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1. INTRODUcnON

Congress, in the Clean Air Act Amendments (CAAA) of 1990, amended Title I of the

Clean Air Act (CAA) to addre.ss ozone nonattainment areas. A new Subpart 2 was added to

Part D of Section 103. Section 183(c) of the new Subpart 2 provides that:

[W]ithin 3 years after the date of the enactment of the CAAA, the
Administrator shall issue technical documents which identify alternative controls
for all categories of stationary sources of ... oxides of nitrogen which emit or
have the potential to emit 25 tons per year or more of such air pollutant.

These documents are to be subsequently revised and updated as determined by the

Administrator.

Industrial, commercial, and institutional (ICI) boilers have been identified as a category

that emits more than 25 tons of oxides of nitrogen (NOx) per year. This alternative control

techniques (ACT) document provides technical information for use by State and local agencies

to develop and implement regulatory programs to control NOx emissions from ICI boilers.

Additional ACT documents are being developed for other stationary source categories.

ICI boilers include steam and hot water generators with heat input capacities from 0.4 to

1,500 MMBtu/hr (0.11 to 440 MWt). The~e boilers are used in a variety of applications, ranging

from commercial space heating to process steam generation, in all major industrial sectors.

Although coal, oil, and natural gas are the primary fuels, many ICI boilers also bum a variety

of industrial, municipal, and agricultural waste fuels.

It must be recognized that the alternative control techniques and the corresponding

achievable NOx emission levels presented in this document may not be applicable to every ICI

boiler application. The furnace design, method of fuel firing, condition of existing equipment,

operating duty cycle, site conditions, and other site-specific factors must be taken into

consideration to properly evaluate the applicability and performance of any given control

technique. Therefore, the feasibility of a retrofit should be determined on a case-by-case basis.

The information in this ACT document was generated through a literature search and

from information provided by ICI boiler manufacturers, control equipment vendors, ICI boiler
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users, and regulatory agencies. Chapter 2 summarizes the findings of this study. Chapter 3

presents information on the ICI boiler types, fuels, operation, and industry applications.

Chapter 4 discusses ~Ox formation and uncontrolled NOx emission factors. Chapter 5 covers

alternative control techniques and achievable controlled emission levels. Chapter 6 presents the

cost and cost effectiveness of each control technique. Chapter 7 describes environmental and

energy impacts associated with implementing the NOxcontrol techniques. Finally, Appendices A

through G provide the detailed data used in this study to evaluate uncontrolled and controlled

emissions and the costs of controls for several retrofit scenarios.
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2. SUMMARY

This chapter summarizes the information presented in more detail in Chapters 3

through 7 of this document. Section 2.1 reviews the diversity of equipment and fuels that make

up the ICI boiler population. The purposes of this section are to identify the major categories

of boiler types, and to alert the reader to the important differences that separate the ICI boiler

population from other boiler designs and operating practices. This diversity of combustion

equipment, fuels, and operating practices impacts uncontrolled NOx emission levels from ICI

boilers and the feasibility of control for many units. Section 2.2 reviews baseline NOx emission

reported for many categories of ICI boilers and highlights the often broad ranges in NOx levels

associated with boiler designs, firing methods, and fuels.

The experience in NOx control retrofits is summarized in Section 2.3. This information

was derived from a critical review of the open literature coupled with information from selected

equipment vendors and users of NOx control technologies. The section is divided into a

subsection on combustion controls and another on flue gas treatment controls. As in the utility

boiler experience, retrofit combustion controls for ICI boilers have targeted principally the

replaC'p.ment of the original burner with a 10w-NOx design. When cleaner fuels are burned, the

low-NOx burner (LNB) often includes a flue gas recirculation (FGR) system that reduces the

peak flame temperature producing NOx' Where NOx regulations are especially stringent, the

operating experience with natural gas burning leI boilers also includes more advanced

combustion controls and techniques that can result in high fuel penalties, such as water injection

(WI). As in the case of utility boilers, some boiler designs have shown little adaptability to

combustion controls to reduce NOx' For these units, NOx reductions are often achievable only

with flue gas treatment technologies for which experience varies.

Section 2.4 summarizes the cost of installing NOx controls and operating at lower NOx

levels. The data presented in this document are drawn from the reported experience of

technology users coupled with costs reported by selected technology vendors. This information

is offered only as a guideline because control costs are always greatly influenced by numerous
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site factors that cannot be taken fully into account. Finally, Section 2.5 summarizes the energy

and environmental impacts of 10w-NOx operation. Combustion controls are often limited in

effectiveness by the onset of other emissions and energy penalties. This section reviews the

emissions of CO, NH3, N20, soot and particulate.

2.1 lei BOILER EQUIPMENT

The family of leI boilers includes equipment type with heat input capacities in the range

of 0.4 to 1,500 MMBtu/hr (0.11 to 440 MWt). Industrial boilers generally have heat input

capacities ranging from 10 to 250 MMBtu/hr (2.9 to 73 MWt). This range encompasses most

boilers currently in use in the industrial, commercial, and institutional sectors. The leading user

industries of industrial boilers, ranked by aggregate steaming capacity, are the paper products,

chemical, food, and the petroleum industries. Those industrial boilers with heat input greater

than 250 MMBtu/hr (73 MWt) are generally similar to utility boilers. Therefore, many NOx

controls applicable to utility boilers are also candidate control for large industrial units. Boilers

with heat input capacities less than 10 MMBtu/hr (2.9 MWt) are generally classified as

commercial/institutional units. These boilers are used in a wide array of applications, such as

wholesale and retail trade, office buildings, hotels, restaurants, hospitals, schools, museums,

government buildings, airports, primarily providing steam and hot water for space heating.

Boilers used in this sector generally range in size from 0.4 to 12.5 MMBtu (0.11 to 3.7 MWt)

heat input capacity, although some are appreciably larger.

Table 2-1 lists the various equipment and fuel combinations, the range in heat input

capacity, and the typical applications. Passed boiler inventory studies were used to estimate the

relative number and total firing cr,pacity of each boiler-fuel category. Many of these boilers vary

greatly in age and use patterns. Older units have outdated furnace configurations with greater

. refractory area and lower heat release rates. Newer designs focus on compact furnaces with

tangent tube configurations for greater heat transfer and higher heat release rates. Newer

furnaces also tend to have fewer burners, because of improvements in combustion control and

better turndown capability, and better economics. This diversity of equipment requires a careful

evaluation of applicable technologies. Many smaller ICI bo~ers often operate with little

supervision, and are fully automated. Application of NOx controls that would limit this

operational flexibility may prove impractical: They can be found fully enclosed inside commercial

and institutional buildings and in industry steam plants or completely outdoors in several

industrial applications at refineries and chemical plants. The location of these boilers often
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TABLE 2-1. ICI BOILER EQUIPMENT, FUELS, AND APPLICATIONS

capacity %oflCI %oCICI
Heat transfer Design and fuel range, boiler boiler
configuration type MMBtu/hr8 unitsb.c: capacityb.c: Applicationd

Watertube Pulverized coal 100-1.500+ **c 2.5 PH,CG

Stoker coal 0.4-550+ f ** 5.0 SH, PH, CG

FBCg coal 1.4-1,075 ** ** PH,CG

Gas/oil 0.4-1,500+ 2.3 23.6 SH, PG, CG

Oil field steamer 20-62.5 NA.h NA. PH

Stoker nonfossil 1.5-1,000f ** 1.1 SH, PH, CG

FBC nonfossil 40-345 ** ** PH,CG

Other nonfossil 3-800 ** ** SH, PH, CG

Firetube HRTcoal 0.5-50 ** ** SH,PH

Scotch coal 0.4-50 ** ** SH,PH

Vertical coal <2.5 ** ** SH,PH

Firebox coal 0.4-15 ** ** SH,PH

HRT gas/oil 0.5-50 1.5 1.5 SH,PH

Scotch gas/oil 0.4-50 4.8 4.6 SH,PH

Vertical gas/oil <2.5 1.0 ** SH,PH

Firebox gas/oil <20 6.5 48 SH,PH

HRT nonfossil 2-50 NA. N.A. SH,PH

Firebox nonfossil 2-20 NA. NA. SH,PH

Cast iron Coal <0.4-14 9.9 1.3 SH,PH

Gas/oil <0.4-14 72 9.6 SH,PH

Tubeless Gas/oil <0.4-4 NA. NA. SH,PH

aTo convert to MWt, multiply by 0.293.
blnc1udes all units used in the ICI sector. regardless of capacity.
c1991 FBC data; other data are from 1977-1978.
dSH = Space heat; PH = Process hear; CG = Cogeneration.
e.. indicates less than 1 percent.
fDesign capacities can be higher.
gFBC = fluidized bed combustion.
hN.A. = Not available. No data are available.
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influences the feasibility of retrofit for some control technologies because poor access and limited

available space.

ICI boiler equipment is principally distinguished by the method of heat transfer of heat

to the water. The most common ICI boiler types are the watertube and firetube units. Firetube

boilers are generally limited in size to about SO MMBtu/hr (15 MWt) and steam pressures,

although newer designs tend to increase the firing capacity. All of these firetubes are

prefabricated in the shop, shipped by rail or truck, and are thus referred to as packaged.

Watertube boilers tend to be larger in size than firetube units, although many packaged single

burner designs are well within the frretube capacity range. Larger, multi-burner watertubes tend

to be field erected, especially older units. Newer watertubes also tend to be single burners and

packaged. Steam pressures and temperatures for watertubes are generally higher than firetube

units. Combustion air preheat is never used for firetube boiler configuration. Higher capacity

watertube ICI boilers often use combustion air preheat. This is an important distinction because

air preheat units tend to have higher N0.x levels.

As th~ type and sizes of ICI boilers are extremely varied, so are the fuel types and

methods of firing. The most commonly used fuels include natural gas, distillate and residual fuel

oils, and coal in both crushed and pulverized form. Natural gas and fuel oil are burned in single

or multiple burner arrangements. Many ICI boilers have dual fuel capability. In smaller units,

the natural gas is normally fed through a ring with holes or nozzles that inject fuel in the air

stream. Fuel oil is atomized with steam or compressed air and fed via a nozzle in the center of

each burner. Heavy fuel oils must be preheated to decrease viscosity and improve atomization.

Crushed coal is burned in stoker and fluidized bed (FBC) boilers. Stoker coal is burned r.IO~tly

on a grate (moving or vibrating) and is fed by various means. Most popular are the spreader

and overfeed methods. Crushed coal in FBC boilers bums in suspension in either a stationary

bubbling bed of fuel and bed material or in a circulating fashion. The bed material is often a

mixture of sand and limestone for capturing S02' Higher fluidizing velocities are necessary for

circulating beds which have become more popular because of higher combustion and S02 sorbent

efficiencies. Where environmental emissions are strictly controlled and low grade fuels are

economically attractive, FBe boilers have become particularly popular because of

characteristically low NOx and S02 emissions.

Although the primary fuel types are fossil based, there is a growing percentage of

nonfossil fuels being burned for industrial steam and nonutility power generation. These fuels
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include municipal and agricultural wastes, coal mining wastes, and petroleum coke and special

wastes such as shredded tires, refuse derived fuel (RDF), tree bark and saw dust, and black

liquor from the production of paper. Solid waste fuels are typically burned in stoker or FBC

boilers which provide for mass feed of bulk material with minimal pretreatment and the handling

of large quantities of ash and other inorganic matter. Some industries also supplement their

primary fossil fuels with hazardous organic chemical waste with medium to high heating value.

Some of these wastes can contain large concentrations of organically bound nitrogen that can be

converted to NO" emissions. The practice of burning hazardous wastes in boilers and industrial

furnaces is currently regulated by the EPA under the Resource Conservation and Recovery Act

(RCRA).

2.2 NO" FORMATION AND BASELINE EMISSIONS

NOx is the high-temperature byproduct of the combustion of fuel and air. When fuel

is burned with air, nitric oxide (NO), the primary form of NOx' is formed mainly from the high

temperature reaction of atmospheric nitrogen and oxygen (thermal NOx) and from the reaction

of organically bound nitrogen in the fuel with oxygen (fuel NOx)' A third and less important

source of NO formation is referred to as "prompt NO," which forms from the rapid reaction of

atmospheric nitrogen with hydrocarbon radical to form NOx precursors that are rapidly oxidized

to NO at lower temperatures. Prompt NO is generally minor compared to the overall quantity

of NO generated from combustion. However, as NOx emissions are reduced to extremely low

limits, i.e., with natural gas combustion, the contribution of prompt NO becomes more important.

The mechanisms of NOx formation in combustion are very complex and cannot be

predicted with certainty. TIlermal NOx is an exponential function of temperature and varies with

the square root of oxygen concentration. Most of the NOx formed from combustion of natural

gas and high grade fuel oil (e.g., distillate oil or naphtha) is attributable to thermal NOx'

Because of the exponential dependence on temperature, the control of thermal NOx is best

achieved by reducing peak combustion temperature. Fuel NOx results from the oxidation of

fuel-bound nitrogen. Higher concentrations of fuel nitrogen typically lead to higher fuel NOx

and overall NO" levels. Therefore, combustion of residual oil with 0.5 percent fuel-bound

nitrogen, will likely result in higher NOx levels than natural gas or distillate oil. Similarly,

because coal has higher fuel nitrogen content higher baseline NO" levels are generally measured

from coal combustion than either natural gas or oil combustion. This occurs in spite of the fact

that the conversion of fuel nitrogen to fuel NOx typically diminishes with increasing nitrogen
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concentration. Some ICI boilers, however, that operate at lower combustion temperature, as in

the case of an FBC, or with reduced fuel air mixing, as in the case of a stoker, can have low NOx

emissions because of th.e suppression of the thermal NOx contribution.

Test data were compiled from several sources to arrive......at reported ranges and average

NOx emission levels for ICI boilers. Baseline data were compiled from test results on more than

200 ICI boilers described in EPA documents and technical reports. These data, representative

of boiler operation at 70 percent capacity or higher, are detailed in Appendix A. Table 2-2

summarizes the range and average NOx emissions from the various categories of ICI boilers

investigated in this study. On an average basis, coal-fired ICI boilers emit the highest level of

NOx' as anticipated. Among the higher emitters are the wall-fired boilers with burners on one

or two opposing walls of the furnace. Average NOx levels were measured at approximately

0.70Ib/MMBtu. Next highest emitters are tangential boilers burning pulverized coal (PC). The

burners on these units are located in the comers of the furnace at several levels and firing in a

concentric direction.

Among the stokers, the spreader fIring system has the highest NOx levels than either

the overfeed or underfeed designs. This is because a portion of the coal fines bum in suspension

in the spreader design. This method of coal combustion provides for the greatest air-fuel mixing

and consequently higher NOx formation. FBC boilers emit significantly lower NOx emissions

than PC-fIred units and are generally more efficient than stokers. The large variations in

baseline NOx levels for the FBC units are generally the result of variations in air distribution

among FBC units. Newer FBC designs incorporate a staged air addition that suppresses NOx

levels. Also the type of bed material and S02 sorb'-~nt influence the level of NOx generated.

FBC units are, on average, the lowest NOx emitters among coal burning ICI equipment.

Large variations in baseline NOx levels are also shown for ICI boilers burning residual

oil. For example, boilers with a capacity of less than 100 MMBtu/hr (29 MWt) can have.

emissions in the range of 0.20 to 0.79 Ib/MMBtu, a factor of nearly 4. This is attributable

predominantly to large variations in fuel nitrogen content of these fuel oils. NOx emissions from

distillate-oil- and natural-gas-fired ICI boilers are signillcantly lower due by and large to the

burning of cleaner fuel with little or no fuel-bound nitrogen. It is also important to note that

baseline emission levels for the larger boilers tend to be somewhat higher, on average. This is

attributable to the higher heat release rate that generally accompanies the larger units in order

to minimize the size of the furnace and the cost of the boiler. Also, another factor is the use
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TABLE 2-2. SUMMARY OF BASELINE NOx EMISSIONS

Uncontrolled
NOx range, Average,

Fuel Boiler type Ib/MMBtu Ib/MMBtu

Pulverized coal Wall-fired 0.46-0.89 0.69
Tangential 0.53-0.68 0.61
Cyclone 1.12a 1.12

Coal Spreader stoker 0.35-0.77 0.53
Overfeed stoker 0.19-0.44 0.29
Underfeed stoker 0.31-0.48 0.39

Bubbling FBC 0.11-0.81 0.32
Circulating FBC 0.14-0.60 0.31

Residual oil Firetube 0.21-0.39 0.31
Watertube:

10 to 100 MMBtujhr· 0.20-0.79 0.36
> 100 MMBtu/hr 0.31-0.60 0.38

Distillate oil Firetube 0.11-0.25 0.17
Watertube:

10 to 100 MMBtu/hr 0.08-0.16 0.13
> 100 MMBtu/hr 0.18-0.23 0.21

Crude oil TEOR steam generator 0.30-0.52 0.46

Natural gas Firetube 0.07-0.13 0.10
Watertube:

S 100 MMBtu/hr 0.06-0.31 0.14
> 100 MMBtu/hr 0.11-0.45 0.26

TEOR steam generator 0.09-0.13 0.12

Wood <70 MMBtu/hr 0.010-0.050 0.022
~70 MMBtujhr 0.17-0.30 0.24

Bagasse 0.15b 0.15

MSW Mass burn 0.40b 0.40
Modular 0.49b 0.49

aSingle data point.
bAP-42 emission factor.
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of preheated combustion air with the larger boilers. Higher heat release rate and preheated

combustion air increase the peak temperature of the flame and contribute to higher baseline

NOx levels. The AP-42 emission factors were used for some of the ICI boilers for which little

or no data were available in this study.

2.3 CONTROL TECHNIQUES AND CONTROLLED NOx EMISSION LEVELS

The reduction of NOx emissions from ICI boilers can be accomplished with combustion

modification and flue gas treatment techniques or a combination of these. The application of

a specific technique will depend on the type of boiler, the characteristic of its primary fuel, and

method of fIring. Some controls have seen limited application, whereas certain boilers have little

or no flexibility for modification of combustion conditions because of method of firing, size, or

operating practices. Table 2-3 lists the applicability of candidate NOx control techniques for ICI

boiler retrofit. Each "X" marks the applicability of that control to the specific boiler/fuel

combination. Although applicable, some techniques have seen limited use because of cost,

energy and operational impacts, and other factors.

NOx emissions can be controlled by suppressing both thermal and fuel NOx' When

natural gas or distillate oil is burned, thermal NOx is the only component that can be practically

controlled due to the low levels of fuel N2 in the distillate oil. The combustion modification

techniques that are most effective in reducing thermal NOx are particularly those that reduce

peak temperature of the flame. This is accomplished by quenching the combustion with water

or steam injection (WI/Sl), recirculating a portion of the flue gas to the burner zone (FGR), and

reducing air preheat temperature (RAP) when preheated combustion air is used. The use of

WI/SI has thus ~i1r been limited to small gas-fired boiler applications in Southern California to

meet very stringent NOx standards. Although very effective in reducing thermal NOx' this

technique has not been widely applied because of its potential for large thermal efficiency

penalties, safety, and burner control problems. FGR, on the other hand, has a wide experience

base. The technique is implemented by itself or in combination with LNB retrofits. In fact,

many LNB designs for natural-gas-fired ICI boilers incorporate FGR. LNB controls are

available from several ICI equipment vt?ndors. RAP is not a practicable technique because of

severe energy penalties associated with its ~se, ~nd for this reason it was not considered further

in this document.

Thermal NOx can also be reduced to some extent by minimizing the amount of excess

oxygen, delaying the mixing of fuel and air, and reducing the firfug capacity of the boiler. The

2-8



TABLE 2-3. EXPERIENCE WITH NOx CONTROL TECHNIQUES ON ICI BOILERS

Coal-fired Oil-/natural-gas-fired Nonfossil-fuel-fired MSW·fired

BTlOT = Burner tuning/oxygen trim
WI/SI = Water injection/steam injection
SCA = Staged combustion air, includes burners out of service (BOOS), biased firing, or overfire air (OFA)
LNB = Low-NOx burners
FGR = Flue gas recirculation
NGR = Natural gas reburning
SNCR = Selective noncatalytic reduction
SCR = Selective catalytic reduction
MSW = Municipal solid waste
'SCA is designed primarily for control of smoke and combustible fuel rather than NOx' Optimization of existing SCA (OFA) ports can lead
to some NOx reduction.

bLimited experience.

tv,
\0

NOx control
technique

BT/OT

WI/SI

SCA

LNB

FGR

NGR

SNCR

SCR

Field-erected
PC-fired

X

X

Xb

.X'

X'

Stoker

X·

X

FBC

X

X

Xb

Field-erected
watertube

x
X

X

X

Xb

Packaged
watertube

x

X

Xb

X

X

Xb

Packaged
firetube

X

X

X

X

Stoker

X·

X

FBC

X

X

Mass burn

X·

Xb

Xb

X



first technique is often referred to as oxygen trim (OT) or low excess air (LEA) and can be

attained by optimizing the operation of the burner(s) for minimum excess air without excessive

increase in combustible emissions. The effect of lower oxygen concentration on NOx is partially

offset by some increase in thermal NOx because of higher peak temperature with lower gas

volume. OT and LEA are often impractical on packaged watertube and frretube boilers due to

increased flame lengths and CO, and can lead to rear wall flame impingement, especially when

fuel oil is fired. The second technique reduces flame temperature and oxygen availability by

staging the amount of combustion air that is introduced in the burner zone. Staged combustion

air (SCA) can be accomplished by several means. For multiple burner boiler, the most practical

approach is to take certain burners out of service (BOOS) or biasing the fuel flow to selected

burners to obtain a similar air staging effect. The third technique involves reducing the boiler

firing rate to lower the peak temperature in the furnace. This approach is not often considered

because it involves reducing steam generation capacity that must be replaced elsewhere. Also,

with some fuels, gains in reduction of thermal NOx are in part negated by increases in fuel NOx

that result by increases in excess air at reduced boiler load.

.The reduction of fuel NOx with combustion modifications is most effectively achieved

with the staging of combustion air. By suppressing the amount of air below that required for

complete combustion (stoichiometric conditions), the conversion of fuel nitrogen to NOx can be

minimized. This SCA technique is particularly effective on high nitrogen fuels such as coal and

residual oil fired boilers, which may have high baseline emissions and would result in high

reduction efficiencies. For PC, BOOS for NOx reduction is not practical. Therefore, SCA is

usually accomplished with the retrofit of internally air staged burner or cove.fire air ports. The

installation of low-NOx burners for PC- and residual-oil-fired boilers is a particularly effective

technique because it involves minimal furnace modifications and retained firing capacity. Staged

fuel burners in some packaged watertube boilers without membrane convective side furnace

wall(s) may cause an increase in CO emissions at the stack, due to short circuiting of incomplete

combustion products to the convective section. The installation of OFA ports for some boilers

is not practicable. These boilers are principally frretube and watertube packaged designs and

most PC-frred units. Large field-erected gas- and low-sulfur oil-fired ICI boilers are the best

candidates for the application of OFA because these fuels are least susceptible to the adverse

effects of combustion staging, such as furnace corrosion and unburned fuel emissions.

2·10



Another combustion modification technique involves the staging of fuel, rather than

combustion air. By injecting a portion of the total fuel input downstream of the main

combustion zone. hydrocarbon radicals created by the rebuming fuel will reduce NOx emission

emitted by the primary fuel. This reburning technique is best accomplished when the reburning

fuel is natural gas. Natural gas rebuming (NGR) and cofiring have been investigated primarily

for utility boilers, especially coal-fired units that are not good candidates for traditional

combustion modifications such as LNB. Examples of these boilers are cyclones and stoker fired

furnaces. Application of these techniques on ICI boilers has been limited to some municipal

solid waste (MSW) and coal-fired stokers.

