat input, the percent PM emission
reduction from baseline for Levels 1 and 2 are 58.3 and 91.7 percent,
respectively. The greater percent PM emission reductions for boilers above
7.3 MW (25 million Btu/hour) heat input are attributed to a higher baseline
PM emission level than for boilers less than 7.3 MW (25 million Btu/hour)
heat input.

For the wood-fired model boilers, PM emission reductions for Level 1
are 50 percent for the 7.3 MW (25 million Btu/hour) heat input boiler size
and 46 percent for the 22 MW (75 million Btu/hour) boiler size. Emission
reductions in PM for Level 2 for the wood-fired boilers are 75.0 percent for
the 7.3 MW boiler size and 73 percent for the 22 MW (25 million Btu/hour)
heat input boiler size. The slightly lower percent emission reductions for
the 1ar§er wood-fired boilers are attributed to a slightly lower baseline PM
emission level for the larger size boiler than for the smaller size boiler.

Emission reductions for PM from MSW-fired boilers using Level 1 control
are 66.7 percent for the 7.3 MW (25 million Btu/hour) heat input boiler size

«
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and 41.2 percent for the 22 MW (75 million Btu/hour) boiler size. For

Level 2, PM emission reductions from baseline are 83.3 percent for the

7.3 MW (25 million Btu/hour) heat input boiler size and 70.6 percent for the

22 MW (75 million Btu/hour) boiler size. As discussed above for wood-fired

boilers, the larger MSW-fired boiler showed a slightly lower reduction due

to lower baseline emissions. !
Table 6-2 presents annual PM emissions for baseline, Level 1 and Level

2 controls on a megagram per year basis for the model boilers operating at

capacity factors of 0.3, 0.6, and 0.9. Excluding the natural gas- and |

distillate oil-fired PM emissions, this table shows that PM emissions at

each control level increase as the capacity factor increases. Within a fuel l

type category, PM emissions for each control level also increase as the

boiler size increases. Table 6-3 presents the PM emission reductions from

baseline for Levels 1 and 2 in terms of megagrams per year. The PM emission

reductions presented in Table 6-3 follow the same trends as discussed above
for the annual PM emissions.

6.2.2 Sulfur Dioxide Control Emission Impacts

Table 6-4 presents the SOZ emission control levels in ng/J, and the
percent emission reductions from baseline, for Levels 1 and 2 for the mode]
boilers. The emission levels presented in this table are the same as those
presented in Table 4-4. It should be noted that these SO2 emission levels
are based on the average sulfur contents of classes of coals which can be
used to meet specified emission 1limits. A range of sulfur contents is
associated with each coal class.

For the natural gas- and distillate oil-fired boilers, no SO2 levels
are assigned because these boilers emit negligible amounts of 802. Based on
SO2 emission levels characteristic of residual oil-fired boilers, SO2
emission reductions from baseline for Levels 1 and 2 are 66 and 87.2
percent, respectively. Emission reductions from baseline for Levels 1 and 2
for coal are 66.7 and 80.7 percent, respectively.
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Table 6-5 presents annual SO2 emissions for baseline, Level 1, and
Level 2 controls on a megagram per year basis for the model boilers
operating at capacity factors of 0.3, 0.6, and 0.9. This table shows that
SO2 emissions for residual oil- and coal-fired boilers at each control level
increase as the capacity factor increases. Within the same fuel type
category, SO2 emissions for each control level also increase as the boiler
size increases. Table 6-6 presents the SO2 emission reductions from
baseline for Levels 1 and 2 in terms of megagrams per year. The SO2

emission reductions in Table 6-6 follow the same trends as discussed above
for the annual SO2 emissions.

6.2.3 Nitrogen Oxides Contro] Emission Impacts

Table 6-7 presents NO emission control levels in ng/J, and the percent
emission reductions from base]ine, for Level 1 for the model boilers. The
emission levels presented in this table are the same as those presented in
Table 4-5. For the natural gas-fired boilers, NO emission reductions from
baseline for Level 1 ranged from 15.2 percent for the 29.3 MW (100 million
Btu/hour) heat input boiler to 35.7 percent for the 2.9 MW (10 million
Btu/hour) boiler.

Level 1 NOx emission reductions from baseline for the distillate
0il-fired model boilers ranged from 27.3 percent for both the 2.9 MW
(10 million Btu/hour) and 7.3 MW (25 million Btu/hour) heat input boilers to
29.3 percent for the 14.7 MW (50 million Btu/hour) boiler.

For the residual oil-fired boilers using Level 1 control, NO emission
reductions ranged from 7.6 percent for the 2.9 MW (10 million Btu/hour) heat
input boiler to 13.0 percent of for the 29.3 MW (100 million Btu/hour)
boiler.

For the coal-fired boilers, the emission reductions from baseline for
Level 1 control. range from 20.0 percent for the 2.9 MW (10 million Btu/hour)

heat input boiler to 28.6 percent for the 29.3 MW (100 million Btu/hour)
boiler.
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Table 6-8 presents annual NOx emissions for baseline and Level 1
control on megagrams per year basis for the model boilers operating at
capacity factors of 0.3, 0.6, and 0.9. This table shows that NOx emissions
at each control level .increase as the capacity factor increases. Within the
same fuel type category, NOx emissions for each control level also increase
as the boiler size increases. Table 5-9 presents the NOx emission
reductions from baseline for Level 1 in terms of megagrams per year. The
NOx emission reductions in Table 6-9 follow the same trends as discussed
above for the annual NOx emissions.
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