NOx control experience for ICI boilers with flue gas treatment controls has been limited

to the selective noncatalytic and catalytic reduction techniques (SNCR and SCR). Both

techniques involve the injection of ammonia or urea in a temperature window of the boiler

where NOx reduction occurs by the selective reaction of NH2 radicals with NO to form water

and nitrogen. The reaction for the SNCR process must occur at elevated temperatures, typically

between 870 and 1,090°C (1,600 and 2,OOO°F) because the reduction proceeds without a catalyst.

At much lower flue gas temperatures, typically in the range of 300 to 400°C (550 to 750°F), the

reaction requires the presence of a catalyst. SNCR is particularly effective when the mixing of

injected reagent and flue gas is maximized and the residence time of the gas within the reaction

temperature is also maximized. These favorable conditions are often encountered in retrofit

applications of SNCR on FBC boilers. The reagent is injected at the outlet of the furnace (inlet

to the hot cyclone), where mixing is promoted while flue gas temperature remains relatively

constant. Other applications of SNCR on stoker boilers burning a variety of fuels and waste

fuels have also shown promise. SCR retrofit ICI applications in this country have been limited

to a few boilers in California, although the technology is widely used abroad and several vendors

are currently marketing several systems.

2.3.1 Combustion Modification Controls

Table 2-4 summarizes control efficiency and NOx levels achieved with the retrofit of

combustion modification techniques for watertube ICI boilers. The data base includes primarily

commercial facilities that were retrofit to meet regulated NOx limits. In addition. the data base

also includes result obtained from controls installed for research and development of specific

techniques. Details and references for this data base can be found in Appendices Band C of

this document.

2-11



TABLE 2-4. SUMMARY OF COMBUSTION MODIFICATION NOx CONTROL
PERFORMANCE ON ICI WATERTUBE BOILERS

Percent Controlled
ICI boiler NOx NOx level,
and fuel NOx control reduction Ib/MMBtu

PC, wall- SCA 15-39 0.33-0.93
fIred LNB 49-67 0.26-0.50

NGR NA.a 0.23-0.52

42-66 0.24-0.49

25 0.29-0.38

18 0.36

30 0.23

55 0.20

-1-35 0.22-0.52

0-60 0.19-0.47

32 0.30

20-25 0.18-0.20

40-67 0.10-0.14

NA. 0.05-0.45

NA. 0.12-0.16

30-60 0.09-0.23

4-30 0.12-0.25

5-40 0.22-0.74

PC, T-frred

Spreader
stoker

Coal-fited
BFBC

Circulating
coal-frred
FBC

Residual­
oil-fired

Distillate­
oil-frred

LNB+SCA

SCA

LNB

NGR

LNB+SCA

SCA

FGR+SCA

RAP

Gas cofuing

SCA

SCA

SCA+FGR

LNB

FGR

SCA

LNB+FGR

LNB+SCA

LNB

FGR

SCA

LNB+FGR

LNB+SCA

NA.

NA.

NA.

20-68
30

NA.

NA.

0.03-0.13

0.20

Comments

Limited applicability because of potential side effects.

Technology transfer from utility applications.

Limited experience. Technology transfer from utility
applications.

Technology transfer from utility applications.

Effective technique. Technology transfer from utility
applications.

LNCFSb utility frring system design with closed coupled
OFA.

Limited experience.

LNCFS utility fIring system design. Technology transfer
from utility applications.

Potential grate problems and high CO emissions.

Limited applicability.

Limited applicability.

Only recent exploratory tests. NOx reduction via lower
0..,.

SCA often incorporated in new designs.

SCA often incorporated in new designs.

Limited application for FGR.

Staged air could result in operational problems.

Limited effectiveness because of fuel NOx contribution.

Techniques include BOOSe and OFA EffIciency function
of degree of staging.

Combinations are not additive in effectiveness.

Combinations are not additive in effectiveness.

Low-excess air burner designs.

Widely used technique because of effectiveness.

Limited applications except BOOSe, Bias and selected
OFA for large watertube.

Most common technique. Many LNB include FGR.

SCA also included in many LNB designs.

0.06-0.2417-46SCA Technique includes BOOSe and OFA Many LNB include
SCA technique.

LNB 39-71 0.03-0.17 Popular technique. Many designs and vendors available.

FGR 53-74 0.02-0.10 PopUlar technique together with LNB.

LNB +FGR 55-84 0.02-0.09 Most popular technique for clean fuels.

LNB+SCA NA. 0.10-0.20 Some LNB designs include internal staging.

Natural­
gas-fited

aNA. = Not available. No data are available to determine control effIciency. See Appendix B for detailed
individual test data.

bLNCFS = Low-NOx Concentric Firing System by ABB-Combustion Engineering.
eBOOS is not applicable to single-burner packaged boilers and some multibumer units.
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The most effective NOx control techniques for PC-fired ICI boilers are LNB, NGR, and

LNB+ SCA. The average reduction achieved with the retrofit of LNB on seven ICI boilers was

55 percent with a controlled level of 0.35 Ib/MMBtu. A combination of LNB plus overfire air

(OFA) also achieved an average of 0.35Ib/MMBtu on eight ICI boilers. Lower NOx emissions

were achieved for tangentially fired boilers. Evaluation of retrofit combustion controls for coal­

fired stokers revealed control efficiencies in the range of 0 to 60 percent. This wide range in

control efficiency is attributed to the degree of staging implemented and method of staging.

Typically, existing OFA ports on stokers are not ideal for effective NOx staging. Furthermore,

the long term effectiveness of these controls for stokers was not evaluated in these exploratory

tests. The average NOx reduction for eight stokers with enhanced air staging was 18 percent

with a corresponding controlled NOx level of 0.38 Ib/MMBtu. Largest NOx reductions were

accompanied by large increases in CO emissions. Gas cofiring in coal-fired stokers, only recently

explored, achieves NOx reductions in the 20 to 25 percent range only by being able to operate

at lower excess air.

Air staging in coal-fired FEC boilers is very effective in reducing NOx from these units.

FECs are inherently low NOx emitters because low furnace combustion temperatures preclude

the formation of thermal NOx' Furthermore, the in-bed chemistry between coal particles, CO,

and bed materials (including 502 sorbents) maintains fuel nitrogen conversion to NO at a

minimum. The control of NOx is further enhanced by operating these boilers with some air

staging. In fact, many new FEC designs, including circulating FECs, come equipped with air

staging capability especially for low NOx emissions. Excessive substoichiometric conditions in

the dense portion of the fluidized bed can result in premature COf:"lls:.on of immersed watertubes

. used in bubbling bed design. Circulating FEC boilers are better suited for deep staging because

these units do not use in-bed watertubes.

NOx reductions and controlled levels for residual oil combustion are influenced by the

nitrogen content of the oil, the degree of staging implemented, and other fuel oil physical and

chemical characteristics. Because of these factors, NOx control performance on this fuel is likely

to vary, as shown in Table 2-4. Data on LNB for residual-oil-fired ICI boilers were obtained

primarily from foreign applications. The average controlled NOx level reported with LNB for

residual-oil·fired ICI boilers is 0.19 Ib/MMBtu based on 17 Japanese installations and one

domestic unit equipped with Babcock and Wilcox (B&W) XCL-FM burner for industrial boilers.
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The data base for distillate-oil- and natural-gas-fired boilers is much larger than that for

residual-oil-fired units. This is because many of the distillate-oil- and natural-gas-fired

applications are in California, where current regulations have imposed NOx reductions from such

units. Among the controls more widely used are LNB, FGR, and LNB with FGR. Many LNB

designs also incorporate low excess air and FGR, internal to the burner or external in a more

conventional application. The average NOx reduction for FGR on natural-gas-fired boilers is

approximately 60 percent from many industrial boilers, nearly all located in California. The

average controlled NOx level for FGR-controlled ICI watertube boilers is 0.05 Ib/MMBtu or

approximately 40 ppm corrected to 3 percent 0". For distillate oil, the average FGR-controlled

level from watertube boilers is O.08Ib/MMBtu or approximately 65 ppm corrected to 3 percent

02' Average NOx emissions controlled with LNB plus FGR are slightly lower than these levels.

Table 2-5 summarizes results of con.trols for firetube units. Controlled NOx levels

achieved on these boiler types are generally slightly lower than levels achieved on watertube

TABLE 2-5. SUMMARY OF COMBUSTION MODIFICATION NOx CONTROL
PERFORMANCE ON ICI FIRETUBE BOILERS

Percent Controlled
NOx NOx level,

Fuel t)'Pe NOx control reduction Ib/MMBtu Comments

Residual- LNB 30-60 0.09-0.25 Staged air could result in operational problems.
oil-flred

SCA 49 0.11 Technique generally not practical unless incorporated
in new burner design.

T)j<,tillate- LNB 15 0.15 Several LNB designs are available. Most operate on
oil-rued low excess air.

FGR NA.a 0.04-0.16 Effective technique for clean fuels.

Natural- SCA 5 0.08 Technique not practical unless incorporated in new
gas-fued burner design.

LNB 32-78 0.02-0.08 Several LNB designs are available. Some include FGR
or internal staging.

FGR 55-76 0.02-0.08 Effective technique. Used in many applications in
California.

LNB+FGR NA. 0.02-0.04 . Most popular technique for very low NOx levels.
Some LNB designs include FGR.

Radiant LNB 53-82 0.01-0.04 Commercial experience limited to small fuetubes.

aNA. = Not available. No data are available to determine control emciency. See Appendix B for detailed
individual test data.
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units. For example, LNB +FGR recorded an average of about 0.033Ib/MMBtu or approximately

35 ppm corrected to 3 percent 02. FGR by itself is also capable to achieve these low NOx levels

when burning natural gas. In addition to these combustion controls, both OT and WI have been

retrofitted in combination on selected packaged industrial boilers in California to meet very low

NOx levels. These controls offer the potential for economic NOx control because of low initial

capital investment compared to either FGR or LNB. NOx reduction efficiencies and controlled

levels have been reported in the range of about 55 to 75 percent depending on the amount of

water injected and the level of boiler efficiency loss acceptable to the facility.

2.3.2 Flue Gas Treatment Controls

Application of flue gas treatment controls in the United States is generally sparse.

Table 2-6 summarizes the range in NOx reduction performance and controlled NOx levels

achieved with the application of SNCR and SCR. The data base assembled to produce these

results includes both domestic and foreign installation whose results have been reported in the

literature or were available from selected technology vendors. References and details are

available in Appendix B.

The NOx reduction efficiency of SNCR for PC-fired boilers is based on results from four

boilers, one a small utility unit. For these boilers, NOx reductions ranged from 30 to 83 percent

and averaged 60 percent, with controlled NOx levels in the range of 0.15 to 0.40 Ib/MMBtu.

SNCR performance is known to vary with boiler load because of the shifting temperature

window. SNCR has been reported to be quite more effective for FBC and stoker boilers. In

circulating FBC boilers in California, SNCR with either urea or ammonia injection, achieved an

average NOx reduction and (;l)ntrolled level of nearly 75 percent and 0.08 Ib/MMBtu,

respectively. SNCR results for 13 coal-fired stokers ranged from 40 to 74 percent reduction, with

controlled NOx levels between 0.14 and 0.28 Ib/MMBtu. For stokers burning primarily waste

fuels, including MSW mass burning equipment, several applications of SNCR resulted in NOx

reductions in the range of 25 to 80 percent, averaging about 60 percent, with controlled levels

in the range of 0.035 to 0.311b/MMBtu.

2.4 COST AND COST EFFECTIVENESS OF NOx CONTROL TECHNIQUES

A simplified costing methodology, based primarily on the u.S. EPA's Office of Air

Quality Planning and Standards (OAQPS) Control Cost Manual, was developed for this study.

The capital control costs were based on costs reported by vendors and users of the NOx control

technologies and from data available in the open literature. The total capital investment was
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TABLE 2-6. SUMMARY OF FLUE GAS TREATMENT NOx CONTROL PERFORMANCE
ON ICI BOILERS

Percent Controlled
leI boiler and NOx NOx level,

fuel NOx control reduction Ib/MMBtu Comments

PC, wall-rued SNCR-Urea 30-83 0.15-0.40 Experience relies primarily on utility
retrofits. Because of relatively higher
NOx' higher control efficiency is
frequently achieved.

Coal-fired FBC SCR 53-63 0.10-0.15 Limited applications to few foreign
installations. No domestic experience.

Coal-Stoker SNCR-Ammonia 50-66 0.15-0.18 Control levels achieved in combination
with OFA controls.

Coal-Stoker SNCR-Urea 40-74 0.14-0.28 Control levels achieved in combination
with OFA controls.

Wood-fired stoker SNCR-Ammonia 50-80 0.04-0.23 Vendors of technology repon good
efficiency for stoker applications
irrespective of fuels.

SNCR-Urea 25-78 0.09-0.17

MSW stokers and SNCR-Ammonia 45-79 0.07-031 Vendors of technology repon good
mass burn efficiency for stokers applications,

irrespective of fuels.

SNCR-Urea 41-75 0.06-030

SCR 53 0.05 Experience limited to one foreign
installation.

Coal-rued FBC SNCR-Ammonia 76-80 0.04-0.09 Technique is panicularly effective for FBC
boilers. Applications limited to California
sites.

SNCR-Urea 57-88 0.03-0.14

Wood-rrred FBC SNCR-Ammonia 44-80 0.03-0.20 Technique is particularly effective for FBC
boilers irrespective of fuel type.
Applications limited to California sites.

SNCR-Urea 60-70 0.06-0.07

Wood-frred SNCR-Urea 5()"52 0.14-0.26 Limited application and experience.
Watertube

80 0.22 Only two known installations in theSCR
United States.

Natural-gas- and SNCR-Ammonia 3()"72 0.03-0.20 Limited application and experience.
distillate-oil-fired

SNCR-Urea 50-60 0.05-0.10watertube

SCR 53-91 0.01-0.05 Experience principally based on foreign
and some southern California installations.
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annualized using a 10-percent interest rate and an amortization period of 10 years. Cost

effectiveness was calculated by dividing the total annualized cost by an NOx reduction for each

retrofit cost case using boiler capacity factors in the range of 6.33 to 0.80.

Table 2-7 summarizes the total investment cost and cost effectiveness of several retrofit

scenarios. Overall, the total investment of controls varies from a minimum of about

$100/MMBtu/hr for oxygen trim with operation of the boiler with BOOS for multi-burner

watertubes, to an estimated $20,000/MMBtu/hr for the installation ofSCR on a 400 MMBtu/hr

(120 MWt) PC-fired boiler. The high costs of SCR retrofit were derived from estimates

developed for small utility boilers, and are meant to be estimates because no domestic

application of this technology was available at the time of this printing. Furthermore, costs of

SCR systems have recently shown a downward trend because of improvements in the technology,

increased number of applications, and competitiveness in the NOx retrofit market.

Control techniques with the lowest investment cost are those that require minimum

equipment modification or replacement. For example, the installation of an OT system coupled

with WI for ga.s-fired firetubes and packaged watertube is typically much less than $35,000. Also

the application of BOOS in multi-burner units may be a relatively low investment cost approach

in reducing NOx' These costs, however, do not consider the installation of emission monitoring

instrumentation. The cost of CEM systems can easily outweigh the cost of NOx controls for

these packaged boilers. The cost effectiveness of WI controls for packaged boilers is anticipated

to be low in spite of the associated efficiency losses. This is because an efficiency improvement

was credited with the combined application of oxygen trim controls that can compensate for

some of the losses of WI.

The installation of FGR, LNB, and LNB with FGR controls for both packaged and

multi-burner field erected boilers burning natural gas or oil was estimated to range between

$650/MMBtu/hr and $4,700/MMBtu/hr with cost effectiveness as low as $240/ton to as high

as $6,300/ton, depending on fuel type and boiler capacity. The cost of SNCR is based on

estimates provided by two vendors of the technology. For a 400 MMBtu/hr boiler, the

investment cost can be as low as $1,lOO/MMBtu/hr for a stoker boiler burning coal, to

$3,300/MMBtu/hr for an MSW unit burning stoker. The cost effectiveness of SNCR was

calculated to range from as low as Sl,OIO/ton to $2,400/ton depending on fuel and boiler type.

SNCR costs are not likely to vary with type of reagent used (aqueous ammonia or urea).
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TABLE 2-7. ESTIMATED COST AND COST EFFECTIVENESS OF NOx CONTROLS
(1992 DOLLARS)

Estimated
Boller type NOx NOx Total capital Cost
and size, NOx control control level, reduction, investment, effectiveness,

Fuel type MMBtu/hr technique Ib/MMBtu· tons/yr S/MMBtu/hr S/too of NOx

Pulverized Watertube LNB 035 310 5,300 1,170-1,530
coal (400) SNCR 039 270 1,600-2,100 1,010-1,400

SCR 0.14 490 20,000 3,400-4,200

Coal FBC (400) SNCR 0.08 210 1,600 890-1,030

S. Stoker (400) SNCR 0.22 270 1,100 1,300-1,500

Natural gas Single burner OT+WI 0.06 5.8 530 710-820
packaged watertube LNB 0.08 43 650-2,300 570-2,400

(50)
LNB+FGR 0.06 5.8 2,100-4,700 1,600-4,400

SCR 0.02 8.7 2,400-6,900 4,800-6,900

Packaged fuetube OT+WI 0.04 13 2,400 3,100-3,700
(10.5) OT+FGR 0.07 0.65 5,300 8,000-11,000

Multiburner field- OT +SCAb 0.15 53 190 210-240
erected watertube

(300) LNB 0.12 60 5,100-8,300 2,100-4,200

Distillate oil Single burner LNB 0.10 33 2,300 460-1,900
packaged watenube LNB+FGR 0.07 6.6 2,100-4,700 1,000-3,300

(50)
SCR 0.03 25 2,400-6,900 3,900-5,500

Packaged fuetube OT+FGR 0.12 1.6 5,400 4,500-6,200
(10.5)

Multiburner LNB 0.10 72 5,100-8,300 3,100-6,300
watenube

(300)

Residual oil Single burner LNB 0.19 19 2,300 240-1,000
packaged watenube LNB+FGR 0.15 23 2,100-4,700 760-2,000

(50)
SCR 0.06 33 2,400-6,900 2,000-2,900

Firet>lht;. LNB 0.17 4.6 5,400 2,700-3,600
(10.5)

Multiburner LNB 0.19 120 5,100-8,300 1,600-3,300
watenube

(300)

Wood waste Stoker SNCR 0.11 43 2,100-2,500 1,300-2,400
(150)

FBC SNCR 0.11 61 970 i,500-1,600
(400)

MSW Stoker SNCR 0.18 240 .2,100-3,300 1,500-2,100
(500)

·Average levels calculated from the data base available to this study. Average levels do not necessarily represent
what can be achieved in all cases.

bSCA is burners out of service.
Notes: Boiler capacity factor between 0.50 and 0.66. See Appendices D, E. F, and G for details of costing.

Costs do not include installation of continuous emission monitoring (CEM) system. Annual NOx
reduction based on 0.50 capacity factor. Total capital investment from Appendices E through G.
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Figures 2-1 through 2-4 illustrate how the cost effectiveness of these controls varies with

boiler capacity. As anticipated, the larger the boiler size the more cost effective is the control.

Also, costs increase much more rapidly for boilers below 50 MMBtu/hr in size.

2.5 ENERGY AND ENVIRONMENTAL IMPACTS OF NOx CONTROL TECHNIQUES

Combustion modification controls to reduce NOx emissions from ICI boilers can result

in either increase or decreases in the emissions of other pollutants, principally CO emissions.

The actual effect will depend on the operating conditions of the boiler's existing equipment and

the sophistication of burner management system. As discussed earlier, many of these boilers

especially the smaller packaged units are operated relatively with little supervision and with

combustion safety margin which includes excessive amounts of combustion air to ensure efficient

combustion. For these boilers, the installation of burner controls to reduce excess oxygen is

likely to reduce NOx emissions with some increase in CO emissions. For those boilers, that have

poor air distribution to the active burners, a program of burner tuning with oxygen trim is likely

to achieve both some reduction in NOx and CO as well.

Table 2-8 lists CO emissions changes that were recorded with the application of

combustion modification controls. The information shows that high CO emission are more

prevalent when burning coal, especially with combustion controls such as LNB and SCA. Highest

CO levels were recorded from the application of SCA for FBC boilers. CO emissions from

combustion modifications for natural-gas- and oil-fired boilers are usually less than 200 ppm.

Higher CO levels are likely to be recorded with the attainment of strict NOx emission levels.

In recognition of this, the South Coast Air Quality Management District (SCAQMD) in

California permits 400-ppm CO levels for low NOx permits under its Rule 1146. Also, the

.American Boiler Manufacturers Association (ABMA) recommends 400-ppm CO levels when

NOx emissions from ICI boilers are lowered. Increases in particulate emissions and unburned

carbon are other potential impacts of combustion modification NOx control retrofits on oil- and

coal-fired ICI boilers. Insufficient data are available to quantify these potential impacts,

however.

Other potential environmental impacts can result from the application of SNCR and

SCR control techniques. Both techniques can have ammonia emissions released to the

atmosphere from the boiler's stack. Ammonia-based SNCR or SCR can result in ammonia

releases from the transport, storage, and handling of the chemical reagent. Data from

technology vendors show that the level of unreacted ammonia emitted from the boiler's stack
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TABLE 2-8. EFFECTS OF NOx CONTROLS ON CO EMISSIONS FROM ICI BOILERS

NOx
CO emissions impact

reduction, Emissions at Average
Boller and fuel type NOx control % low NOx' ppm change, %

Coal-fired watertube LNB 67 13-430 +800

LNB+SCA 66 60-166 +215

Coal-fired stoker SCA 31 429 +80

Coal-fired FBC SCA 67 550-1,100 +86

Gas-fIred packaged FGR 59-74 3-192 - 93 - -6.3
firetube

LNB 32-82 0-30 -100 - -53

Gas-fired packaged FGR 53-78 20-205 -70 - +450
watertube

LNB+FOR 55 2 -98

Distillate oil packaged FOR 20-68 24-46 +20 - + 1,000
watertube

Distillate oil packaged LNB 15 13 + 120
firetube

Residual oil watertube FGR 4-30 20-145 0- + 1,400

SCA 8-40 20-100 N.A.a

aN.A. = Not available.

wht:.:-. either urea and ammonia-based processes are used is less than 40 ppm. The actual level

of ammonia breakthrough will depend on how well the reagent feedrate is controlled with

variable boiler loads and on the optimization of injection location and mixing of reagent with the

flue gas. For some retrofits, especially packaged boilers, the injection of reagents at SNCR

temperatures and the retrofit of SNCR reactors are difficult if not completely impractical.

Increased energy consumption will result from the retrofit of most NOx control

techniques. For example, the injection of water or steam to chill the flame and reduce thermal

NOx will reduce the thermal efficiency of the boiler by 0.5 to 2 percent depending on the

quantity of water used. Increases in CO emissions that can result form the application of certain

controls such as WI, SCA, and LNB will also translate to increased fuel consumption. The

application of FOR will require auxiliary power to operate the flue gas recirculation fan. Both
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SNCR and SCR have auxiliary power requirements to operate reagent feed and circulating

pumps. Also, anhydrous ammonia-based SNCR and SCR require auxiliary power to operate

vaporizers and for increased combustion air fan power to overcome higher pressure drop across

catalysts. Additionally, increases in flue gas temperatures, often necessary to maintain the SCR

reactor temperature constant over the boiler load, can translate into large boiler thermal

efficiency losses. Oxygen trim and burner tuning will, on the other end, often result in an

efficiency improvement for the boiler. This is because lower oxygen content in the flue gas

translates to lower latent heat loss at the stack. Estimates of increases and potential decreases

in energy consumption are presented in Chapter 7.

2-23



3. leI BOILER EQUIPMENT PROFILE

ICI boilers span a broad range of equipment designs, fuels, and heat input capacities.

The feasibility of retrofitting existing ICI boilers with NOx controls, and the effectiveness and

costs of these controls, depend on many boiler design characteristics such as heat transfer

configuration, furnace size, burner configuration, and heat input capacity. Many of these design

characteristics are influenced by the type of fuel used such as natural gas, fuel oil, pulverized and

stoker coal, and solid waste fuels. Uncontrolled NOx emissions also vary significantly among the

various fuels and boiler design types. Combustion modifications are the most common approach

to reducing NOx' but experience with many ICI boiler types is limited. FGT controls can

substitute for combustion modifications or can provide additive NOx reductions from controlled­

combustion levels.

This chapter presents an overview of ICI boiler equipment to aid in the assessment of

NOx control technologies. A boiler is defined here as a combustion device, fired with fossil or

nonfossil fuels, used to produce steam or to heat water. In most lei boiler applications, the

steam is used for process heating, electrical or mechanical power generation, space heating, or

a combination of these. Smaller ICI boilers produce hot water or steam primarily for c:~ace

heating. The complete boiler system includes the furnace and combustion system, the heat

exchange medium where combustion heat is transferred to the water, and the exhaust system.

There are rougWy 54,000 industrial boilers currently in operation in the United States today, with

new units being added at the rate of about 200 per year. Of these new units, nearly 80 percent

are sold as replacement units, thus the nation's industrial boiler population is growing only

slightly. The leading user industries, ranked on the basis of aggregate steaming capacity, are the

paper products industry, the chemical products industry, the food industry, and the petroleum

industry.!

As a whole, ICI boilers span the range of heat input capaCItIes from 0.4 to

1,500 MMBtu/hr (0.11 to 440 MWt). Table 3-1 gives the distribution of the major ICI boiler
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TABLE 3-1. ICI BOILER EQUIPMENT, FUELS, AND APPLICATIONS

Capacity % orlCI % orlCI
Heat transfer Design and range, boiler boiler
configuration fuel type MMBtu/h'" unitsb,C capacityb,C Applicationd

Watertube Pulverized coal 100-1,500+ •• 2.5 PH,CG

Stoker coal 0.4-550+ e ••f 5.0 SH, PH, CG

FBCg coal 1.4-1,075 •• •• PH,CG

Gas/oil 0.4-1,500+ 2.3 23.6 SH, PH, CG

Oil field steamer 20-62.5 NA.h NA. PH

Stoker nonfossil 1.5-1,000e •• 1.1 SH, PH, CG

FBC nonfossil 40-345 •• •• PH,CG

Other nonfossil 3-800 •• •• SH, PH, CG

Firetube HRTcoal 0.5-50 ** ** SH,PH

Scotch coal 0.4-50 ** ** SH,PH

Vertical coal <2.5 *. ** SH,PH

Firebox coal 0.4-25 ** ** SH,PH

HRT gas/oil 0.5-50 1.5 1.5 SH,PH

Scotch gas/oil 0.4-50 4.8 4.6 SH,PH

Vertical gas/oil <2.5 1.0 ** SH,PH

Firebox gas/oil <20 6.5 48 SH,PH

HRT nonfossil 2-50 N.A. NA. SH,PH

Firebv~ nonfossil 2-20 NA. NA. SH,PH

Cast iron Coal <0.4-14 9.9 1.3 SH,PH

Gas/oil <0.4-14 72 9.6 SH,PH

Tubeless Gas/oil <0.4-4 NA. NA. SH,PH

""0 convert to MWt, multiply by 0.293.
bmcludes all units used in the lei sector, regardless of capacity.
c1991 FBC data2; other data are from 1977-1978.3,4
dsH = Space heat; PH = Process heat; CO = cogeneration.
OOesign capacities can be higher.
f.. indicates less than 1 percent.
gFBC = fluidized bed combustion
hNA. = Not available. No data are available.
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types currently in use. Figures 3-1 and 3-2 illustrate the range of heat input capacities applicable

to various fuels, heat transfer configurations, and equipment types. Industrial boilers generally

have heat input capacities ranging from 10 to 250 MMBtu/hr (2.9 to 73 MWt). This range

encompasses most boilers currently in use in the industrial, commercial, and institutional sectors.

Those industrial boilers with heat input capacities greater than 250 MMBtu/hr (73 MWt) are

generally similar to utility boilers.s Therefore, many of the NOx controls applicable to utility

boilers are also candidate controls for large industrial boilers.

Boilers with heat input capacities less than 10 MMBtu/hr are generally classified as

commercial/institutional units. These boilers are used in a wide array of applications, such as

wholesale and retail trade, office buildings, hotels, restaurants, hospitals, schools, museums, and

government facilities, primarily providing steam and hot water for space heating.3 Boilers used

in this sector generally range in size from 0.4 to 12.5 MMBtu/hr (0.11 to 3.7 MWt) heat input

capacity, although some are appreciably larger.6

As the types and sizes of ICI boilers are extremely varied, so too are the fuel types

burned in these units. The most commonly used fuels include natural gas, distillate and residual

fuel oils, and coal in both crushed and pulverized form. Although the primary fuel types used

are fossil based, there is a growing percentage of nonfossil fuels being burned for industrial

steam and nonutility power generation. The fuels' physical and chemical composition greatly

influence the quantity and type of emissions produced, and the feasibility of certain types of NOx

controls, as will be discussed in Chapters 4 and 5.

The following sections describe the main characteristics of leI boiler types used in the

United States. Section 3.1 describes the three main heat transfer configurations of boilers.

Section 3.2 addresses those units primarily fueled by coal. Section 3.3 discusses oil- and natural­

gas-fired boilers. Finally, Section 3.4 describes nonfossil-fueled boilers.

3.1 BOILER HEAT TRANSFER CONFIGURATIONS

An important way of classifying boilers is by heat transfer configuration. The four major

configurations are watertube, firetube, cast iron, and tubeless. In a watertube boiler (Figures 3-3

and 3-4), combustion heat is transferred. to water flowing through tubes lining the furnace walls

and boiler passes. The furnace watertubes absorb primarily radiative heat, while the watertubes

in the boiler passes gain heat by convective heat transfer. ICI watertube boilers span the entire

range oflCI boiler capacities: 0.4 to 1,500 M'MBtu/hr (0.11 to 440 MWt) heat input capacity.7,S

They can be either packaged or field-erected, depending on their size. In general, most units
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PARAMETER Boiler Heat Input Capacity Range, MMBtu/hr *
0.4 1.0 3.0 10 25 50 100 250 1500

Fuel

Coal

Oil
.

Natural Gas

Wood

Bagasse

MSW**

ISW**
..

Heat Transfer
Configuration

Watertube

Firetube

Cast Iron

Tubeless

*To convert MMBtu/hr to MW multiply by 0.293 .

** MSW • municipal oofid waste: ISW - industrial sefid waste

Figure 3-1. Occurrence of fuel types and heat transfer configurations by capacity.
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PARAMETER Boiler Heat Input Capacity Range, MMBtU/hr *
0.4 1.0 3.0 10 25 50 100 250 1500

Equipment Type

Coal Watertube
Stoker
PC-Fired
FBC

Coal Firetube
Coal Cmt Iron

Oil/G~ Watertube
OiI/G~ Firetube
Oil/G~ Cast Iron
Oil/G~ Tubeless

Wood Stoker
WoodFBC
Wood-Other

Bag~se Stoker
Bag~se-Other

MSW Mass Bum··
MSW Modular··
ISW Modular··

• To convert MMBtulhr to MW multiply by 0.293
** MSW - municipal solid wac:>te; ISW - industrial solid wac:>te

Figure 3-2. Occurrence of lei boiler equipment types by capacity.
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Figure 3-3. Simplified diagram of a watertube boiler.9
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Figure 3-4. Watertube boiler.10
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greater than 200 MMBtu/hr heat input capacity are field-erected. Field-erected units are

assembled onsite; these include all large multi-burner gas- and oil-fired boilers and most PC and

stoker units. Packaged boilers are shipped by rail or flatbed truck as complete units. New gas­

and oil-fired boilers as large as 150 MMBtu/hr (44 MWt) heat input capacity are typically shop­

assembled and shipped as packaged units. Demand for packaged boilers peaked in the 1970s,

when premium fuel restrictions and the rapidly escalating prices of oil and gas caused their

decline. However, with government's repeal of its premium fuel use restrictions, and with

greater availability and lowered prices of oil and gas, the packaged boiler is becoming

increasingly popular.11

In a firetube boiler (Figures 3-5 and 3-6), the hot combustion gases flow through tubes

immersed in the boiler water, transferring heat to the water. The firebox itself is also often

immersed in the water. At high pressures, and when subjected to large variations in steam

demand, firetube units are more susceptible to structural failure than watertube boilers, since,

in the firetube units, the high-pressure steam is contained by the boiler walls rather than by

multiple small diameter watertubes, which are inherently stronger.6 As a consequence, ICI

firetube boilers are typically smaIL with heat input capacities limited to less than 50 MMBtu/hr

(15 MWt)12, and steam pressures limited to 300 psig, although high-end steam pressures of

150 psig are more common. Firetubes are used primarily where loads are relatively constant.

Nearly all frretube boilers are sold as packaged units because of their relatively small size.

In a cast iron boiler, combustion gases rise through a vertical heat exchanger and out

through an exhaust duct. Water in the heat exchanger tubes is heated as it moves upward

through the tubes. Cast iron boilers produce low-pressure steam or hOL water, and generally

. bum oil or natural gas.13 They are used primarily in the residential and commercial sectors, and

have heat input capacities up to 14 MMBtu/hr (4.1 MWt).14

The tubeless design incorporates nested pressure vessels with water in between the

shells. Combustion gases are fired into the inner pressure vessel and are then sometimes

recirculated outside the second vessel.

3.2 COAL-FIRED BOILER EQUIPMENT TYPES

In 1977, 12 percent of all ICI boilers in the United States were coal-fired.3 Coal has not

been utilized in ICI boilers as extensively as oil or natural gas, chiefly due to cost-effectiveness

considerations for the smaller units. Although the majority of coal-fired ICI boilers are smaller

cast iron units, coal-fired firetube or cast iron boilers are not as common as oil- or natural-gas-
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fired firetube units. As discussed above, this is because fIretube boilers are usually limited to

50 MMBtu/hr (15 MWt) heat input capacity. For smaller industrial and commercial units below

this capacity, coal has not been a popular fuel because of the high capital cost of coal handling

equipment relative to the costs of the boilers. Thus, most ICI boilers are fueled with oil or

natural gas.

Nevenheless, there has been a market percentage increase in coal-fired boilers since the

early 1970s. Of the total industrial boiler units purchased in 1971, only 0.5 percent were

designed primarily for coal use. By 1980, coal-fired boilers claimed 13.7 percent of the new

boiler market. With regards to the application of these coal-fired boilers, fIve industry groups

consumed 66 percent of the total industrial coal used in 1980. These groups included the

chemical products industry, the paper products industry, the food and kindred products industry,

the primary metals industry, and the transportation equipment industry.I?

3.2.1 Coal-ra.red Watertube Boilers

Coal-fired watertube boilers made up less than 1 percent of the total United States ICI

boiler population in 1977, the last time an industrial boiler inventory was taken. Yet, due to

their larger capacities, these units accounted for 14 percent of the total operaling capacity.l&

Coal-fired watertube ICI boilers can be classifIed into three major categories: stokers, PC-fired

units, and FBC boilers. The following subsections describe these types of boilers.

3.2.1.1 Stoker-ruing Watertube Boilers

Stoker-firing systems account for approximately 90 percent of coal-fired watertube ICI

boilers.19 Stoker systems can be divided into three groups: underfeed stokers, overfeed stokers,

and spreader stokers. These syst~~m3 differ in how fuel is supplied to either a moving or

stationary grate for burning. One important similarity among all stokers is that all design types

use underfeed air to combust the coal char on the grate, combined with one or more levels of

overfire air introduced above the grate. This helps ensure complete combustion of volatiles and

low combustion emissions. Most stokers also utilize flyash reinjection to minimize the unburned

carbon content in the flyash. Underfeed stokers were once the primary stoker type used in

industrial and utility steam generation, but the high costs of maintenance and these units' slow

response to varying loads have made them less competitive in the present market. Spreader

stokers, however, are extremely popular in industry today, due in part to their wide fuel

capability, discussed further below.20
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Underfeed stokers are generally of two types: the horizontal-feed, side-ash-discharge

type, shown in Figure 3-7; and the gravity-feed, rear-ash-discharge type, shown in Figure 3-8.

The horizontal-feed, side-ash-discharge type of stoker is used primarily in small boilers supplying

relatively constant steam loads of less than 30,000 lb/hr (-30 MMBtu/hr input).21 As shown

in Figure 3-7, coal is supplied from below the air-admitting surface of the grate into the bottom

of a fuel bed, usually via a longitudinal channel called a retort. As additional coal is fed into the

boiler with a ram or screw, the coal is forced to the top of the retort, where it spills onto a grate

located on either side. Combustion air is supplied through tuyeres at the side grates, where

combustion is completed. Overfire air is often supplied to the flame zone above the bed to

provide more combustion air and turbulence for more complete combustion.22 These smaller

underfeed stokers typically have one or two retorts. Maximum allowable burning rates are

typically 425,000 Btu/hr per square foot of grate area.21 Allowable burning rates determine the

size of the grate area for a given heat input rate. The higher the burning rate the higher the

intensity of combustion and thickness of the burning bed. The gravity-feed, rear-ash-discharge

underfeed stoker often has multiple retorts. Typically, this type of stoker has a maximum

500 M~Btu/hr (146 MWt) heat input capacity.21 In this type of stoker, coal is introduced

through a coal hopper and is ram-fed to the inclined retorts and grates. The retorts and grates

are typically inclined 20 to 25°. Maximum allowable fuel burning rates are 600,000 Btu/ft2_hr.21

An overfeed stoker, shown in Figure 3-9, uses a moving grate assembly. Coal is fed

from a hopper onto a continuous grate that conveys the coal into the furnace. As coal moves

through the furnace on the grate, it passes over several air zones for staged burning. The air

serves a dual purpose; it is used for combustion as well as for cooling the fuel bed and grate,

preventing fusing of the coal. At the far end of the moving grate, combustion is completed and

ash discharged to the bottom of the furnace. An adjustable gate at the coal feed point allows

regulation of the depth of the fuel bed.23,24 The three types of grates used with overfeed coal

stokers are the chain, travelling, and water-cooled vibrating grates. These overfeed stoker

systems are often referred to by the type of grate employed. Overfeed coal-fired systems

typically range up to 350 MMBtu/hr (100 MWt) heat input capacity. Maximum fuel burning

rates for overfeed stokers are roughly 500,000 Btu/ft2_hr.21

In a spreader stoker, mechanical or pneumatic feeders distribute coal uniformly over the

surface of a moving grate. In a typical spreader stoker boiler, shown in Figure 3-10, primary air

is admitted evenly throughout the active grate area, providing some fuel bed cooling, while above
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Figure 3-7. Single-retort horizontal-feed underfeed stoker.21
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Figure 3-8. Multiple-retort gravity-feed underfeed stoker.21
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Figure 3-9. Overfeed chain-grate stoker.21
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Figure 3-10. Spreader stoker.21
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the grate an overfire air system provides secondary air and turbulence. The injection of the fuel

into the furnace and onto the grate combines suspension burning with a thin, fast-burning fuel

bed. The amount of fuel burned in suspension depends primarily on fuel size and composition,

among other factors. Generally, the fmer the fuel and/or the higher its volatile matter content,

the more energy released in suspension; the higher the moisture content, the more energy

released on the grate.24 Many spreader stoker units incorporate a flyash recirculation system,

whereby unburned solids in the flyash are collected and recirculated back into the primary

combustion chamber. Heat input capacities of spreader stokers typically range from 5 to

550 MMBtu/hr(1.5 to 160 MWt), although there are a few units of 1,500 MMBtu/hr(440 MWt)

or more. IS Maximum fuel burning rates are highest for this stoker design, often reaching a

maximum of 750,000 Btu/ft2-hr.21

In general, stoker coal is fed crushed with a nominal size less than 2 inches. Overfeed

and spreader stokers can be used to burn almost any type of coal or solid fuel, including wood,

wood waste, and bagasse. Coking bituminous coals, however, are not used in overfeed stokers

to avoid matting and restricting the airflow through the grate. Coking has little effect on the

performance of spreader stokers.8 Most packaged stoker units designed for coal firing are less

than 100 MMBtu/hr (29 MWt) capacity.25 Larger units are typically field-erected.

3.2.1.2 PC-rIred Watertube Boilers

PC-fired boilers account for a small percentage of the ICI watertube boiler population.

In 1977, they accounted for less than 1/10th of 1 percent of all installed ICI boiler units.

However, they accounted for approximately 2.5 percent of total ICI boiler capacity. IS This

disparity is due to the fact that PC-fired boilers are almost. entirely limited to sizes larger than

. 100 MMBtu/hr (29.3 MWt) heat input capacity. Below this level, the required coal-handling and

pulverizing equipment can increase the capital cost of PC-fired units to as high as 10 times that

of an oil- or natural-gas-fired industrial boiler of the same size.26 Thus, when coal is the fuel

of choice, stoker firing dominates in units below about 150 MMBtu/hr (44 MWt) heat input

capacity. PC firing and FBC are usually the choices for larger boilers.27 PC-fired ICI boilers

are nearly all of watertube configuration, and the majority are field-erected.26

Combustion in PC-fired units takes place almost entirely while the coal is suspended,

unlike in stoker units, in which most, if not all, of the coal bums on a grate. Finely ground coal

(70 percent through 200 mesh) is typically mixed with primary combustion air and fed to the

burner or burners, whereupon it is ignited and mixed with secondary combustion air. Depending
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upon the location of the burners and the direction of coal injection into the furnace, PC-fIred

boilers can be classified into three different fIring types

• Single- and opposed-wall, also known as face fIring

• Tangential, also known as comer fIring

• Cyclone

Of these types, wall and tangential confIgurations are the most common.26

Figure 3-11 shows a schematic of a single-wall-fired boiler. Wall-fired boilers can be

either single-wall-fired, with burners on only one wall of the furnace firing horizontally, or

opposed-wall-fired, with burners mounted on two opposing walls. However, opposed-wall boilers

are usually much larger than 250 MMBtu/hr heat input capacity, and are much more common

in utility rather than in industrial applications.26

Figure 3-12 shows a plan view of a tangential-firing configuration, with the burners

mounted in the comers of the furnace. The fuel and air are injected toward the center of the

furnace to create a vortex that enhances air/fuel mixing. Larger flame volumes and flame

interaction contribute to characteristically lower NOx levels from tangential firing. Tangential

boilers, like opposed-wall boilers, are commonly used in utility applications.26 .

Cyclone furnaces are often categorized as PC-fIred systems even though the coal burned

in cyclones is crushed and not pulverized. These furnaces bum low-fusion-temperature coal

crushed to a maximum particle size of about 4.75 mm (95 percent through 1/4 inch mesh).8 The

coal is fed tangentially, with primary air, into a horizontal cylindrical furnace. Smaller coal

particles are burned in suspension, while larger particles adhere to a molten layer of slag on the

combustion chamber wall. The larger particles remain in the slag until they are burn~d. Because

of their intense furnace heat release rates, cyclones emit high levels of NOx' and are generally

more difficult to control with combustion modifications. Cyclone furnaces are not as widely used

in the industrial sector as wall, tangential, or stoker systems.8

PC-fired boilers are also classified as either dry bottom or wet bottom, depending on

whether the ash is removed in solid or molten state. This is an important differentiation with

respect to NOx emissions, as wet-bc?ttom boilers generally operate at higher furnace

temperatures and subsequently emit great~r a~ounts of NOx' Boiler designs in wet- and dry­

bottom furnaces hinge on coal quality and ash fusion properties. Wet-bottom furnaces are also

referred to as slag tap furnaces. In the ICI sectors, dry-bottom PC-fired boilers are much more

widely used than wet-bottom boilers.6,s
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3.2.1.3 FBC Watertube Boilers

FBC boilers, while not constituting a large percentage of the total ICI boiler population,

have nonetheless gained popularity in the last decade, due primarily to their capabilities to bum

a wide range of solid fuels and to use combined NOx/SOx controls within the furnace. FBC

units generate steam for lCI facilities, cogenerators, independent power producers, and utilities.

In the United States, FBCs in use in the industrial sector account for less than 10 percent of the

total installed FBC generating capacity.28

There are two major categories of FBC systems: (1) atmospheric, operating at a slight

negative draft, and (2) pressurized, operating at from 4 to 30 atmospheres (60 to 450 psig).

Pressurized FBC (PFBC) systems are being demonstrated at two utility sites in the United

States. No PFBC units are currently in operation in the ICI sector, and it is unlikely that such

systems will be used for industrial applications in the near future, due to the developmental

status 'of this technology. A recent market assessment report concluded that PFBCs are several

years away from full commercialization in .the' utility industry, and that near-term opportunities

for large industrial applications rest with atmospheric FBC technology.28 Currently, only

atmosphf?ric FEC systems are used in the leI sector.29 Therefore, the remainder of this section

describes atmospheric FECs.

In a typical FEC boiler, solid, liquid, or gaseous fuel or fuels, together with a mixture

of inert material (e.g., sand, silica, ash) and/or a sorbent such as limestone, are kept suspended

by a steady upward flow of primary air through the fuel bed. This fuel bed fluidization promotes

turbulence, which improves mixing of fuel and air, allowing the FBC to combust solid fuel at a

substantially lower and more uniformly distributed temperature-typically 815 to 870°C (1,500

to 1,600°F) - compared to stoker or PC-fired boilers, where furnace temperatures can peak at

1,590°C (2,900°F).

This lower temperature range provides two of the three main advantages of FECs over

conventional boiler units:

• Lower combustion temperatures result in less formation of thermal NOxand allow

use of sorbent to reduce S02 emissions

• Lower combustion temperatures are generally below the ash fusion temperatures

of most fuels, resulting in less slagging and fouling of heat transfer surfaces

• FBCs are able to bum many types of fuels besides coal, including low-grade fuels

such as petroleum coke, waste coal, municipal waste, and biomass materials
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flexible-fuel capability is inherent in FEC design, and the ability to efficiently bum low-grade

fuels would generally be impractical without FEC technology. High combustion efficiencies are

generally due to the long retention times of solids in the fluid~ed beds.30

FECs are primarily watertube boilers, especially among the larger units, although

firetube units are also available. In some FECs - bubbling bed units, described below ­

additional watertubes are located within the fuel bed itself, oriented either horizontally or

vertically. Steam output is controlled by manipulating the primary bed parameters of height,

temperature, fuel input, and fluidization velocity-the velocity of the primary air through the bed.

Firetube FEC boilers are also available and in use. However, of the more than SO FEC

manufacturers worldwide, only 12 offer frretube designs in addition to the more conventional

watertube systems.3! This indicates the relative popularity of watertube FEC systems as

compared to the less common frretube units.

Figures 3-13 and 3-14 show the two principal types of atmospheric FEC boilers, the

bubbling bed and the circulating bed. The "fundamental distinguishing feature between these

types is the fluidization velocity. In the bubbling-bed design, the fluidization velocity is relatively

slow, ranging between 5 and 12 ftls, the idea being to minimize solid carryover into the

convective passes of the boiler. In some units, relatively slow fluidization velocities allow

watertubes to be placed within the bed itself, as long as tube erosion is not a problem.

Circulating FECs, however, employ fluidization velocities as high as 30 ftls and actually promote

the carryover or circulation of solids-fuel and bed material. Solids leaving the primary

combustion zone are trapped by high-temperature cyclones and recirculated back to the primary

combustion chamber. In some circulating-bed designs, a secondary combusti. lD :hamber is used

to complete combustion of the fuel. The circulating FEC maintains a continuous, high-volume

recycle rate that increases the fuel residence time compared to the bubbling-bed design. Because

of this, circulating FECs often achieve higher combustion efficiencies and better sorbent

utilization in the control of S02 emissions than bubbling-bed units.33 This is one reason why the

bubbling bed FEC, still favored for small-scale boilers, is not as favored for large-scale industrial

and utility applications.33 Circulating FECs have their heat exchange tubes downstream of the

recirculating cyclone.

Of atmospheric FECs currently in use in all sectors, including industrial, utility,

independent power production, and cogeneration applications, coal is the primary fuel used,

followed in descending order by biomass, coal waste, and municipal waste. Coal waste and
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Figure 3-13. Bubbling FBC schematic.32
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Figure 3-14. Circulating FBC schematic.32
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municipal waste are not significant fuel types for larger FBC plants.33 Of 157 non-utility FBC

boilers in operation in the United States in 1991, 116 were of heat input capacities below

250 MMBtu/hr (73 MWt or 37 MWe), and of these, 51 burned coal exdusively.2 Another 18

units burned coal in combination with wood, sludge, coke, or biomass. The coal-burning FBCs

ranged between 8.4 and 235 MMBtu/hr heat input capacity (2.5 to 69 MWt, or 1.25 to 35 MWe

output), and accounted for a relatively small amount of the total capacity of coal-fired ICI

boilers. The largest coal-fired FBC unit in non-utility application in the United States has

an approximate heat input capacity of 1,070 MMBtu/hr (315 MWt), generating 160 MWe

of electric power at a cogeneration facility.2

From an economic standpoint, ICI FBC boilers that burn coal do not compete strongly

with gas-fired units. For example, in the 200- to 600-MMBtu/hr (59- to 175-MWt or 30- to 90­

MWe) size range, the capital costs of a coal-fIred FBC boiler are 2 to 3 times higher than a

conventional natural-gas-fired unit. The use of lower cost opportunity fuels, such as coke,

biomass, wood waste, and low-grade coals, can provide sufficient economic incentive to offset

higher initial capital costs. When used in electric power generating applications, FBC coal-fired

power plants produce electricity at 1.5 to 3 times the cost of gas-based power generation.34

Future growth in the ICI FBC boiler market is expected to occur mainly among units that bum

fuels other than coal, such as waste fuels like wood and manure.

3.2.2 Coal-flred Firetube Boilers

Coal-fired firetube boilers represent a small portion of the ICI boiler population. In

1977, coal-fired firetube boilers accounted for only 10 percent of the industrial and commercial

firetube boiler population in the United S:ates, and only 1.5 percent of all ICI boilers.35 The

four most common types of firetube boilers used with coal are the horizontal return tubular

(HRT), Scotch, vertical, and the firebox; however, the HRT boiler is generally used with gas or

oil instead of coal. Virtually all coal-fired firetube boilers are packaged units. The following

sections discuss these boiler types as well as other less common firetube boilers.

3.2.2.1 HRT Firetube Boilers

In a typical HRT boiler, the firetubes are horizontal and self-contained, with the

combustion chamber separate. When solid fuel such as coal is used, it is fed through a feed

chute onto grates in the primary combustion chamber. The combustion gases then pass through

the firetubes of the boiler.
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Most coal- and other solid-fuel-fired HRT boilers are two-pass designs. In a two-pass

HRT boiler, shown in Figure 3-15, primary and secondary combustion chambers are located

beneath the boiler tank. The combustion gases flow over the bridge wall towards the rear of the

boiler, heating the outer shell of the tank. At the rear of the boiler, the combustion gases then

enter the firetubes. The gases flow through the firetubes, transferring additional heat to the

water, and are then exhausted through the boiler stack.

HRT boilers come in various sizes, ranging from 0.5 to 50 MMBtu/hr (0.15 to 15 MWt)

heat input capacity, with pressures of 15 to 250 psig. Some larger units are available that supply

saturated steam at 300 psig. Firing of coal in HRT boilers is not as common as firing liquid or

gaseous fuels, due to the possibility of scaling or slagging.

3.2.2.2 Scotch Firetube Boilers

A Scotch, or shell, boiler differs from the HRT boiler in that the boiler and furnace are

contained in the same shell. In a two-pass unit, combustion occurs in the lower half, with the

flue gases passing beneath the bottom of the water basin occupying the upper half. The gases

then pass through the firetubes running through the basin. Scotch boilers also come in three­

or four-pass configurations. The capacity ofScotch boilers ranges up to 50 MMBtu/hr (15 MWt)

heat input, with pressures up to 300 psig, although more typical pressures are approximately

200 psig. Like HRT boilers, coal is not as commonly used in Scotch boilers due to slagging and

scaling.36 More common gas- and oil-fired Scotch units are shown in Figures 3-6 and 3-16.

3.2.2.3 Vertical Firetube Boilers

Another common firetube design is the vertical boiler. A vertical frretube boiler is a

single-pass unit in which the firetubes come straight up from the w..,ter-cooled combustion

chamber located at the bottom of the unit. Figure 3-17 depicts an exposed-tube vertical boiler

in which the firetubes extend from the top of the furnace into the steam space. This causes the

steam to be superheated and reduces carryover of moisture.37

Figure 3-18 shows a submerged-tube vertical boiler in which the firetubes extend from

the furnace to the tube sheet, which is below the water level. This design prevents the ends of

the firetubes from overheating. A coni~ flue gas collector directs the flue gases to an exhaust

stack. The submerged-tube boiler has ~enti~y been discontinued, however, because the

collector is difficult to build and tends to leak.37

Vertical boilers are small, with heat input capacities under 2.5 MMBtu/hr (0.73 MWt).

However, they are capable of burning all types of fuels, including coal.
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3.2.2.4 Firebox Firetube Boilers

Another type of firetube boiler is the firebox boiler. These units are constructed with

an internal steel-encased, water-jacketed fIrebox. Firebox boilers are compact and employ, at

most, three passes of combustion gases. Firebox irretube boilers are also referred to as

locomotive, short firebox, and compact firebox boilers. A locomotive boiler is a single-pass

horizontal firetube boiler; a short irrebox boiler is a two-pass horizontal irretube unit; and a

compact firebox boiler is a three-pass horizontal unit.37

Currently available coal-fired frrebox units either employ mechanical underfeed stokers,

or are capable of being hand-fired. They are generally limited in size to below 25 MMBtu/hr

(7.3 MWt) heat input capacity.40

3.2.3 Cast Iron Boilers

Commercial cast iron boilers consist of several vertical sections of heat exchange tubes

mounted above a irrebox. Water enters each section at the bottom, and is heated or converted

to steam as it passes upward through the heat exchange tubes. The capacity of a commercial

cast iron boiler is determined by the number of heat exchange sections in the boiler.

In 1977, only 12 percent of the 1.5 million cast iron boilers in the United States were

coal fired, and of these, 37 percent had heat input capacities of 0.4 MMBtu/hr (0.1 MWt) or

higher.41 The majority of cast iron boilers are below 0.4 MMBtu/hr (0.1 MWt) heat input

capacity and are fueled by natural gas or fuel oil. All cast iron boilers are packaged units, as

they are usually no greater than 14 MMBtu/hr (4.1 MWt) in heat input capacity, and, hence, are

relatively small.

3.3 OIL- AND NAT!JRAL-GAS-FIRED lei BOILER EQUIPMENT TYPES

Oil- and natural-gas-frred leI boilers accounted for 88 percent of the ICI boiler

population in 1977.3 These boilers are generally similar to coal-fired units, with the exception

of stoker systems, which are not used to burn liquid or gaseous fuels. However, some boilers

are designed with oil/gas burners and a solid fuel stoker system, to allow use of the most

economically available fuel. Oil- and natural-gas-fired leI boilers are similar; in fact, many are

capable of firing both fuels either separately or in combination.

In smaller packaged units, single burners are usually employed, while larger field-erected

boilers often have multiple burners. In older boilers, multiple-burner arrangements provided a

means of controlling heat input in lieu of burner turndown capability. With advances in burner

control and turndown capability-most new burners can maintain stable flames as low as
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10 percent of capacity-the use of multiple burners in smaller units has declined. Most newer

units smaller than 200 MMBtu/hr (59 MWt) heat input capacity have only one burner. Oil- and

natural-gas-fired boiler types can be categorized as watertube, firetube, cast iron, or tubeless, and

as either packaged or field-erected. Watertube boilers can either be shop-assembled (packaged)

or field-erected. Firetube and cast iron boilers are nearly all packaged because of their smaller

sizes.

In the smaller sizes and most commercial applications of ICI boilers, the packaged

gas/oil fired Scotch firetube boiler predominates.42 Almost all of these applications are for

heating where loads do not fluctuate quickly. Boilers designed for low temperature (250°F or

less) and low pressure (15 psig and less) steam are the most widely used in residential,

apartment, and commercial construction.42

3.3.1 Oil- and Natural-gas-fIred Watertub~ Boilers

Oil- and natural-gas-fired watertube boilers come in a wide range of capacities, from

small commercial units of 0.4 MMBtu/hr (0.1 MWt) heat input capacity, to very large industrial

boilers of 1,500 MMBtu/hr (440 MWt) or heat input capacity or higher. However, in the ICI

sector, most are smaller than 250 MMBtu/hr (73 MWt). Larger oil- and natural-gas-fired

watertube boilers that are field-erected are similar to PC-fired units in firing configuration, but

with smaller furnace volumes (higher heat release rate per unit volume or waterwall surface

area). Units with heat input capacities greater than 150 MMBtu/hr (44 MWt) are typically wall­

fired or tangential-fired with multiple burners. Field-erected watertube boilers strictly designed

for oil firing are more compact than coal-fired boilers with the same heat input, because of the

more rapid combustion characteristics of fuel oil. Field-erected watertube boilers fired by

natural gas are even more compact due to the rapid combustion rate of the gaseous fueL the low

flame luminosity, and the ash-free content of natural gas.43

In generaL field-erected watertube boilers are much more common than packaged units

in the boiler size category above 100 MMBtu/hr (29 MWt) heat input capacity, whereas below

this capacity, watertube boilers are usually packaged. There are, however, packaged watertube

units as large as 250 MMBtu/hr (73 MWt) heat input capacity.

The major type of watertube design us~d in packaged oil/natural-gas-fired ICI boilers

is the horizontal bent tube, classified by the number of drums, headers, and tube configuration,

with the latter being the most distinguishing factor. Figure 3-19 shows the three most common

tube configurations used in packaged units. The "A" type has two small lower drums, or headers,
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Floors of 0 and 0
types are generally
til e-covered.

Figure 3-19. Watertube design configurations."

and a large upper drum for steam and water separation. Most steam production occurs in the

center furnace wall tubes entering the drum. The "D" type, the most flexible design and the most

widespread, has two drums and a large-volume combustion chamber that is easy to outfit with

a superheater or economizer. The "0" configuration's symmetry exposes the least amount of

tube surface to radiant heat.11 Figure 3-20 depicts a typical D-type packaged boiler, and its

watertubes, equipped with a single oil/natural gas burner at the end.

3.3.2 Oil- and Natural-gas-fired Firetube Boilers

The most common types of firetube boilers used for oil and natural gas firing are the

Scotch, the HRT, the vertical, and the firebox boilers. Available units range from 0.4 MMBtu/hr

(0.1 MWt) to 50 MMBtu/hr (15 MWt) heat input capacity, although most in use in the leI

sector have capacities below 25 MMBtu/hr (7.3 MWt).35 These firetube boilers almost always

employ a single burner rather than multiple burners, and nearly all are packaged units.

Of these four types of firetube designs," the Scotch firetube boiler is the most common.

In a four-pass Scotch boiler, such as that shown in Figure 3-16, the burner is located at the end

of the unit. Combustion gases pass first through the furnace tube, which is an extension of the
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combustion chamber, to the end of the boiler, and then enter firetubes at the bottom of the unit.

The flue gases then flow back toward the front of the unit, and then enter two more systems of

firetubes located above· the combustion chamber, before finally exhausting through the stack.

A two-pass Scotch boiler is shown in Figure 3-6; this type of unit ranges from 1 MMBtu/hr to

30 MMBtu/hr (0.3 to 9 MWt) heat input capacity.

Oil- and natural-gas-fired HRT, vertical, and firetube boilers are similar in designs and

capacities to the coal-fired units discussed earlier. They are essentially the same as the coal-fired

firetube units, but differ in that burners rather than stoker systems are used.

3.3.3 Oil- and Natural-gas-rued Cast Iron Boilers

Although approximately 70 percent of ICI boilers are oil- or natural-gas-fired cast iron

units, these systems comprise only about 10 percent of the total United States leI boiler

capacity. Two-thirds of these boilers are rated below 0.4 MMBtu/hr (0.1 MWt) heat input

capacity. Most of them are used in the commercial and institutional sectors to provide low­

pressure steam or hot water. Cast iron boilers using oil or natural gas are similar in design to

those described in Section 3.2.3.

3.3.4 Other Oil- and Natural-gas-rll'ed Boilers

Another oil- and natural-gas-fIred boiler currently in use is the three-pass vertical

tubeless boiler, shown in Figure 3-21. This boiler consists of a vertical, rigid steel pressure vessel

enclosed inside another pressure vessel, with water in between. This assembly is itself enclosed

within an insulated outer shell. The burner is mounted horizontally at the bottom of the boiler

assembly, firing into the inner pressure vessel, which serves as a large primary radiant furnace.

Flue gases pass up through the inner vesseL and then make second and third passes over

convection fins mounted on the outside of the outer pressure vessel. Heat is transferred to the

water located between the two pressure vessels. This type of boiler is packaged and is available

in heat input capacities ranging from 0.25 to 4.2 MMBtu/hr (0.07 to 1.23 MWt). The largest

units are roughly 6 feet in diameter and 9 feet in height.46

Boilers used in thermally enhanced oil recovery (TEOR) operations are referred to as

TEOR steam generators. These units are typically packaged watertube boilers with heat input

capacities from about 20 to 62.5 MMBtu/hr (5.9 to 18.3 MWt). Steam generators are typically

cylindrical in shape and horizontally oriented, with watertubes arranged in a coil-like design. For

a given size, there is little variability in the design or configuration of oil field steam

generators.47 Figure 3-22 shows a typical oil field steam generator.
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FBC boilers rely on coal, biomass, wood, and other solid fuels. Natural gas or oil is used

primarily as either a startup fuel to preheat the fluidized bed, or as an auxiliary fuel when

additional heat is required.31 ,48

3.3.5 Oil Burning Equipment

Natural-gas- and oil-fired boilers often use similar combustion equipment, and in fact,

many units are capable of fIring either fuel. The use of fuel oil, however, generally requires

special equipment to "atomize" the fuel before combustion. In some installations, this

atomization equipment may playa key role in the combustion performance of the boiler unit.

To bum fuel oil at the high rates required in most lCI boiler applications, it is necessary that

the oil be atomized or dispersed into the furnace as a fine mist. This exposes a larger amount

of oil particle surface for contact with the combustion air, assuring prompt ignition and rapid

combustion.50 The most common types of atomizers are steam and mechanical atomizers.

Steam atomizers, which may also be used with moisture-free compressed air, are the

most widely used.50 These types of atomizers produce a steam-fuel emulsion which, when

released into a furnace, atomizes the oil through rapid expansion of the steam. Steam atomizers

are available in sizes up to 300 MMBtufhr (88 MWt) input. The steam and oil pressure

required are dependent on the design of the steam atomizer, although maximum oil pressures

can be as high as 300 psi and maximum steam pressures as much as 150 psi.50 Oil pressures are

much lower than for mechanical atomizers. The steam atomizer performs more efficiently over

a wider load range than do mechanical atomizers.

In mechanical atomizers the pressure of the fuel oil itself is used as the means for

atomization. The oil pressure requh:d at the atomizer for maximum capacity typically ranges

from 600 to 1,000 psi, depending on capacity, load range, and fuel grade.50 Mechanical

atomizers are available in sizes up to 180 MMBtu/hr (53 MWt) input.

The viscosity of the oil is the most important property affecting atomization in

mechanical atomizers.51 As viscosity increases, larger viscous forces must be overcome by the

energy supplied to the nozzle. This detracts from the energy available for droplet breakup,

resulting in coarser atomization and poss}ble adverse affects on combustion efficiency.S1 Thus,

for proper atomization and combustion, oil of grades higher than No.2 must usually be heated

to reduce its viscosity to 135 to 150 Saybolt Universal Seconds.so Figure 3-23 shows the effect

of temperature on viscosity for No.2 (distillate) through No.6 (residual) fuel oils.
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3.4 NONFOSSIL-FUEL-FIRED leI BOILER EQUIPMENT TYPES

Nonfossil-fuel-fired boilers are commonly used in industries that generate combustible

wastes from their industrial processes. In general, nonfossil-fuel-frred boilers include any boiler

used in the production of steam or hot water from biomass, including wood wastes and bagasse,

and general solid waste, including MSW, industrial solid waste (ISW), and RDF. The following

subsections briefly describe the types of fuels burned and the most common types of nonfossil­

fuel-fired boilers currently in use.

3.4.1 Wood-rll'ed Bollers

Wood wastes are typically burned in boilers used in the paper and allied products

industry, the forest products industry, and the furniture industry. Types of wood wastes are

sawdust, sanderdust, wood chips, slats, and bark. Other sources of wood for fuel include

discarded packing crates, wood pallets, and wood waste from construction or demolition

activities.52 Wood is often cofrred with an auxiliary fossil fuel in larger boilers.

Stokers are the most common type of wood-frring systems in the United States. There

are three typ~ of wood-fired stokers: spreader, overfeed, and underfeed. In design, they are

similar to the coal-fired stokers described earlier, and range from 1.5 MMBtulhr (0.44 MWt)

to greater than 1,430 MMBtujhr (420 MWt) heat input capacity. Of larger wood-fired units of

150 MMBtujhr (44 MWt) heat input capacity or greater, spreader stokers are the most

widespread.53 As in the coal-frred spreader stoker described earlier, fuel enters the furnace

through a chute and is spread pneumatically or mechanically across the furnace, where part of

the wood bums in suspension. The remainder of the fuel lands on a stationary or moving grate,

where it is burned in a thin, even bed. A portion of the combustion air is injected under th~

grate to drive off the volatiles and bum the char, while the remainder is fed above the grate to

complete combustion. Most stoker units are equipped with a flyash reinjection system.

Other methods used to frre wood are overfeed and underfeed stoker firing, gasification,

pyrolysis, fuel cell firing, suspension frring, and FBC, though to a lesser degree than spreader

stoker firing. Another type of boiler combustion system, the Dutch oven, is also in use, but has

been essentially discontinued from new construction due to its low efficiency, high construction

costs, and inability to follow load swings.53 The overfeed stoker is the second most common

method of wood firing after the spreader stoker.

Gasification is a method of firing wood waste or other biomass whereby the fuel is

partially combusted to generate a combustible fuel gas rich in carbon monoxide and hydrogen,
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which is then burned. Heat to sustain the process is derived from exothermic chemical reactions,

while the combustible components of the resulting gas are generated by endothermic reactions.54

In essence, a gasification' system behaves as a type of biomass burner. One manufacturer offers

flyash gasification systems ranging from 4.2 to 33.5 MMBtu/hr (1.2 to 9.8 MWt) heat input

capacity.

Inpyrolysis, an organic fuel is introduced into a high-temperature environment with little

oxygen. Thermal cracking of the fuel occurs, producing combustible gases that are then burned.

One system uses a moving variable-speed grate to introduce the waste fuel to the pyrolytic

gasification chamber, where the fuel is thermally cracked between 1,500°F and 1,850of. The

resulting combustible gases are then fIred in an afterburner and the flue gases directed to the

boiler passes. This system is available in heat input capacities from 14 to 57 MMBtu/hr (4.1 to

16.7 MWt).

In a fuel cell boiler, wood is piled on a stationary grate in a refractory-lined cell. Forced

draft air is supplied to drive off the volatiles in the wood and bum the carbon. The volatiles are

mixed with s~ndary and tertiary combustion air and pass into a second chamber where

combustion is completed.53 Fuel cell boilers range in heat input capacity from 3 MMBtu/hr

(0.9 MWt) to 60 MMBtu/hr (17.6 MWt).

In suspension fIring boilers, small-sized wood fuel, such as sanderdust, is typically blown

into the furnace and combusted in mid-air. The small-sized fuels required by these boilers are

typically cleaner and drier than other wood wastes, which can result in increased combustion

efficiency and less ash entering the furnace. However, most of the ash that does enter the

furnace is usually entrained ir. th e flue gas. Most newer boilers utilize a flyash reinjection system

to minimize the amount of unburned carbon in the flyash.

Wood is also fIred in FBC boilers, which are detailed in Section 3.2.1.3. In 1991, 10

nonutility FBC boilers below 250 MMBtu/hr (73 MWt) heat input capacity and exclusively fIring

wood wastes were in use in the United States.2 These ranged from a 40-MMBtu/hr (12-MWt

or 6-MWe) boiler, at a timber company's cogeneration plant, to a 180-MMBtu/hr (53-MWt or

27-MWe) unit, used by an independent power producer. In an additional 29 units below

250 MMBtu/hr (73 MWt) heat input capacity, wood was fIred in combination with other fuels,

such as coal, oil, plastic, and other agricultural wastes. The largest single wood-fIred FBC boiler

had an electrical generating capacity of 220 MWe, roughly equivalent to 1,500 MMBtu/hr

(440 MWt) heat input capacity. This unit was operated by an independent power producer, and
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is atypical in size. The next largest wood-fired FEe in the ICI sector was 345 MMBtu/hr

(100 MWt or 51 MWe) heat input capacity. This is more typical of the ICI wood-fired FBC

boiler range.2

It is fairly common practice to use an auxiliary fuel, particularly fossil fuel, in all types

of wood-fired boilers. Approximately 50 percent of wood-fired boilers have some type of fossil

fuel firing capability.53 Fossil fuels are fired during startup operation, as an augmentation fuel,

or alone when wood fuel is unavailable. Fossil fuels are used more frequently in larger wood­

fired boilers than in smaller boilers below 100 MMBtu/hr (29 MWt) heat input capacity.

Wood-fired boilers are available in both firetube and watertube designs, and are

packaged or field-erected. Typical firetube boilers used in wood firing are the HRT and the

firebox. Wood-fired HRT boilers are usually no larger than 40 MMBtu/hr (12 MWt) heat input

capacity. although some as large as 50 MMBtu/hr (15 MWt) have been built. Wood-fired

firebox units generally range between 2 and 20 MMBtu/hr (0.6 to 6 MWt) heat input capacity.

The firing methods discussed above are used with both frretube and watertube boilers.

Packaged watertube boilers are the most difficult of all boilers to frre with wood waste.

This is because the furnaces of these boilers are relatively cold, with water walls on all sides, and

because the furnaces are very narrow due to shipping requirements. Because of this cold

environment, it is essential that the dry wood particles be small enough to burn out completely

during the time it takes the particles to pass through the furnace. For most packaged watertube

units, the particles should be no larger than 1/64 to 1/32 of an inch, depending upon the heat

release rate.55

3.4.2 Bagasse-rued Boilers

Bagasse, an agricultural waste, is the fibrous residue left after processing sugar cane.

It is used in sugar industry boilefS in Hawaii, Florida, Louisiana, Texas, and Puerto Rico.52 This

fuel is available on a seasonal basis. Other agricultural wastes include nut hulls, rice hulls, com'

cobs, olive pits, and sunflower seed hulls.

The earliest type of bagasse-burning furnace was the Dutch oven with flat grates. In this

type of furnace, the bagasse was burned in a pile on a refractory hearth and combustion air

admitted to the pile aro.und its circumference through tuyeres. However, this type of furnace

resulted in high maintenance costs and was essentially discontinued from new installation. A

more commonly used pile burning boiler is the fuel cell, described earlier. In one type of fuel

cell boiler system. the Ward furnace, shown in Figure 3-24, bagasse is gravity-fed through chutes
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Figure 3-24. Ward fuel cell furnace.56

into individual cells, where it is burned from the surface of the pile with air injected into the

sides of the pile. Additional heat is radiated to the pile from hot refractory, and con:bu3tion is

. completed in a secondary furnace. This type of design is considered one of the most reliable,

flexible, and simple methods of. burning bagasse.56

Recent trends in bagasse firing have been toward using spreader stoker systems.

Bagasse spreader stoker boilers are similar in design to wood-fired spreader stokers, except that

flyash reinjection is not normally used.57 Spreader stokers require bagasse with a high

percentage of fines and a moisture content not over 50 percent.56

Like most other waste-fueled boilers, bagasse-fIred units typically use auxiliary fuels such

as natural gas or fuel oil during startup or when additional capacity is required. Most operators

minimize the amount of auxiliary fuel used, and typically less than 15 percent of the total annual
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fuel heat input to bagasse boilers comes from fossil fuels.57 Bagasse-fired boilers range from

13 to 800 MMBtu/hr (3.8 to 230 MWt) heat input capacity.

3.4.3 Municipal Solid Waste (MSW)-ru-ed Boilers

General solid waste consists of refuse and garbage from municipalities and industries.

Boilers that fire general solid waste are found in manufacturing plants, district heating plants,

municipal heating plants, and electric utilities. As mentioned earlier, general solid waste can be

further classified as MSW, ISW, or as RDF.

MSW is made up of food wastes, rubbish, demolition and construction wastes, treatment

plant wastes, and other special wastes. Combustible rubbish consists of material such as paper,

cardboard, plastics, textiles, rubber, leather, wood, furniture, and garden trimmings. Treatment

plant waste consists of sludge frpm water, wastewater, and industrial wastewater treatment

facilities. Special wastes are roadside litter, dead animals, and abandoned vehicles. The exact

makeup of MSW varies both seasonally and geographically. For example, more organic material

is usually contained in MSW during the fall, especially in areas such as the northeast where many

trees are deciduous. Typically, over one third of MSW in the United States is paper, with the

next most abundant constituents being food wastes and garden trimmings.58 .

MSW-frred boilers can be categorized by heat input capacity as either small modular

units or large mass-burning facilities. Small modular MSW-fired boilers range from

4.5 MMBtu/hr (1.3 MWt) to 38 MMBtu/hr (11 MWt) heat input capacity, while mass-burning

units are as large as 290 MMBtu/hr (85 MWt).59 ·Modular units have been in operation in the

United States since the late 1960s, while most existing mass-burning facilities have been

constructed since 1970.

A typical large mass-burning facility rated at 150 MMBtu/hr (44 MWt) heat input

capacity and MSW throughput of 15 tons per hour is shown in Figure 3-25. The facility includes

a waterwall furnace and an overfeed stoker system. 'MSW is loaded by overhead crane into the

feed chute, which deposits the waste onto the fIrst grate, known as the "dry-out" grate. Ignition

starts at the bottom of the dry-out grate and is continued on a second "combustion" grate.

A third grate, the "burn-out" grate, prov~des final combustion of the waste before dumping the

ash into the ash pit. Typical thermal effi.cien~ies for this size of mass-burning boiler range

between 60 and 70 percent.60,61 Other variations of mass bum systems besides the waterwall

furnace type are controlled air (pyrolysis) and refractory furnaces. Controlled-air MSW units
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received much developmental attention during the 1970s. Many of these units, however, were

subsequently shut down due to operational or economic problems.62

Small modular" units differ from the mass-burning boilers in that they are typically

hopper- and ram-fed instead of crane-fed. These units are packaged and designed to allow

installation of additional units as the need for further capacity increases. A typical modular

boiler, shown in Figure 3-26, utilizes a furnace with a primary and secondary combustion

chamber. MSW is fIred at approximately 820°C (1,500°F) in the primary chamber and at

1,040°C (1,900°F) in the secondary chamber. An auxiliary burner is used in the secondary

chamber whenever additional heat is required. This particular type of unit is an example of a

controlled-air or "starved-air" boiler, as the air in the primary combustion chamber is below

stoichiometric levels to reduce ash and fuel entrainment.63

3.4.4 Industrial Solid Waste (ISW)-nred Boilers

ISW is composed of those wastes, typically paper, cardboard, plastic, rubber, textiles,

wood, agricultural waste, and trash, arising from industrial processes. The composition of ISW

fuel at anyone site is usually relatively constant because the industrial activities that generate

the waste are usually well regulated. The average heating value of ISW is higher than MSW,

about 17,000 kJ/kg (7,100 Btu/lb) compared to 11,000 kJ/kg (4,875 Btu/lb) as fired, and the ash

content is less.64

ISW is fired in the same type of boiler systems as the modular units described above.

These units encompass the same capacity range of the modular MSW-fired boilers, but can also

be as large as 60 MMBtu/hr (17.6 MWt) heat input capacity. Large-mass burning boilers are

not commonly used at industrial facilities; thus, ISW is usually only fired in ma.s-burning boilers

when it is collected as part of MSW.64

3.4.5 Refuse-derived Fuel (RDF)-nred Boilers

RDF is fuel processed from general solid waste. Unlike MSW and ISW fuels, which are

burned in the same form as they are received at the boiler site, RDF is generated bythe sorting

and processing of the general solid waste. Usually, noncombustibles, such as glass and metal, are

removed and recycled, and the remainder of the refuse processed into pelletized or powdered

form. RDF can be burned alone or in combination with coal or oil.54 The most common use

of RDF is as a substitute for part of the coal used in coal-fIred stoker and PC boilers. However,

a few stoker units bum RDF alone; these units are similar to standard coal-fIred boilers.64
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Both RDF-frring and mass bum systems were commonly used in early U.S. resource

recovery plants. Currently, the majority of U.S. MSW firing units utilize mass bum and not RDF

firing, due in part to the successful experience of mass bum plants in Germany, Switzerland,

Japan, and a number of U.S. locations. Based on the number of plants in operation and the

number being planned in the near future, mass bum is the MSW-firing system of choice,

although RDF firing is still considered a viable technique, especially when refuse throughput is

low to moderate, on the order of a few thousand tons per day.62,6S
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4. BASELINE EMISSION PROFILES

NOx is a high-temperature byproduct of the combustion of fuels with air. NOx

formation in flames has two principal sources. Thermal NOx is that fraction of total NOx that

results from the high-temperature reaction between the nitrogen and oxygen in the combustion

air. The rate of thermal NOx formation varies exponentially with peak combustion temperature

and oxygen concentration. Fuel NOx is that fraction of total NOx that results from the

conversion of organic-bound nitrogen in the fuel fo NOx via a high-temperature reaction with

oxygen in the air. The amount of nitrogen in the fuel, peak combustion temperature, oxygen

concentration, and mixing rate of fuel and air influence the amount of fuel NOx formed. When

low-nitrogen fuels such as natural gas, higher grade fuel oils, and some nonfossil fuels are used,

nearly all the NOx generated 'is thermal NOx ' When coal, low-grade fuel oils, and some organic

wastes are burned, fuel NOx generally becomes more of a factor because of the higher levels of

fuel-bound nitrogen available.

Aside from the physical and chemical characteristics of the fuels, many boiler design and

operating parame~ers influence the formation of NOx because they impact peak flame

temperatures, fuel-air mixing r~tes, and oxygen concentrations. Principal among these are the

heat release rates and absorption profiles in the ,furnace, fuel feed mechanisms, combustion air

distribution, and boiler operating loads. For example, steam pressure and temperature

requirements may mandate a certain heat release rate and heat absorption profile in the furnace

which changes with the load of the boiler. Solid fuels can be introduced into the furnace in

several ways, each influencing the rate of mixing with combustion air and the peak combustion

temperature. These parameters are very unit specific and vary according to the design type and

application of each individual boiler. As described in Chapter 3, ICI boilers include a broad

range of furnace types operating in a variety 'of applications and burning a variety of fuels

ranging from clean burning natural gas to several types of nonfossil and waste fuels. Thus, NOx

emissions from ICI boilers tend to be highly variable.
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This chapter discusses the primary factors influencing baseline NOx levels and

summarizes the baseline (uncontrolled) NOx emission levels measured from a variety of ICI

boiler and fuel combinations. Parameters affecting NOx emissions from ICI boilers are discussed

in Section 4.1, while compiled baseline emissions for ICI boilers are presented in Section 4.2 on

the basis of boiler fuel type. Section 4.3 presents a summary of the information presented in this

chapter.

4.1 FACfORS AFFECTING NOx EMISSIONS FROM leI BOILERS

The ranges in baseline NOx emissions for ICI boilers are due to several factors including

boiler design, fuel type, and boiler operation. These factors usually influence baseline NOx in

combination with each other, and often to different degrees depending on the particular ICI

boiler unit. Thus, wide variations among ICI boiler NOx emissions are common, even among

similar boiler designs or fuel types. These factors are discussed in the following subsections.

4.1.1 Boiler Design Type

The firing type of the boiler influences the overall NOx emission level. For example,

for a given fuel, tangential field-erected units typically have a baseline level less than wall-fired

boilers because of their inherent staging of fuel and air in a concentric fireball: This trend has

been documented for utility-sized boilers.1 Conversely, cyclone units generally have higher NOx

levels than wall-fired units due to their inherent turbulent, high-temperature combustion process,

which is conducive to NOx formation.2 Even within a particular type of boiler, other design

details may influence baseline NOx' For example, in field erected PC wall-fired units, NOx may

vary depending upon whether a wet bottom or dry bottom furnace is used. Wet bottom furnaces

have higher furnace temperatures to maintain the slag ill a molten state, leading to greater

thermal NOx formation.3

In comparison, coal stokers have lower NOx emissions than PC-fired units since the

stokers inherently operate in a "staged combustion" configuration.4 Staged combustion, which

is discussed in greater detail in Chapter 5, relies on the reduction of the peak flame zone oxygen

level to reduce formation of fuel NOx' and is achieved by delaying - or staging - the addition

of combustion air. Higher NOx levels reported for spreader stokers are due to a portion of the

fuel burning in suspension with more effective fuel/air mixing and higher combustion

temperatures. In comparison, overfeed and underfeed stokers combust more of the coal on a

grate where combustion is naturally staged, with a fuel rich zone close to the grate and a more

fully mixed zone above the grate. Additionally, underfeed and overfeed units tend to have larger
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fireboxes and, consequently, lower heat release rates, resulting in lower peak temperatures and

lower levels of thermal NOx formation.5

The other major design type of solid-fuel-fired units, FBC boilers, report lower baseline

NOx emissions than similarly-sized wallo, tangential-, or cyclone-fired units, due mostly to the

lower combustion temperatures used in FBCs. In FBC boilers, NOx formation generally peaks

in the lower part of the furnace and is reduced in the freeboard zone, where heterogeneous

reducing reactions between char and NOx occur.6 Also, newer FBC designs are incorporating

combustion air staging in their original configuration to achieve low emissions for permitting in

strict environmental areas. In staged configurations, the lower part of the fluidized bed and

furnace are kept at or below stoichiometry. The staged addition of combustion air results in

lower NOx levels compared to unstaged designs.

Regarding smaller packaged natural-gas- or oil-fired boilers, NOx emissions generally

depend more on fuel, heat release rate and capacity characteristics. In general, ICI boilers with

higher heat release rates and higher capaCities tend to have higher levels of NOx' This is

discussed in more detail in Section 4.1.3. For a given heat release rate and fuel type, however,

there is no strong correlation between NOx emissions and whether a packaged boiler is a

firetube or a watertube design.

4.1.2 Fuel Characteristics

ICI boiler baseline NOx emissions are highly influenced by the properties of the fuels

burned. NOx and other emissions will vary depending on whether natural gas, oil, coal, or

nonfossil fuels are used. Additionally, among each of these fuel types, emissions will depend on

highly variable factors such as fuel grade and fuel source. In particular, studies have Shovffi that

fuel nitrogen content - and for coal the oxygen content and the ratio of fixed carbon to volatile

matter - are key factors influencing NOx formation.3,7-9

Much attention has been given to the role 'of fuel-bound nitrogen in NOx formation.

For any given fuel, only a portion of the available fuel nitrogen is converted during combustion

to fuel NOx' Published data indicate that for coal burning, anywhere from 5 to 60 percent of the

nitrogen is converted, whereas for other fuels as much as 80 percent of the fuel bound nitrogen

is routinely converted. tO,ll In general, higher nitrogen fuels such as coal and residual oil have

lower conversion rates, as shown in Figure 4-1, but higher overall NOx rates than lower nitrogen

fuels such as distillate oil.3 The nitrogen content of bituminous coals can vary from as low as

0.8 to as high as 3.5 percent by weight. Fuel oil is normally divided mto distillate oil and residual
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oil. Distillate oil represents the lighter fraction of the distillation process, including No.2 oil and

diesel oil normally used in residential and commercial heating, iIitemal combustion engines, and

sometimes in larger boilers strictly regulated for S02 and NOx emissions. Residual oil consists

of the higher temperature fractions and still bottoms from the distillation process, including

No.4, 5, and 6 fuel oils often used in industrial and some commercial boilers.

Table 4-1 lists the range and average concentrations of nitrogen and sulfur in distillate,

residual, and crude oils. The data were compiled from various sources, including emission test

reports, to illustrate the variability of these fuel properties. Many areas will have oils with

different values, these depending on many factors such as the type of crude, refinery processes

(e.g., hydrodesulfurization), and blending. Clearly, the lighter oils contain much lower levels of

fuel nitrogen and sulfur, thereby contributing significantly lower NOx and S02 emissions.

Distillate oil normally has less than O.Ol-percent nitrogen content, whereas the fuel nitrogen

content of residual oils typically ranges from 0.1 to 0.8 percent by weight, with an average of

0.36 percent based on the data used to c~mpile Table 4-1.

Sulfur.content is typically specified when residual oil is purchased. This is done to meet.

environmental regulations and to safeguard boiler equipment from acid corro-sion. Although

lower sulfur content generally means lower nitrogen, there is no apparent direct relationship

between these two fuel oil parameters, as illustrated in Figure 4-2. Because the deliberate

denitrification of fuel oil is not a refinery practice, significant swings in the nitrogen content of

residual oil occur even when sulfur content is limited to low levels.

The nitrogen content of natural gas can vary over a wide range, from zero to as high as

12.9 percent, depending on the source of the ga~. Nitrogen in natural gas, however, does not

contribute as much to the production of fuel NOx as with liquid or solid fuels, the reason being

that the nitrogen in natural gas is in its molecular form (N2), as in the combustion air. In

contrast, nitrogen in liquid or solid fuels is released in its atomic form (N) and reacts at

relatively low temperatures with oxygen to form fuel NOx.12

Figure 4-3 shows the effect of fuel nitrogen content on total NOx emissions for 26 oil­

fired and 15 coal-frred industrial boiler tests. For the oil-fired tests, in which both residual and

distillate oils were burned, a clear correlation was seen between nitrogen content and NOx' with

higher NOx levels reported for the higher nitrogen content oils. The field tests of coal-fired

units, however, showed no direct correlation between total NOx emissions and coal fuel nitrogen

content, per se.9 Similar results were also reported in a study comparing the use of low-sulfur
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TABLE 4-1. lYPICAL RANGES IN NITROGEN AND SULFUR CONTENTS OF
FUEL OILSa

Distillate oil (No.2)

Nitrogen Sulfur

Average <0.01 0.72

Low <0.001 0.20

High 0.01 0.70

Standard deviation 0.005 0.20

Reference 13-15

Residual oil (No.6)

Nitrogen Sulfur

0.36 1.3

0.10 0.10

0.80 3.5

0.17 0.90

9, 14, 16-20

BAll concentrations are percent by weight.
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western coal to the use of eastern bituminous coal in ICI boilers.s It is believed that while

nitrogen content does playa key role in NOx formation, as was seen in the oil tests, other coal

fuel factors such as oxygen content also influence NOx formation concurrently, masking any

obvious correlation between coal fuel nitrogen and NOx'

This was suggested by test results showing a possible linkage between the ratio of coal

oxygen to coal nitrogen and the amount of NOx formed. Figure 4-4 shows the results of a study

of the effects of the coal oxygen/nitrogen ratio on fuel NOx formation in tangential PC-fired

boilers. The figure shows the relationship between fuel NOx' coal nitrogen content, and the coal

oxygen/nitrogen ratio. The data indicate slightly higher NOx emissions for western sub­

bituminous coal due to the higher coal oxygen/nitrogen ratio, despite the coal's lower fuel

nitrogen content. On a broader scale, coal property data show that coals with high

oxygen/nitrogen ratios generally have lower nitrogen contents. Thus, the two influences - higher

NOx 'due to higher oxygen content, and lower NOx due to lower nitrogen content - would tend

to balance one another resulting in reasonably similar fuel NOx emissions for a variety of coal

types,?,21

Another major coal factor influencing baseline NO:
ll

formation is the fuel ratio, defined

as the ratio of a coal's fIXed carbon to volatile matter. Typically, under unstaged combustion

conditions, lower fuel ratios (i.e. higher volatile content of the coal) correlate to higher levels of

NOx' because with higher volatile content coals, greater amounts ofvolatile nitrogen are released

in the high temperature zone of the flame where sufficient oxygen is present to form NOx.3

Thus, considered by itself, higher volatile coal firing will tend to result in higher baseline NOx

levels.22 It has been shown, however, that firing coal with high volatile content and lower fixed

carbon generally results in less solid carbon to be burned out in the post-flame gases, meaning

.that the coal can be fired at lower excess air before combustible losses became a problem.s As

discussed in Section 4.1.4, lower excess air requirements generally result in lower NOx emissions.

Thus, the higher NOx levels associated with higher volatile coals may be balanced to a certain

degree by the lower excess air capability provided.

The difference between average NOx emission levels reported among various fuel oil

types (i.e., residual versus distillate) lies primarily in the fact that residual oils are produced from

the residue left after lighter fractions (gasoline, kerosene, and distillate oils) have been removed

from crude oil. Residual oils thus contain high quantities of nitrogen, sulfur, and other

impurities. As discussed, fuels with high nitrogen contents generally produce higher levels of
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fuel-bound NOx than fuels with low nitrogen contents. Thus, with residual oil in particular, fuel

NOx makes up a greater portion of the total NOx emitted. For any particular class of boilers,

the range in NOx emissions for residual oil is often wider than the range of emissions for

distillate oil. The larger amount and variation of fuel nitrogen in the residual oil accounts for

this.23 Even within one type of fuel oil, large variations in NOx emissions can be recorded due

to the other factors discussed in this chapter. The variability in NOx emissions between the

boilers listed in Appendix A burning the same type of oil is chiefly due to variations in boiler

heat release rates and operating conditions.

Besides distillate oil, many nonfossil fuel types are low-nitrogen-content fuels. Thus,

NOx emissions from ICI boilers fired on these fuels and on natural gas are almost entirely

thermal NOx' and the major factors which influence their NOx levels are furnace heat release

rate (related to capacity and operating load) and excess air leve~ both of which are discussed

below.24 While most wood burning boilers are stokers and are similar in design to coal-fired
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units, the relatively low nitrogen content of wood contributes to much lower fuel-bound NOx

formation than with coal. In general, with wood wastes the generation of particulates and other

unburned combustibles is more of a concern than NOx formation. The wood moisture content

and wood fuel size are the two most important fuel quality factors influencing those emissions.25

Moisture content also plays an important role in the formation of uncombustible

emissions in MSW firing. By its nature, MSW composition is highly dependent on the net waste

contributions of residential and commercial waste producers, and on seasonal factors which may

impact the amount and type of organic waste produced. For example, a period of high rainfall

can result in increased moisture content in the MSW, with larger quantities of yard waste. These

variables result in wide ranges in MSW composition and corresponding fuel properties. Studies

have shown that the non-combustible content of MSW can range from 5 to 30 percent, the

moisture content from 5 to 50 percent, and the heating value from about 7,000 to 15,000 kJ jkg

(3,000 to 6,500 Btujlb).26 Nitrogen contents, too, are often highly variable depending on the

source of MSW. Ultimate analyses of MSW from different parts of the United States have

shown nitrogen contents ranging between 0.2 and 1.0 percent.27-31 Thus, emissions from MSW­

fired boilers will also tend to be highly variable.

4.1.3 Boiler Heat Release Rate

Boiler heat release rate per furnace area is another influential variable affecting NOx

formation. As heat release rate increases, so does peak furnace temperature and NOx

formation, as illustrated in Figure 4-5. Boiler heat release rate varies primarily with the boiler

firing type, the primary fuel burned, and the operating load.3 Additionally, boiler heat release

rate pCl unit volume is often related to boiler capacity, as illustrated in Figure 4-6. For example,

among coal-fired boilers, PC-fired units are typically the largest in capacity. The data in

Appendix A include PC-fired units from 111 to 640 MMBtu/hr (32.5 to 188 MWt) heat input

capacity, whereas the coal stokers listed in Appendix A are generally smaller, ranging in size'

from 3 to 444 MMBtu/hr (0.88 to 130 MWt), with the vast majority being below 200 MMBtujhr

(59 MWt) capacity. These ranges are fairly representative of the capacity ranges discussed in

Chapter 3. Compared to other coal-fired boiler designs, PC-fired units tend to have larger

capacities, heat release rates, and, as shown by the data in Appendix A, generally higher baseline

NOx levels.

Among stoker units, the largest capacity stokers are spreader stokers as reflected in the

Appendix A data. The majority of spreader stoker data came from units greater than
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100 MMBtu/hr (29 MWt) in capacity, while the other two stoker types were usually less than

100 MMBtu/hr (29 MWt). While some large underfeed and overfeed stokers are in use in the

ICI sector, these types of stokers commonly have lower heat input capacities, and, as indicated

earlier, tend to have larger fireboxes. Consequently, overfeed and underfeed stokers generally

have lower heat release rates per unit area, resulting in lower peak temperatures and lower levels

of thermal NOx formation than spreaders.S

Because packaged natural-gas- or oil-fired watertube boilers are available in higher

capacities and heat release rates than firetubes, the high end of the ranges of reported baseline

NOx tends to be greater for the watertube designs. However, as noted in Section 4.1.1, there

is no obvious correlation per se between NOx emissions and whether a boiler is a firetube or a

watertube.

4.1.4 Boiler Operational Factors

In addition to boiler design and fuel factors, the conditions under which a unit is

operated also influence baseline NOx levels. Chief among these operational factors are the

amount of excess oxygen in the flue gases and the combustion air temperature. Excess oxygen

refers to the oxygen concentration in the stack gases, and is dependent on the amount of excess

air provided to the boiler for combustion.33 Combustion air temperature, meanwhile, is

dependent on the degree of air preheat used before the air is introduced into the furnace or

burner. Air preheat is usually used to increase furnace thermal efficiency.

Numerous sources have discussed the typical relationship of excess oxygen levels and

NOx' wherein as excess oxygen increases, so does NOx.34-37 This relationship is shown in

Figure 4-7, which presents data for natural-gas-fired watertube and firetube boilers. The thr-m.al

efficiency advantages of operating boilers at low excess oxygen levels have long been known, as

long as the boiler is operated .with a certain margin of excess air above the minimum level

required to avoid excessive combustible emissions formation (CO, particulate). Operation on

low excess oxygen or air is therefore considered a fundamental part of good combustion

management of boilers. However, many ICI boilers are typically fired with excess oxygen levels

which are more than adequate to assure complete combustion and provide a margin of safety

to the operator.38 Thus, these units often are operated at unnecessarily high excess oxygen levels

that result in unnecessarily high NOx emissions and losses in efficiency. Utility boilers, on the

other hand, are typically fired with a smaller safety margin of excess air, but these units are more
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closely monitored by operating personnel and are not as subject to such wide variations in load

as ICI boilers.38

Figure 4-7 also shows the effect of using combustion air preheat. As shown, use of air

preheat generally results in higher levels of NOx' The level of combustion air preheat has a

direct effect on the temperatures in the combustion zone, which, in tum, has a direct impact on

the amount of thermal NOx formed. More specifically, the greater degree that the air is

preheated, the higher the peak combustion temperature and the higher the thermal NOx'4O

Because the air preheat temperature primarily affects thermal NOx formation, the use of air

preheat has its greatest NOx impact on fuels such as natural gas and distillate oils.4O,41 Boilers

with combustion air preheat systems are usually larger than 50 MMBtu/hr in capacity, with

preheat temperatures in the range of 120 to 340°C (250 0 to 650°F).41 In particular, many stoker

boilers are equipped with air preheat.

4.2 COMPILED BASELINE EMISSIONS DATA - ICI BOILERS

This section presents compiled u~controlled NOx emissions data for ICI boilers. Where

data were available, CO and total unburned hydrocarbon (THC) emissions are also reported.

These baseline data were compiled from test results on more than 200 boilers described in EPA

documents and technical reports. These data are detailed in Appendix A. Emission tests on

these boilers were performed at greater than 70-percent boiler load in most cases.

4.2.1 Coal-rll'ed Boilers

Table 4-2 summarizes reported baseline NOx' CO, and THC emission ranges for coal­

fired boilers, and lists current AP-42 emission factors for comparison.42-45 Industrial PC-fIred

boilers were among the highest emitters of NOx' The em:ssion level from a wet bottom cyclone

fIred industrial boiler was recorded at 1.12Ib/MMBtu. The data for dry-bottom boilers compiled

for this study show a range in NOx emissions from 0.46 to 0.89 Ib/MMBtu. In comparison, AP­

42 shows NOx emissions for dry-bottom boilers in the range of 0.58 to 0.81Ib/MMBtu.

However, the AP-42 factors include several utility boilers as no distinction is made among

application for this class of boilers. For wet-bottom industrial PC-fired boilers, only one data

point was obtained in this study.

Spreader stoker units averaged O.~O Ib(MMBtu (450 ppm) NOx from a range of 0.40

to 1.081b/MMBtu (300 to 800 ppm). The other two stoker types, overfeed and underfeed,

averaged 0.29 and 0.36Ib/MMBtu respectively (215 and 265 ppm). Emission data for spreader
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TABLE 4-2. COMPARISON OF COMPILED UNCONTROLLED EMISSIONS DATA WITH AP-42 EMISSION
FACTORS, COAL-FIRED BOILERS

NOx' CO, THC,
Ib/MMBtu8 Ib/MMBtu8 Ib/MMBtu8

Complied Compiled Complied
Boiler type datab AP-42 data AP-42 data AP-42

PC wall-fired 0.46-0.89 0.58-0.81c,d 0.0-0.05 0.02-0.04 0.001-0.019 0.004-0.007

PC tangential 0.53-0.68 0.58-0.81c,d 0.0-0.14 0.02-0.04 0.004-0.009 0.004-0.007

Cyclone 1.12e 1.31c,d O.Oe 0.02-0.04 N.A.f 0.004-0.007

Spreader stoker 0.35-0.77 0.42-0.54 0.0-0.53 0.19-0.35 0.0-0.018 0.004-0.007

Overfeed stoker 0.19-0.44 0.29-0.41 0.001-1.65 0.35-0.42 0.022-0.024 0.004-0.007

Underfeed stoker 0.31-0.48 0.37-0.42 0.0-0.94 0.42-0.76 O.OlOe 0.081-0.150
~
I Bubbling FBC 0.11-0.81 N.A. 0.17-0.49 N.A. N.A. N.A.~

0\

Circulating FBC 0.14-0.60 N.A. 0.02-0.25 N.A. NA. N.A.

aTo convert to ppm @ 3% 02' multiply by the following: NOXI 740; CO, 1,215; mc, 2,130.
bSee Appendix A for compiled data.
cCurrent AP-42 does not distinguish PC units by firing configuration, but by dry- versus wet-bottom.
dlncludes utility boilers.
eSingle data point.
fN.A. = Not available. No data available.



stokers compiled for this study show generally higher emission levels than suggested by current

AP-42 emission factors.

FBC boilers are typically low NOx emitters colipared to PC-fired boilers and most

spreader stokers, as the data indicate. This is due to several reasons, one of which is the lower

combustion temperatures, as discussed in Chapter 3, and the use of staged combustion, as

discussed in Section 4.1. As shown in Appendix A, available industrial coal-fired FBC data

indicate an average NOx emission level of 0.27Ib/MMBtu (200 ppm), for bubbling bed units,

and 0.32Ib/MMBtu (240 ppm), for circulating FBC boilers. NOx emissions ranged from 0.11

to 0.81Ib/MMBtu (80 to 600 ppm), for bubbling bed FBC units, and from 0.14 to

0.60Ib/MMBtu (105 to 445 ppm), for circulating FBC units. No AP-42 factors are currently

available for industrial FBe boilers.

CO and mc emission data for all types of coal-fired boilers are highly variable.

Average CO emission levels for PC wall-fired and spreader stoker units were generally in

agreement with the AP-42 factors. For .PC wall-fired units, CO ranged between 0 and

0.05Ib/MMBtu (0 to 60 ppm), while for spreader stokers, CO ranged between 0 and

0.53 Ib/MMBtu (0 to 645 ppm). However, the measured CO emission levels for overfeed and

. underfeed stokers encompassed much wider ranges than reported in AP-42, ranging from 0 to

1.65lb/MMBtu (0 to 2,000 ppm). Likewise, the mc emissions for overfeed stokers also

differed greatly from the AP-42 values, averaging roughly 0.023 Ib/MMBtu (50 ppm). Overfeed

stoker mc data were available for only two units, however. This and the wide range of

reported emission values indicates that available baseline CO and me data from overfeed and

underfeed stoker~ Me generally inadequate. Circulating FBC boilers tend to have lower CO

emissions than bubbling bed units, ranging from 0.02 to 0.25 Ib/MMBtu (24 to 300 ppm). The

bubbling bed units' CO levels were higher at 0.17 to 0.49 Ib/MMBtu (205 to 595 ppm). The

higher fluidization velocities and recirculation used in the circulating FEC units generally

increase air/fuel mixing and combustion efficiency.

PC-fired boilers tend to emit less CO than stoker units. The data in Table 4-2 show CO

emissions from PC wall-fired and tangential boilers ranging from 0 to 0.14 Ib/MMBtu (0 to

170 ppm). CO emissions from the stoker units listed were higher, ranging from 0 to

1.65lb/MMBtu (0 to 2,000 ppm). The use of pulverized coal allows better air/fuel mixing,

increasing the combustion efficiency in the furnace which is evidenced by lower CO. In stoker

units, however, coal combustion takes place on grates, and the combustion air supplied to the
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fuel bed generally does not allow as high combustion efficiencies. Spreader stokers, which bum

some fuel in suspension and the remainder on grates, generally emit less CO than overfeed and

underfeed stokers, although the CO data in Appendix A for underfeed stokers is suspect, as

mentioned above. The combustion temperatures in stokers are also lower that:! in PC-frred units,

contributing to higher levels of CO.

4.2.2 Oil-fued Boilers

Table 4-3 gives baseline emission data for oil-fired lCI boilers, categorized by type of

oil, boiler capacity, and heat transfer configuration. Residual-ail-fired boilers averaged

approximately 0.36 Ib/MMBtu (280 ppm) of NOxt regardless ofcapacityt with NOx ranging from

0.20 to 0.79 Ib/MMBtu (160 to 625 ppm). Average baseline NOx levels for distillate-ail-fired

units were lower at approximately 0.15 Ib/MMBtu (120 ppm). NOx from the distillate-ail-fired

units ranged from 0.08 to 0.25 IbjMMBtu (63 to 200 ppm). These data are in general agreement

with AP-42 emission factors.

Reported CO emission levels for residual oil boilers were low, with the majority of units

reporting CO levels below 0.030 IbjMMBtu (40 ppm). The baseline CO data for distillate-oil­

fired watertube boilers, however, show wide variabilityt with units in the large capacity (greater

than 100 MMBtu/hr) category emitting anywhere from 0 to 0.84Ib/MMBtu (0 to 1,090 ppm),

while in the 10 to 100 MMBtujhr capacity range, units emitted between 0 and 1.18 Ib/MMBtu

(0 and 1,530 ppm). CO emissions from distillate-ail-fIred firetube units were low, under

0.015 Ib/MMBtu (20 ppm). High levels of CO emissions from industrial boilers indicate, in part,

poor burner tuning and maintenance levels for many of these units, which are often operated

with little supervision and required maintenance.

Reported unburned THC emissions for residual-oil-frred boilers ranged from 0 to

. 0.031Ib/MMBtu (0 to 70 ppm), while for distillate-oil-frred units the range was between 0 and

0.0221b/MMBtu (0 to 50 ppm). These are in general agreement with current AP-42 THC .

emission factors.

4.2.3 Natural-gas-fued Boilers

The data base compiled for this study indicated that baseline NOx emission levels for

natural-gas-frred firetube boilers ranged from 0.07 to 0.13Ib/MMBtu (58 to 109 ppm). For

watertube units, NOx ranged from 0.06 to 0.31Ib/MMBtu (50 to 260 ppm) for units less than

or equal to 100 MMBtujhr capacity, and from 0.11 to 0.45 Ib/MMBtu (95 to 375 ppm) for units

greater than 100 MMBtu/hr capacity. As shown in Table 4-4, the low end of the emission range
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TABLE 4-3. COMPARISON OF COMPILED UNCONTROLLED EMISSIONS DATA WITH AP-42
EMISSION FACTORS, OIL-FIRED BOILERS

NOx' CO, THC,
Ib/MMBtu8 Ib/MMBtu8 Ib/MMBtu8

Oil type and boiler Compiled Compiled Compiled
capacity datab AP-42 data AP-42 data AP-42

Residual Oil:

Firetube units 0.21-0.39 0.37 0.0-0.023 0.033 0.002-0.014 0.011

Watertube units:

10 to 100 MMBtujhr 0.20-0.79 0.37 0.0-0.114 0.003 0.0-0.031 0.009

>.100 MMBtujhr 0.31-0.60 0.28-0.45 0.0-0.066 0.033 0.002-0.016 0.007

Distillate Oil:
~
I

Firetube units 0.11-0.25 0.14 0.0-0.014 0.036 0.012c 0.004-\0
Watertube units:

10 to 100 MMBtujhr 0.08-0.16 0.14 0.0-1.177 0.036 0.0-0.003 0.002

> 100 MMBtujhr 0.18-0.23 N.A.d 0.0-0.837 NA. 0.001-0.009 N.A.

aTo convert to ppm @ 3% 02' multiply by the following: NOxl 790; CO, 1,300; THC, 2,270.
bSee Appendix A for compiled data.
cSingle data point.
dNA. = Not available. No data available.



TABLE 4-4. COMPARISON OF COMPILED UNCONTROLLED EMISSIONS DATA WITH
AP-42 EMISSION FACTORS, NATURAL-GAS-FIRED BOILERS

NOx, CO, THe,
Ib/MMBtu· Ib/MMBtu· Ib/MMBtu·

Boiler type and Compiled Compiled Compiled
capacity data· AP-42 data AP-42 data AP-42

Firetube units 0.07-0.13 0.095 0.0-0.784 0.019 0.004-0.117 0.0076

Watertube units:

S 100 MMBtu/hr 0.06-0.31 0.13 0.0-1.449 0.033 0.0-0.023 0.0055

> 100 MMBtu/hr 0.11-0.45 0.26-0.52 0.0-0.233 0.038 0.0-0.051 0.0016

8"fo convert to ppm @ 3% O2, multiply by the following: NOx, 835; CO, 1,370; THC, 2,400.
bSee Appendix A for compiled data.

is well below the current AP-42 emission factors. This is due in part to emissions data obtained

at reduced boiler load and emissions from smaller capacity boilers. As illustrated in Appendix A,

NOx emissions from natural-gas-fired boilers tend to increase with increasing Qoiler capacity.

Baseline CO emission levels show wide variability, ranging from 0 to 1.45 Ib/MMBtu (0

to 1,990 ppm). The data indicate that for natural-gas-fired boilers less than or equal to 100

MMBtu/hr in capacity, CO emissions are often higher than in the current AP-42 emission

factors. mc emissions ranged from 0 to 0.117 Ib/MMBtu (0 to 280 ppm).

4.2.4 Nonfossil-fuel-rrred Boilers

Tahle 4-5 shows AP-42 uncontrolled emission factors for wood waste-, bagasse-, and

general solid waste-fired boilers. AP-42 NOx emission factors for wood-fired units are

. 0.27Ib/MMBtu (190 ppm), for larger boilers, and 0.065 Ib/MMBtu (50 ppm), for smaller units.

The limited emissions data for wood-fired boilers in Appendix A show an NOx range of 0.010 to

0.30 lb/MMBtu (7 to 220 ppm corrected to 3 percent 02)' Many of these boilers operate

inefficiently with very high excess air levels, at times greater than 5 times the amount required

for complete combustion. Bagasse-fired boilers generally emit low levels of NOx' roughly

0.15 lb/MMBtu (105 ppm).

Boilers that bum general solid waste typically show higher NOli. levels than biomass­

fueled units. The current AP-42 NOx emission factors for MSW-fired units and RDF-fueled

units are 0.4 to 0.49 lb/MMBtu (280 to 350 ppm) and 0.36 lb/MMBtu (250 ppm), respectively.
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TABLE 4-5. AP-42 UNCONTROLLED EMISSION FACTORS FOR NONFOSSIL­
FUEL-FIRED BOILERS

NOs' CO, THC,
Ib/MMBtu Ib/MMBtu Ib/MMBtu

0.27 0.38-4.52 0.16
(0.17-0.30)"

0.022 0.38-4.52 0.16
(0.010-0.050)"

0.15 NA.b NA.

Fuel and equipment type

Wood Waste:

Units with 50,000 to 400,000 lb/hr steam
output (-70 to 580 MMBtu/hr heat input)

Units with less than 50,000 lb/hr steam
output «70 MMBtu/hr heat input)

Bagasse

General Solid Waste:

Mass burn municipal solid waste

Modular municipal solid waste

Refuse derived fuel

"Compiled data range, Appendix A.
bNA. = Not available. No data available.

0.4

0.49

0.36

0.24

0.38

0.26

O.OU

NA.

NA.

Uncontrolled CO emissions from these boilers are relatively high, 0.24 to 0.38 Ib/MMBtu (280

to 440 ppm). Table 4-6 presents a detailed breakdown of NOx emissions for municipal waste

combustors (MWCs) by major .equipment types. The data come from 52 combustion sources,

each tested over a period of 1 to 3 hours. The average NOx level of 210 ppm corrected to

7 percent 02 translates into approximately O.4lb/MMBtu.

Nonfossil-fuel-fired FEC boilers burning wood waste, manure, and other agricultural

waste byproducts had NOx emissions ranging from 0.10 to 0.42Ib/MMBtu (70 to 300 ppm). This

is lower than the coal-fIred FEC emission levels because of the lower nitrogen contents of the

nonfossil fuels.

AP-42 CO emission factors for all wood-fired boilers span a wide range, from 0.38 to

4.521b/MMBtu (440 to 5,200 ppm), due to several factors, including wood composition and

boiler design type. Unburned THe enUssions are signifIcantly higher than levels measured in

fossil-fuel-fIred boilers. Reported AP-421evels are 0.161b/MMBtu (327 ppm), on average.
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TABLE 4-6. AVERAGE NOx EMISSIONS FROM MUNICIPAL WASTE COMBUSTORSa

Uncontrolled NOx emissions,

Capacity
ppm @ 7% O2

Combustor type (tons/day) Range Average

Mass bum/refractory 56-375 59-240 155

Mass bum/rotary wateIWall 100-165 146-165 156

Mass burn/waterwall 100-1,000 68-370 243

Refuse derived fuel (RDF) 300-1,000 195-345 270

Modular, ex~ss air 50-120 105-280 140

Modular, starved air 36-90 86-280 215

All types 36-1,000 59-370 210

aSource of data: Reference 20.

4.2.5 Other leI Boilers

There are limited baseline NOx emissions data for small commercial and institutional

boilers such as cast iron and tubeless units. This is due in part to the virtual lack of regulations

on boilers in the capacity range below 10 MMBtu/hr (2.9 MWt), with the exception of recent

rules adopted in Southern California in 1988 and 1990. Natural gas is the predominant fuel in

this area for these combustion sources. Units of this capacity range, while numerous, have not

historically been regulated due to their size; hence, little testing has been done to characterize

their emissions.

Uncontrolled NOx emissions from natural-gas-fired TEOR steam generators range

between 0.09 and 0.13 Ib/MMBtu (75 and 110 ppm), while for crude-oil-fired steam generators;

baseline NOx emissions generally range from 0.30 to 0.52Ib/MMBtu (240 to 400 ppm),

depending on the nitrogen content of the crude oil.46,47 Because there is less variability in the

designs and configurations ofTEOR steam generators, their NOx emissions, for a given fuel, are

usually less variable than other boilers.

4.3 SUMMARY

Table 4-7 summarizes baseline NOx emissions for the major ICI boiler equipment

categories discussed in Chapter 3. Coal-fired cyclone boilers generally emit the highest levels
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TABLE 4-7. SUMMARY OF BASELINE NOx EMISSIONS

Uncontrolled
NOx range, Average,

Fuel Boiler type Ib/MMBtu Ib/MMBtu

Pulverized coal Wall-fired 0.46-0.89 0.69
Tangential 0.53-0.68 0.61
Cyclone 1.12a 1.12

Coal Spreader stoker 0.35-0.77 0.53
Overfeed stoker 0.19-0.44 0.29
Underfeed stoker 0.31-0.48 0.39

Bubbling FBC 0.11-0.81 0.32
Circulating FEC 0.14-0.60 0.31

Residual oil Firetube 0.21-0.39 0.31
Watertube:

10 to 100 MMBtu/hr. 0.20-0.79 0.36
> 100 MMBtu/hr 0.31-0.60 0.38

Distillate oil Firetube 0.11-0.25 0.17
Watertube:

10 to 100 MMBtu/hr 0.08-0.16 OJ3
> 100 MMBtu/hr 0.18-0.23 0.21

Crude oil TEOR steam generator 0.30-0.52 0.46

Natural gas Firetube 0.07-0.13 0.10
Watertube:

S; 100 MMBtu/hr 0.06-0.31 0.14
>100 MMBtu/hr 0.11-0.45 0.26

TEOR steam generator 0.09-0.13 0.12

Wood <70 MMBtu/hr 0.010-0.050 0.022
~70 MMBtufhr 0.17-0.30 0.24

Bagasse 0.15b 0.15

MSW Mass burn 0.40b 0.40
Modular 0.49b 0.49

-Single data point.
bAP-42 emission factor.
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of NOx' followed by PC wall-fired units, PC tangential boilers, coal-fired stokers, MSW-burning

units, and crude-oil-fired TEOR steam generators. The lowest NOx emissions are from boilers

fIred on natural gas, distillate oil, and wood fuels. NOx emissions from coal-fIred FBC and

stoker boilers are generally lower than from PC-fired boiler types. In general, few data are

available for ICI boilers less than 10 MMBtu/hr (2.9 MWt) in thermal capacity, which includes

many fossil- and nonfossil-fuel-fired frretube units, cast iron units, and tubeless types.

With the exception of distillate-oil-fired units, the data show that for a given fuel, NOx

emissions from frretube boilers are lower than from watertube boilers. This is likely due to the

fact that most watertube boilers have larger capacities than firetube units. As discussed above,

as boiler capacity increases, NOx emissions also increase in most cases.

Actual emissions from individual boilers vary widely by boiler heat release rate, fuel

quality and type, boiler design type, and operating factors such as excess air level or load. Fuel

type is a major factor influencing baseline NOx levels. Listed in descending order of NOx

emissions, the fuels are pulverized coal, stoker coal, MSW, crude oil, residual oil, distillate oil,

natural gas, wood, and bagasse. It is important to recognize that large variations in baseline

(uncontrolled) NOx levels are possible due to several boiler design and operational factors,

including variations in the chemical makeup of the fuel. The most important fuel property that

influences NOx is the fuel nitrogen content, which determines to a large degree the amount of

fuel NOx that may be formed during combustion.
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5. NOx CONTROL TECHNOLOGY EVALUATION

This chapter presents a survey of applicable control technologies to reduce NOx

emissions from ICI boilers. A review of current knowledge on the effectiveness, applicability,

and limitations of specific control techniques is presented for each major fuel/equipment

category discussed in Chapter 3. These categories are as follows:

• Coal-fired:

PC, field-erected watertube

Stoker coal, packaged and field-erected

FBC

.• Oil-fired:

Residual oil, packaged and field-erected watertube

Residual oil, packaged firetube

Distillate oil, packaged and field-erected watertube

Distillate oil, packaged firetube

Crude oil, TEOR steam generator

• Natural-gas-fired:

Packaged and field-erected watertube

Packaged firetube

• Nonfossil-fuel-fired:

Stoker-fed

FBC

NOx emissions data from more than 200 boilers were compiled from technical reports,

NOx control equipment manufacturer literature, and compliance and rule development records

available at California's South Coast Air Quality Management District (SCAQMD). These data

are tabulated in Appendix B. Most of the data were obtained from boilers operating in the ICI

sectors. However, some small utility boilers were included in the data base of Appendix B
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because their heat input capacities are characteristic of large industrial boilers. The largest unit

for which data are listed is a 1,250 MMBtu/hr PC-fired boiler. However, more than 90 percent

of the units listed in Appendix B have heat capacities less than 400 MMBtu/hr. Most of the

emissions data were obtained during short-term tests. Where noted, test data were collected

from long-term tests based on 30-day continuous monitoring.

The control of NOx emissions from existing ICI boilers can be accomplished either

through combustion modification controls, flue gas treatment controls, or a combination of these

technologies. Combustion modification NOx controls such as SCA, LNB, and FGR modify the

conditions under which combustion occurs to reduce NOx formation. Flue gas treatment

controls-;Jrincipally SNCR and SCR - are applied downstream of the combustion chamber and

are based upon chemical reduction of already formed NOx in the flue gas. Other gas treatment

controls, besides SNCR and SCR, that combine NOx and S02 reduction are being developed.

However, these controls are generally expensive and are currently targeted primarily for coal­

fired utility boilers. Several demonstrations of these technologies are underway at electrical

power plants under the U.S. Department of Energy (DOE) Clean Coal Technology (CCT)

demonstration program and other programs sponsored by industry. With the exception of

rebuming and SCR-based technologies, these advanced controls are not discussed here because

they are not likely to be applied to the ICI boiler population in the foreseeable future.

In this section, the main discussion of NOx controls for leI boilers is preceded by

Section 5.1, which presents a brief overview of NOx formation and basic concepts for its

reduction by combustion modifications. Sections 5.2, 5.3, and 5.4 discuss combustion

modffication NOx controls for coal-fired boilers, oil- and natural-gas-fired units, and nonfossil­

fuel-fired boilers, respectively. Section 5.5 discusses flue gas treatment controls for ICI boilers.

5.1 PRINCIPLES OF NOx FORMATION AND COMBUSTION MODIFICATION NOx
CONTROL

NOx is formed primarily from the thermal fixation of atmospheric nitrogen in the

combustion air (thermal NOJ or from the conversion of chemically bound nitrogen· in the fuel

(fuel NOx). Additionally, a third type of NOx' known as prompt NO, is often present, though

to a lesser degree than fuel or thermal NOx• For natural gas, distillate oil, and nonfossil fuel

firing, nearly all NOx emissions result from thermal fixation. With coal, residual oil, and crude

oil firing, the proportion of fuel NOx can be significant and, under certain boiler operating

conditions, may be predominant.
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The actual mechanisms for NOx formation in a specific situation are dependent on the

quantity of fuel bound nitrogen, if any, and the temperature and stoichiometry of the flame zone.

Although the NOx formation mechanisms are different, both thermal and fuel NOx are promoted

by rapid mixing of fuel and combustion air. This rate of mixing may itself depend on fuel

characteristics such as the atomization quality of liquid fuels or the particle fmeness of solid

fuels. 1 Additionally, thermal NOx is greatly increased by increased residence time at high

temperature, as mentioned earlier. Thus, primary combustion modification controls for both

thermal and fuel NOx typically rely on the following control strategies:

• Decrease primary flame zone 02 level:

Decreased overall 02 level

Controlled (delayed) mixing of fuel and air

Use of fuel-rich primary flame zone

• Decrease residence time at high temperature:

Decreased peak flame temperature:

• Decreased adiabatic flame temperature through dilution

• Decreased combustion intensity

• Increased flame cooling

• Controlled mixing of fuel and air

• Use of fuel-rich primary flame zone

Decreased primary flame zone residence time

Table 5·1 shows the relationship between these control strategies and currently available

combustion modification NOx control tect:ui'1ues, which are categorized as either operational

adjustments, hardware modifications, or techniques requiring major boiler redesign. The use of

a secondary NOx reduction coqtbustion zone is also included in the table. This strategy is based

on a secondary low oxygen reducing zone where NOx is reduced to N2. This is accomplished

with secondary injection of fuel downstream of the primary combustion zone. This control

technique is referred to as fuel staging, or reburning, and is discussed in greater detail in the

following subsections. Additionally, fue~ switching is also considered a viable combustion control

because of the reductio)) or elimination of fuel NOx with the burning or cofiring of cleaner fuels.

Table 5-2 identifies combinations of NOx controls and major boiler fuel type categories for which

retrofit experience is available and documented.
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TABLE 5-1. SUMMARY OF COMBUSTION MODIFICATION NOx CONTROL APPROACHES

Primary clint",' techniques

Operational Hardware
NOll control approach Control concept E"ecton thermal NOll E"ect on fuel NOll adjustments modification Major redesign

Decrease primary Decrease overall 0z Reduces 0z rich, high Reduces exposure of LEA firing and FGR Low excess air
flame zone 02 level level NOx pockets in the flame fuel N intermediaries OT burners

to oxygen

Delayed mixing of Flame cooling and Volatile fuel N Burner LNB Optimum burner/
fuel and air dilution during delayed reduces to Nz in adjustments and firebox design

mixing reduces peak absence of oxygen timing
temperature

Primary fuel-rich Flame cooling in low 0z, Volatile fuel N BOOS; biased OFA ports Burner/firebox design
flame zone low temperature primary reduces to Nz in burner firing for SCA

zone reduces peak absence of oxygen
temperature

Decrease peak flame Decrease adiabatic Direct suppression of Minor RAP FGR, LNB, water
VI
I temperature flame temperature thermal NOx mechanism injection
~

Decrease combustion Increased flame cooling; Minor direct effect; Load reduction Enlarged firebox, Enlarged firebox,
intensity yields lower peak indirect effect on increased burner increased burner

temperature mixing spacing spacing

Increase flame Increased flame zone Minor Burner tilt WI or SI Redesign heat transfer
cooling; reduce cooling; yields lower peak surface, firebox
residence time temperature aerodynamics

Create secondary Use of low 0z Primary zone NOx Primary zone NOx OFA ports Install reburning
NOx reducing zone secondary combustion reduces to Nz in absence reduces to Nz in burners, OFA ports;

zone ofOz absence of 0z replace tube wall
panels, piping
ductwork

Fuel switching Burn higher quality Minor or slight increase Large NOx reduction Minor if dual-fuel Only for installation
fuel with low or no because of higher due to reduced fuel capability exists of burner and fuel
nitrogen content temperature flame nitrogen conversion delivery system



TABLE 5-2. EXPERIENCE WITH NOx CONTROL TECHNIQUES ON ICI BOILERS

Coal-Iired Oil-jnatural-gas-lired Nonrossil-ruel-lired MSW-lired

NOx control
technique

BT/OT

WI/SI

SCA

LNB

FGR

NGR

SNCR

SCR

Field-erected
PC-fired

x
X

Xb

Xb

Xb

Stoker

Xa

X

..ne

x

X

Xb

Field-erected
watertube

X

X

X

X

Xb

Packaged
watertube

x

X

Xb

X

X

Xb

Packaged
lirc.ube

X

X

x
X

Stoker

Xa

X

FBC

x

X

Muss burn

Xa

Xb

Xb

X

VI
~ BT/OT = Burner tuning/oxygen trim

WI/SI = Water injection/steam injection
SCA = Staged combustion air, includes burners out of service (BOOS), biased firing, or overfire air (OFA)
LNB = Low-NOx burners
FGR = Flue gas recirculation
NGR = Natural gas reburning
SNCR = Selective noncatalytic reduction
SCR = Selective catalytic reduction
MSW = Municipal solid waste
aSCA is designed primarily for control of smoke and combustible fuel rather than for NOx control. Optimization of existing SCA (OFA)
ports
can lead tC' some NOx reduction.

bLimited experience.



Typically, the simplest boiler operational adjustments rely on the reduction of excess

oxygen used in combustion, often referred to as BTJOT. Figure 5·1 shows the results of several

tests to determine the effect of excess air levels on NOx emissions from natural-gas and oil·fired

firetube boilers.2 These test results show that NOx emissions can be reduced 10 to 15 percent

when the stack excess oxygen concentration is lowered from 5 to 3 percent, measured in the flue

gas on a dry basis. The actual amount of NOx reduced by decreasing excess air varies

significantly based on fuel and burner conditions. These reductions are due mainly to lower

oxygen concentration in the flame, where NOx formation is highest.

Although LEA operation can produce measurable reductions in NOx' in this study, LEA

will not be considered a separate control technology but a part of other retrofit technologies,

since it accompanies the application of low NOx combustion hardware such as low NOxburners.

Additionally, boiler operation with LEA is considered an integral part of good combustion air

management that minimizes dry gas heat loss and maximizes boiler efficiency.3 Therefore, most

boilers should be operated on LEA regardless of whether NOx reduction is an issue. However,

excessive reduction in excess air can be accompanied by significant increases in CO. As

illustrated in Figure 5-2, when excess air is reduced below a certain level, CO emissions increase

exponentially. This rapid increase in CO is indicative of reduced mixing of fuel and air that

results in a loss in combustion efficiency. Each boiler type has its own characteristic "knee" in

the CO versus excess oxygen depending on several factors such as fuel type and burner

maintenance. In general, along with LEA, the application of combustion modifications that

reduce NOx often result in reduced combustion efficiency (manifested by increased CO).

Another operational adjustment listed in Table 5-1, load reduction, when implemented,

decreases the combustion intensity, which, in turn, decreases the peak flame temperature and

the amount of thermal NOx formed. However, test results have shown that with industrial

boilers, there is only slight NOx reduction available from this technique as the NOx reduction

effect of lowering the load is often tempered by the increase in excess air required at reduced

load.4 Higher excess air levels are often required with older single-burner units because high

burner velocity promotes internal gas recirculation and stable combustion. Multiple.burner

boilers generally provide a greater load turndown capability. Operating at reduced load is often

infeasible for many ICI boilers because steam load is dictated by process steam demands and

cannot be controlled independently. Reduced load on one boiler must be compensated for by

increased load on another boiler, unless energy conservation measures permit a net reduction
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in fuel consumption. Therefore, reduced load operation is not considered as a viable retrofit

NOx control technology and will not be discussed further in this report.

Although the formations of fuel and thermal NOx are generally predominant, a dJrd

type of NOx' known as prompt NO, has also been reported. Prompt NO is so termed because

of its early formation in the flame zone where the fuel and air first react, at temperatures too

low to produce thermal NOx' c; and CH radicals present in hydrocarbon flames are believed

to be the primary sources of prompt NO because they react with atmospheric nitrogen to form

precursors such as HeN and NH3, which are rapidly oxidized to NO. The formation of prompt

NO is greater in fuel-rich flames, and decreases with the increase in local 02 concentrations.6

Like fuel and thermal NOx formation, prompt NO formation has been shown to be a function

of flame temperature and stoichiometry. Prompt NO, however, generally accounts for smaller

levels of NOx than are due to thermal or fuel NOx. For example, in utility boiler systems,

prompt NO is assumed to be less than 50 ppm, while the thermal NOx contribution can be as
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high as 125 to 200 ppm.6 In ICI boilers, prompt NO is believed to account for the first 15 to

20 ppm of NOx formed during combustion.7 The control of prompt NO is not typically targeted

because of prompt NO's minor combustion to total NOx' However, as NOx limits for ICI boilers

grow stricter, especially in areas such as the South Coast Air Basin of Southern California, the·

control of prompt NO is gaining more importance as evidenced by the development of new

techniques, such as fuel induced recirculation, as discussed in Section 5.5.

The following sections discuss retrofit NOx controls that are commercially available and

the documented experience in NOx reduction performance for each major ICI boiler and fuel

category mentioned earlier.

5.2 COMBUSTION MODIFICATION NOxCONTROLS FOR COAL-FIRED ICI BOILERS

Coal rank plays an important role in the NOx reduction performance of combustion

control technologies. Typically, controlled limits for low volatile bituminous coal differ from

those attainable when burning high volatile subbituminous coal or lignites. However, the data

available on coal-fired ICI boilers are insufficient to warrant a breakdown of achievable control

levels based on coal type. Nearly all data compiled in this study were for boilers fired on

bituminous coal. In comparison with ICI boilers fired on natural gas or oil, discussed in

Section 5.3, there are relatively few reported emissions data for ICI coal-fired units operating

with NOx controls. This section includes data from 18 field operating PC-fired units, 11 stoker

units, and 10 field operating FBC boilers. Large PC-fired industrial boilers are similar in design

to utility boilers.s Thus, control techniques applicable to many utility boilers can often be

applied to large industrial boilers as well. Data from three pilot-scale PC-fired facilities are also

included in Appendix B, becai:se their firing capacities are in the ICI boiler range and test results

are considered indicative of the ICI boiler population. Additionally, combustion modification

tests for bubbling bed FBC (BF~C) units include results obtained at pilot-scale facilities. Pilot­

scale research on retrofit combustion modification NOx control for FBC far exceeds published

data on full-scale FBC installations. This is because commercial FBC boilers are relatively new,

the majority having been installed after 1985, and many new units come already equipped with

these controls. Little research on full-scale NOx control retro~t technologies has been

undertaken. Pilot-scale research provides an in-depth view into the mechanisms of NOx

formation and control in FBC. These data are used in this study to support conclusions with

respect to NOx reduction efficiencies and controlled limits.
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Sections 5.2.1 through 5.2.3 summarize the combustion modification techniques

applicable to the three major coal-fired industrial boiler types: PC, stokers, and FBC units.

5.2.1 Combustion Modification NOx Controls for Pulverized Coal (PC)-fIred ICI Boilers

Table 5-3 summarizes test results of combustion modification techniques applicable to

ICI PC-fIred boilers. The table provides the ranges of percent NOx reduction and the controlled

NOx levels achieved in these tests. More detailed data are contained in Appendix B. The

following are brief discussions of each applicable control, the attained NOx reduction efficiency

attained and potential operational limits and impacts of retrofIt on existing ICI boilers.

5.2.1.1 SCA

One approach to reducing NOx, discussed in Section 5.1, is to decrease the primary

flame zone oxygen level. The intent of SCA controls is to achieve a primary fuel-rich flame

zone, where both fuel and thermal NO formations are suppressed, followed by an air-rich

secondary zone where fuel combustion is completed. This is done by injecting air into the

combustion zone in stages, rather than injecting all of it with the fuel through the burner. As

a result, the primary flame zone becomes fuel-rich. SCA for PC-fired boilers includes two main

techniques-OFA and BOOS.

OFA in PC-fired boilers typically involves the injection of secondary air into the furnace

through OFA ports above the top burner level, coupled with a reduction in primary combustion

airflow to the burners. OFA is applicable to both wall-fired and tangential-fIred units. OFA is

not applicable to cyclone boilers and other slagging furnaces because combustion staging

significantly alters the heat release profile which changes the slagging rates and properties of the

slag.9 Additional duet work, furnace wall penetration or re{Jlacement, and extra fan capacity may

be required when retrofitting boilers with OFA. To retrofit an existing PC-fIred boiler with OFA

involves installing OFA ports in the wall of the furnace and extending the burner windbox.

Data for two PC-fired boilers operating with and without OFA were obtained during this

study. Using OFA, a 25 percent reduction in NOx was achieved at the fIrst unit, a tangential­

fired unit at the Kerr-McGee Chemical Corporation facility in Trona, California. This unit was

retrofitted with a separated OFA system in conjunction with an LNB system. Separated OFA

refers to the use of a separate OFA windbox mounted above but not an integral part of the main

windbox, as opposed to "close coupled" OFA which is injected within the main windbox just

above the top elevation of fuel. Controlled NOx emissions from this unit ranged from 211 to
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TABLE 5-3. COMBUSTION MODIFICATION NO" CONTROLS FOR FULL-SCALE PC-FIRED INDUSTRIAL BOILERS

Type or Controlled NO. levels
industrial boiler % NO. ppm@3%Oz,

Control technique Description of technique tested reduction Ib/MMBtu Comments

SCA Fuel-rich firing burners with Wall-fired 15 691 (0.93) OFA.
secondary air injection Wall-fired 27 250 (0.34) BOOS, reduced load.

Wall-frred 39 651 (0.88) OFA, reduced load.
Tangential 25 211-280 (0.29-0.38)

LNB Wall-frred boiler - LNB with Wall-fired 49 280 (0.38) Wall-fired boilers used staged air
distributed air for controlled Wall-fired 65 220 (0.30) burners.
mixing Wall-fired 67 190-225 (0.26-0.34) Tangential-fired boiler used low-
Tangential-fired boiler - uses Wall-fired 49 370 (0.50) NO. concentric firing system
air on wall concept for Tangential 18 269 (0.36) (LNCFS).
controlled mixing

Reborn with SGA Injection of coal, natural gas, or Wall-fired NA." 170-250 (0.23-0.34) SeA (OFA) used with reburn in
VI (OPA) oil downstream of the burner w/coal reburn all tests.
I

Wall-rrred NA. 215-385 (0.29-0.52)- area- w/ coal reburn
Tangential-fired 30 167 (0.23)

w/ oil reburn

LNB+SCA Combination of LNB and SCA Wall-rrred 42 180-360 (0.24-0.49) Data for wall-fired units do not
control techniques Wall-fired 66 220-264 (0.30-0.36) show benefit of add~g SCA to

Wall-fired N.A. 220-370 (0.30-0.50) LNB.
Wall-fired 60 275 (0.37)
Wall-fired 62 275 (0.37)
Wall-fired 65 275 (0.37)
Wall-fired 44 330 (0.45)
Tangential 55 148 (0.20)

"NA. :::: Not available. No baseline (uncontrolled) NO. data available.
Note: References, and greater detail including b:t~eline emissions, for these data are included in Appendix B.



280 ppma (0.29 to 0.38Ib/MMBtu); this unit was also LNB-equipped. The second unit, a

325 MMBtu/hr wall-fired boiler, achieved 15 percent NOx reduction using OFA. Controlled

NOx emissions from this unit were 690 ppm (0.93 Ib/MMBtu). The NOx reduction efficiencies

of these two units are in agreement with OFA performance estimates for PC-fired utility boilers,

which range between 15 and 30 percent NOx reduction.9,10

Two principal design requirements for the installation of OFA ports in an existing PC­

fired boiler must be met in order for the technology to effectively reduce NOx without adversely

affecting operation and equipment integrity. First, there must be sufficient height between the

top row of burners and the furnace exit, not only to physically accommodate the OFA ports but

also to provide adequate residence time for the primary stage NO to reduce to N2, and adequate

residence time for the second stage gases to achieve carbon burnout before exiting the furnace.

In order to maximize NOx reduction, previous studies have shown that the optimum location for

OFA injection is 0.8 seconds (residence time of primary gas before OFA injection) above the

top burner row.ll Additionally, these studies have shown that to achieve carbon burnout, a

minimum of 0.5 seconds residence time is required above the OFA ports.

The second design consideration for OFA retrofit is that good mixing of OFA with the

primary combustion products must be achieved in order to ensure complete combustion and

maximize NOx reduction. Some important parameters affecting the mixing of OFA and first

stage gases are OFA injection velocity, OFA port size, number, shape, and location; and degree

of staging.ll Thus, OFA port design is critical in determining the effectiveness of OFA in

reducing NOx' Additionally, OFA port design must, take into account the effects of port

installation on the :ill uctural integrity of the boiler walls. Structural loads may be transferred

from the firing walls to the side walls of the furnace, and OFA port shapes may be designed to

minimize structural modifications. Given the magnitude of retrofitting PC-fired boilers with

OFA and the moderate NOx reduction efficiencies of 15 to 30 percent, OFA does not appear

to be a primary retrofit technology for industrial sized PC-fired boilers. In general, the use of

OFA is considered more feasible for new boilers than for retrofit applications.

The second major technique of staging combustion is BOOS, in which ideally all of the

fuel flow is diverted from a selected number of burners to the remaining firing burners, keeping

firing capacity constant. For maximum effectiveness, it is often the case that the top row of

aAll ppm values in this study are referenced to 3 percent 02'
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burners be set on air only, mimicking the operation of OFA discussed above (Figure 5-3). For

PC-·fired boilers, this means shutting down the pulverizer (mill), as fuel flow cannot be shut off

at the individual burners as can be done with oil- and gas-fired units. This sometimes presents

a problem when pulverizers serve burners located on two separate levels. With PC-firing, BOOS

is commonly considered more of an operating practice for pulverizer maintenance than for NOx

control, as pulverizers are routinely taken out of service because of maintenance requirements.

The ability of boilers to operate units with one less pulverizer is generally very limited. For this

reason, BOOS is not a popular control option for PC-fired units.

Data for two wall-fired units operating with one pulverizer out of service show NOx

reduction efficiencies of 27 and 39 percent. For one 230 MMBtu/hr boiler, NOx was reduced

from 340 ppm to 250 ppm (0.46 to 0.34Ib/MMBtu), while for a 260 MMBtu/hr unit, NOx was

reduced from 1,065 ppm to 651 ppm (1.44 to 0.88Ib/MMBtu).12 However, in order to achieve

the 39 percent reduction rate with the larger boiler, it was necessary for that particular boiler

to be operated at 50 percent load reducti~n. Additionally, airflow could not be easily controlled

to the individu~burners so that burner swirl and coal air mixing were affected.12 Operating at

reduced load when using BOOS is often required for industrial sized units due to the limited

number of burners and pulverizers.

In summary, data from three wall-fired boilers operating with SCA techniques of OFA

and BOOS showed NOx reduction ranges of 15 to 39 percent, while the single tangential-fired

boiler with SCA showed 25 percent reduction (see Table 5-3). Although the two units operated

with BOOS accounted for the higher NOx reduction efficiencies of 27 and 39 percent, both had

to be operated at significantly reduced load. Ree.luse industrial units have fewer burners and

typically have more limited pulverizer-burner arrangements, BOOS is not considered a widely

applicable control technique.

5.2.1.2 LNBs for PC-Ilred Boilers

LNBs, principally designed for utility boiler applications, have also been retrofitted to

several large industrial boilers over the past decade. All major manufacturers of utility type

boilers offer LNB for PC firing. Some of the larger manufacturers are ABB-Combustion

Engineering, Babcock & Wilcox, Foster Wheeler, and Riley Stoker. In order to achieve low NOx

levels, LNBs basically incorporate into their design combustion techniques such as LEA, SCA,

or recycling of combustion products. One of the most common types of LNB is the staged air

burner.
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Air staging in this type of LNB is accomplished by dividing the combustion air into two

or more streams within the burner, delaying the mixing of fuel and air. A portion of the air is

used to create a fuel-rich primary combustion zone where the fuel is only partially combusted.

Secondary combustion of this unburned fuel occurs downstream of the primary burnout zone,

where the remainder of burner air is injected. Peak combustion temperatures are also lower

with the staged air burner because flames are elongated and some heat from the primary

combustion stage is transferred to the boiler tubes prior to the completion of combustion. As

discussed in Section 5.1, NOx formation is reduced due to the lowering of the peak flame

temperature, the delayed air/fuel mixing, and the low oxygen primary zone, where volatile fuel

bound nitrogen compounds reduce to form N2. Thus, both thermal and fuel NOx are reduced.

One example of a staged air LNB is Foster Wheeler's Controlled Flow/Split Flame

(CF/SF) LNB, which has been retrofitted to at least two industrial units. The CF/SF burner,

shown in Figure 5-4, is an internally staged dual register burner. The outer register, where

secondary air is injected, controls the overall flame shape while the inner register controls

ignition at the burner throat and the air/fuel mixture in the primary substoichiometric region

of the flame.13 The newer version of the CF/SF burner also incorporates a split flame nozzle

that forms four distinct coal streams. The result is that volatiles are driven off and are burned

under more reducing conditions than would occur without the split flame nozzle.9 CF/SF

burners have been retrofitted to a 110,0001b (steam)/hr (about 140 MMBtu/hr heat input)

single wall-fired boiler at a Dupont chemical plant in Martinsville, Virginia. This unit, fired on

bituminous coal, utilizes four CF/SF burners. Nearly 50 percent NOx reduction was achieved,

with average post-retrofit NOx emissions of 280 ppm (0.38Ib/MMBtu). Post-retrofit CO

emissions were 25 ppm. CF/SF burners were also retrofitted to a 125,000 Ib/hr (about

150 MMBtu/hr heat input) four~burner,wall-fired steam boiler, where 65 percent NOx reduction

from baseline was achieved. Post-retrofit NOx emissions at this site averaged 220 ppm

(0.30Ib/MMBtu).10 Figure 5-5 shows the NOx reduction performance of these two

units-labeled as numbers 4 and 5 in the figure-a.s well as several utility sized boilers.

Babcock & Wilcox's DRB-XCL burner also utilizes dual registers to achieve internal

staged combustion. The major elements of this burner are its use of a conical diffuser to

disperse the fue~ which produces a fuel-rich ring near the walls of the nozzle and a fuel-lean

core. Reducing species are formed by partial oxidation of coal volatiles from primary air and

limited secondary air. The reducing zone created in the fuel-lean core prevents NOx formation
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during devolatilization, and the reducing species generated by oxidation decompose the formed

NOx as combustion continues.14 In a DRB-XCL burner retrofit program to a 220,000 lb/hr

(about 275 MMBtu/hr heat input) wall-fired boiler at the ONeil Simpson Power Station in

Wyoming, average NOx emissions were reduced approximately 67 percent, when operating at

the same excess air level. Controlled NOx emissions for this unit ranged between 190 and

255 ppm (0.26 and 0.34Ib/MMBtu).15

Riley Stoker also manufactures a LNB for PC wall-fired units, known as the Controlled

Combustion venturi (CCVTM) burner. Figure 5-6 depicts this burner, which uses a single register,

unlike the dual register burners already discussed. The key element of this burner design is a

patented venturi coal nozzle and low swirl coal spreader located in the center of the burner. The

venturi nozzle concentrates fuel and air in the center of the coal nozzle, creating a fuel-rich zone.

As in the CF/SF LNB, the coal/air mixture is divided into four distinct streams which then enter

the furnace in a helical pattern. This produceS very slow mixing of the coal with secondary air,

which is injected through the single register. Devolatilization of the coal in the fuel-rich mixture

occurs at the ~urner exit in a substoichiometric primary combustion zone, resulting in lower fuel

NOx formation. Thermal NOx formation is suppressed by the reduction" of peak flame

temperature which results from the staged combustion.16

Riley's Tertiary Staged Venturi (TSV) burner is similar to the CCV burner but uses

additional tertiary air and an advanced air staging (OFA) system for reducing NOx emissions.

This burner was developed for use on Riley's TURBO furnaces as well as downfired and arch

fired boilers. These boilers are characterized by downward tilted burner firing, which lengthens

the residence time of combustion products in the furnace. As such, the inherently long furnace

retention time combined with gradual or distributed air/fuel mixing typically results in lower NOx

emissions than a conventional wall-fired unit operating at similar conditions with identical fuel. 16

TURBO furnaces are commonly used to burn low volatile coals such as anthracite, which require

longer residence time for complete combustion. Figure 5-7 shows a schematic of a TURBO

furnace and the TSV LNB. Six TSV burners, in conjunction with OFA, were used in a

400,000Ib/hr (about 470 MMBtu/hr heat input) industrial TURBO furnace at a paper

manufacturing facility in the Midwest. Firing bituminous coals, controlled NOx emissions ranged

between 220 and 370 ppm (0.30 and 0.50 Ib/MMBtu).17

A different type of LNB has becim developed for tangential-firing PC boilers,

incorporated into the LNCFS system. The burner itself, manufactured by ABB Combustion

5-17



1.1\
I­00

Shroud 'll-~

Actuotor

Burner
Heod 1If-

Reqisler Turn;nq Vanes

Secondory Air Shroud

Burner Fronl Plole

Venluri Cool Nozzle

Furnoce Wolerwoll

Air now Measurement Device
By Brandt Inslruments
(Fronl Plote Mounled)

u.s. Potent 4.479,442

Figure 5-6. Riley low-NOll: CCVN burner with secondary air dlverter.t6



lJl
I

'"""\0

..,~ TSV Burn.r

Adllanced TURBO Furnoce Stoging System .

Soco..d"f ll,

TSV Burner

,_ '4' Torti.,.,
Air , ......."
lll,oc.Io..11 V.....

Bur"., Ho..l.

COIIS"O.c1.,

Figure 5-7. Riley low-NOx TSV burner with advanced air staging for turbo-furnace, down-fired and arch-rll'ed installation.t6



Engineering, is referred to as the Concentric Firing System (CFS). The CFS creates local

staging by diverting a portion of secondary air horizontally away from the coal stream toward

the furnace waterwall tobes. This delays the mixing of secondary air with the coal during the

initial coal devolatilization stage of the combustion process, the stage when significant amounts

of fuel nitrogen are typically released. Early ignition and devolatilization are achieved by using

flame attachment coal nozzle tips. This early ignition and flame attachment feature provides

greater control over volatile matter flame stoichiometry while enhancing flame stability and

turndown.1S The boiler at Kerr-McGee Chemical, mentioned in the above discussion on OFA,

has been retrofitted with the LNCFS. Operating with the CFS LNB only, 18 percent NOx

reduction was achieved, to 269 ppm (0.36Ib/MMBtu). When the full LNCFS was used

(CFS+OFA), NOx reduction improved to 55 percent, with NOx at 148 ppm or 0.20 Ib/MMBtu.18

The LNBs discussed were originally designed for use on utility boilers. However, as

evidenced by the above industrial experiences, in most cases the burners are also applicable to

larger industrial PC-fired boilers. In some cases, as with the Neil Simpson unit retrofitted with

B&W DRB-XCL burners, modifications to the burner walls were necessary to accommodate the

larger LNBs. Furnace wall openings of the Neil Simpson unit were enlarged by replacing two

furnace wall tube panels, each containing two burner throats. IS In general, however, because

there are already existing burner ports, LNB retrofits to PC-fired units do not require as much

rework of the furnace walls as does installation of new OFA ports. However, significant

modifications may be required for the windbox in order to improve air distribution with changes

in the fuel ducting. Consideration must also be given to LNB flame characteristics such as shape

and length to avoid flame impingement on the furnace walls. Because flames from staged

combustion burners are often longer than from conventional burners, this may be a particularly

. important issue to small-volume furnaces.

NOx emissions data for PC-fired units with LNB are summarized in Table 5-3. For four

wall-fired units, NOx reductions ranged between 49 and 67 percent, with controlled NOx

emissions of 190 to 370 ppm (0.26 to 0.50 Ib/MMBtu). One tangential-fired unit experienced

18 percent reduction efficiency, with an NOx level of 269 ppm (0.36Ib/MMBtu). Again, the

minimum long-term NOx level that can be reached with LNB retrofit depends on several factors,

principally coal type, furnace dimension, boiler load, combustion air control, and boiler operating

practice.
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5.2.1.3 Rebum (Fuel Staging) with SCA, PC-rued Boilers

Reburning, also known as fuel staging, involves injecting a supplemental fuel into the

main furnace above the primary combustion zone to produce a secondary combustion zone

where a reducing atmosphere exists. The general idea is to provide a chemical path for the

primary zone NO to convert to N2 rather than N02. Hydrocarbon radicals formed during

secondary combustion provide this chemical path; hence, some of the NOx created in the

primary combustion zone is reduced to molecular nitrogen. OFA is utilized in conjunction with

rebuming to complete combustion of supplemental fuel. Domestic experience in the ICI sector

is nonexistent.

Rebuming has been chiefly developed and applied to larger industrial boilers in Japan.

Mitsubishi Heavy Industries (MIll) has developed the Mitsubishi Advanced Combustion

Technology (MACf) process utilizing oil as the reburn fuel. Use of MACf in a 700,000 lb/hr

(about 825 MMBtu/hr heat input) tangential-fired boiler at Taio Paper Company in Japan

resulted in a 30-percent NOx reduction to a level of 167 ppm (0.23Ib/MMBtu), during

bituminous coal firing. 19 MACf has been used in at least ei~t other wall or tangential coal­

fired industrial boilers in Japan, with capacities ranging between 170 and 200 MMBtu/hr. In the

United States, except for several utility demonstration projects and pilot scale test programs,

rebuming has not been applied to any commercial facility.20 The results from one pilot-scale

test are included in Appendix B-a test conducted at the 6 MMBtu/hr B&W Small Boiler

Simulator facility.

This test analyzed the NOx reduction efficiencies of reburning in a cyclone furnace with

three types of fuel-bituminous coal, residual oil, and nai ural gas. With the main burners of the

furnace firing bituminous coal, NOx reduction efficiencies of 54 to 65 percent were achieved.21

Results showed that reburning with natural gas produced the best NOx reduction and the lowest

average NOx emissions, between 235 and 420 ppm (0.32 and 0.57Ib/MMBtu). This was due to

the low nitrogen content of natural gas. Use of natural gas as the reburning fuel also brings the

added benefit of reducing S02 emissions. The use of coal as a reburn fuel resulted in the lowest

NOx removal efficiency. In general, the. data suggest that the cleaner the reburn fue~ the more

efficient the reburn process.

Prior to this pilot test, B&W had conducted a feasibility study of applying natural gas

reburn technology to cyclone-fired boilers. Cyclone boilers are currently being used in both the

utility and industrial sectors. Because cyclone boilers have a unique configuration that prevents
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the application of standard 10w-NOxburner technology-<:ombustion occurs within a water-cooled

horizontally-tilted cylinder attached to the outside of the furnaee-this study sought to assess the

feasibility of retrofitting existing cyclone furnaces with reburn controls. Reburning technology

prior to the pilot scale test had never been applied to cyclone-equipped boilers. From an

industrial boiler standpoint, the most important result of this study was the conclusion that in

general, it is unfeasible to retrofit cyclone boilers below 80 MWe capacity with natural gas reburn

controls, which essentially excludes all but the largest industrial cyclones.16 The reason for this

is that cyclone units below this size range generally have insufficient furnace height to allow

sufficient residence time for reburn and OFA to work effectively. For a 41 MWe boiler, it was

determined that the furnace would have to be extended by over 50 percent, which is

irnpracticaI.16 From this study, it appears that gas reburn is most applicable to larger existing

cyclone boilers.

Thus, reburn technology is generally not applicable for retrofit to smaller cyclone boilers

in the ICI sector because of insufficient furnace heights. For wall-fired and tangential-fired units,

however, natural gas or coal reburn may emerge as a viable NOx control technique for industrial

PC-fired units as indicated by utility demonstrations.

5.2.1.4 LNB with SCA

The use of LNBs with SCA (OFA) in PC-fired boilers combines the effects of staged

burner combustion and staged furnace combustion. ABB-CE, B&W, and Foster Wheeler offer

OFA with LNB systems for retrofit. OFA is an integral part of ABB-CE's LNCFS NOx

reduction package for tangential-fired boilers, and in fact is responsible for the majority of NOx

reduction achieved.1S As mentioned earlier, in the Kerr-McGee boiler in Califorri<t, 55 percent

NOx reduction was achieved with the LNCFS, combining OFA and the CFS LNB. Note that

the NOx reduction efficiencies for combined control techniques are not additive.

Emissions data for seven wall-fired units using LNB and SCA controls show NOx

reductions in the range of 42 to 66 percent (see Table 5-3). No baseline data were reported,

however, for one of the seven units. This reduction range reflects LNB and SCA performance

for six boilers. The 66 percent reduction efficiency was obtained on an industrial size

250 MMBtu/hr unit at Western lllinois Power Cooperative's (WIPCO) Pearl Station. Field tests

showed that under normal operation, 50 percent reduction of NOx was typically achieved while

under carefully controlled conditions, the 66 percent NOx reduction level was possible. Retrofit

of four distributed mixing burners with tertiary air ports required replacement of the front wall,

5-22



modifications to the windbox, replacement of the burner management system, and provision of

an alternative support structure for the hopper.22 Because of the extensive boiler modification

required for this particular LNB +SeA system, it is generally intended for use in new boiler

designs rather than in retrofit applications.

Controlled NOx levels for these wall-fired units ranged between 180 and 370 ppm

(0.24 and 0.50Ib/MMBtu). Generally, on utility boilers, NOx reduction performance for this

combination of controls can reach as high as 65 or 70 percent.23 Thus, for large (greater than

250 MMBtu/hr) industrial boilers, this may be the maximum reduction achievable as well.

However, insufficient data for PC-fired ICI boilers using LNB and SCA precludes reaching any

defmitive conclusions.

5.2.2 Combustion Modification NOx Controls for Stoker Coal-fued ICI Boilers

The two most commonly used combustion modification NOx controls for stoker coal­

fired ICI boilers are SCA and FGR. A third combustion modification, RAP, has not been

utilized as often. Gas cofiring with burners above the grate is under active evaluation. Table 5-4

summarizes the data compiled for stoker coal-fired ICI boilers with combustion modification

NOx controls. Available data are limited to 12 stoker units. The data show wide variability in

NOx control efficiency, ranging from -1 to 60 percent reduction. Controlled NOx levels for

spreader stokers with SCA ranged from 230 to 387 ppm (0.31 to 0.52 lb/MMBtu), while for

spreaders with FGR+SCA, NOx ranged from 140 to 350 ppm (0.19 to 0.47 lb/MMBtu). Data

were available for only one spreader unit with RAP. This unit had a controlled NOx level of

219 ppm (0.30 Ib/MMBtu).

5.2.2.1 SCA

Stoker units naturally operate with a form of staged combustion due to their design. As

the coal is fed onto the grate, volatile matter is driven from the fuel bed and burned above the

bed level. The coal solids remaining are subsequently burned on a bed with lower combustion

intensity. Because of this natural staging, NOx emissions from stoker units are generally lower

than those from PC-fired units of the same size.24 As presented in Appendix A, uncontrolled

NOx emissions ranged from 341 to 659 ppm (0.46 to 30.89Ib/MMBtu) during nine tests of PC

wall- and tangential-fired units ranging in size from 100 to 200 MMBtu/hr. For eight tests of

similarly sized stoker units, uncontrolled NOx levels ranged from 158 to 443 ppm (0.21 to

0.60Ib/MMBtu).
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TABLE 5-4. COMBUSTION MODIFICATION NOx CONTROLS FOR STOKER COAL-FIRED INDUSTRIAL BOILERS
=
Type of Controlled NOx

Control Stoker boiler %NOx levels ppm @
technique Description of technique tested reduction 3% O2, Ib/MMBtu Comments

SeA Reduction of combustion Spreader 6 350 (0.47) Danger of grate overheating,
air under the grate and Spreader 10 353 (0.48) clinker formation, corrosion,
increase of overfire air Spreader 26 237 (0.32) high CO emissions.
flow Spreader 31 263 (0.36)

Spreader 35 369 (0.50)
Spreader N.A.a 230-387 (0.31-0.52)
Overfeed -1 166 (0.22)
Overfeed N.A. 172-202 (0.23-0.27)

FGR+SCA Recirculation and mixing Spreader 0 300-345 (0.41-0.47) FG R primarily leads to NOx
of stack flue gas with the Spreader 13 350 (0.47) reduction by lowering
undergrate or overgrate Spreader 60 140 (0.19) achievable excess 02'

VI combustion airI
N
~

RAP Reduce temperature of Spreader 32 219 (0.30) Limited applicability to larger
preheated combustion units with air preheaters.
air Reduces boiler efficiency.

Gas cofiring Achieves lower NOx with Spreader 25 170 (0.23) Applicable to aU types of
reduced excess air stokers. Cofiring 5 to 40

percent gas possible.

aNA. = Not available. No baseline (uncontrolled) NOx data available.
Note: All test data were obtained from short-term tests.



The availability of existing OFA ports offers the opportunity for increased air staging.

Additional staging can be achieved by injecting more overfire air above the fuel bed while

reducing the undergrate airflow. Using OFA, the boilers for which data were collected show a

NOx reduction range of zero to 35 percent, averaging 17 percent reduction. In two boilers, OFA

did not affect NOx' Controlled NOx emissions ranged from 230 to 400 ppm (0.31 and

0.54 Ib/MMBtu) for the spreader stokers tested and 166 to 202 ppm (0.22 to 0.27 Ib/MMBtu)

for the overfeed stokers. No data were collected for underfeed stoker type boilers in this study.

Many older stokers incorporate OFA ports as smoke control devices. Therefore, these

OFA ports may not be optimally located for NOx control purposes. For example, in one test,

injection of OFA through oil burner ports high above the grate reduced NOx by 25 percent.

When OFA was injected through the actual OFA ports located closer to the grate, only

10 percent reduction was achieved.25

Because the use of SCA in stoker boilers requires reduced undergrate air flow for

staging, there are certain operationallim~tations involved. First, with the exception of a water­

cooled vibrating grate, the only grate cooling mechanism used in stoker units is the flow of

combustion air under the grate. During seA operation, if undergrate air is lowered too much,

the grate can overheat. There is also the possibility of creating local reducing zones with low

oxygen which may form harmful corrosion products.25 Still another problem that may arise from

reduced undergrate air firing is the formation of clinkers. For coals with low ash fusion

temperatures, significant clinker formation can be caused by the excessively high bed

temperatures resulting from combustion with insufficient amounts of excess air.26 Thus, a

minimum amount of undergrate air must be used to provide adequate rr.OOHg and cooling. As

such, there is a limit to the degree of OFA used in stoker boilers and consequently achievable

NOx reduction.

5.2.2.2 FGR with SeA

The requirements of mixing and cooling when using SCA can be met to a certain degree

by recirculating a portion of the flue gas to the furnace and mixing it with the fresh combustion

air. One effect of FGR in stoker units is that recirculated flue gas dilutes the oxygen

concentration of the combustion air, allowing boiler operators to lower the overall excess air level

which consequently reduces formation of NOx' FGR is primarily considered a thermal NOx

control technique, reducing NOx by lowering the peak furnace temperature. Because
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temperatures in ICI stoker units are lower than in PC-fired units, thermal NOx control has not

been as high a priority for stoker coal-fired boilers.

Figure 5-8 depicts a schematic of a stoker boiler equipped with FGR. Flue gas is drawn

from the entrance of the stack and mixed with the undergrate combustion air. This type of FGR

system was used in a 100,000Ib/hr (125 MMBtu/hr heat input) spreader stoker fired on

bituminous coal. Test results from this boiler illustrate the effect of FGR on allowable excess

oxygen and consequently, its effects on NOx' In this unit, minimum excess oxygen levels and

boiler load were restricted by opacity. To prevent opacity from reaching unacceptable levels,

pre-retrofit load was limited to 80 percent of capacity and the boiler was operated at minimum

stack excess oxygen of 8 percent. Figure 5-9 illustrates the effect of adding FGR to the boiler

on allowable excess oxygen. After retrofit, boiler operators could lower excess oxygen levels to

as low as 3 percent, keeping opacity the same as pre-retrofit levels. Not only does this represent

a significant increase in boiler efficiency, but because NOx is dependent on the excess oxygen

used, lower emission levels were achieved, as shown in Figure 5-10. Thus, at a constant load of

80 percent, using FGR allowed the excess oxygen level to be reduced from 8 percent to

approximately 3.5 percent, resulting in a reduction of NOx by as much as -60 percent. A

controlled emission level of 140 ppm (0.19Ib/MMBtu) was measured.27 Another spreader

stoker unit also displayed similar characteristics when operated with FGR, experiencing

13 percent NOx reduction. Less reduction was achieved in this unit because excess air was not

reduced as much.26 In a third spreader stoker, however, no NOx reduction was achieved using

FGR, since initial excess oxygen levels were already quite low at 4 percent. FGR did not allow

the boile~ operators to reduce oxygen concentration, thus resulting in no measurable change in

NOx emissions.26

FGR was also applied to an overfeed stoker, but test results showed the use of FGR on

this boiler to be unsatisfactory. Unlike spreader stokers which utilize the entire length of the'

grate for primary combustion, overfeed stoker units often have shorter active grate combustion

zones depending on the location of the furnace wall arch over the grate, as shown in Figure 5-11.

The particular boiler tested had a very short active combustion zone limited to the front half of

the grate, due to the location of its furnace arch. The lowering of excess oxygen in the

combustion air with FGR caused the active combustion zone to lengthen beyond the furnace

arch, resulting in flame quenching and impingement on the arch. Also, FGR caused unstable

combustion at the front portion of the active combustion zone.26 In contrast with overfeed
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stokers, FGR's effect of lengthening the active combustion zone in spreader stokers is of little

consequence because the length required for the coal to bum out is much shorter than the length

ofthe fuel bed.27

In summary, the use of FGR in stoker coal-fired ICI boilers has been demonstrated

successfully in a limited number of boilers. NOx reduction on two of the spreader stokers ranged

from 13 to 60 percent. For the overfeed stoker unit, FGR caused unsatisfactory combustion

conditions including flame quenching, flame impingement, and unstable combustion. The

primary effect of FGR is to allow reduction of the excess oxygen level of the boiler, thereby

reducing NOx emissions and increasing boiler efficiency. FGR has also been shown to be

beneficial in dealing with grate overheating.

5.2.2.3 RAP

RAP is limited to stokers equipped with combustion air preheaters. Usually only larger

stokers with heat input capacities greater than 100 MMBtu/hr tend to have air preheaters.28

RAP is not commonly used in such boilers because significant losses in boiler efficiency occur

when the flue gas bypasses the air preheaters. In bypassing the preheaters, recoverable heat

from the flue gas is not utilized and the temperature of the flue gas leaving the stack is increased

unless major equipment modifications are made to the heat transfer surfaces. Available

emissions data for RAP is limited to one spreader stoker boiler. Reduction of preheated

combustion air temperature reduced NOx by 32 percent.28 Because of its limited applicability

and negative effects on boiler efficiency, RAP is not considered a primary NOx control method

for stoker coal-fired ICI boilers.

5.2.2.4 Natural Gas Cofrring

Gas cofiring for stokers has only recently been investigated for improving boiler

operation and reducing emissions. The technique involves burning a fraction of the total fuel,

typically 5 to 15 percent, as natural gas above the grate. The cofiring improves boiler efficiency .

through reduced excess air, lower LOI in ash, and reduced flue gas exit temperature. The

reduced excess air lowers NOx levels. Recent tests on a spreader stoker have shown that NOx

emissions can be reduced by 20 to 25 percent.29 More tests are planned.

5.2.3 Combustion Modification NOxControls for Coal-frred Fluidized-bed Combustion (FBC)
ICI Boilers

In FBC boilers, the fuel is burned at low combustion temperatures, 790 to 900°C (1,450

to 1,650°F). At these low temperatures, NOx formation is limited to the conversion of fuel

nitrogen (fuel NOx). At these low combustion temperatures, studies have shown little correlation
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between temperature and NOx emission, thus combustion modification NOx controls for FEC

boilers focus on the control of fuel NOx.30,31 The principal combustion modification controls

used for NOx reduction in FBC boilers are staged combustion, control of bed temperature, and

FGR. Table 5-5 summarizes the performance and process requirements of these three

techniques. Each of these control approaches is discussed in the following subsections. Process

variables that impact NOx formation are also discussed. As indicated earlier, most combustion

modification research for FEC has been conducted on pilot scale facilities. Available data from

full-scale units are limited; thus, the pilot-scale data offer the greatest insights into the control

mechanisms and NOx reduction potential of these controls.

5.2.3.1 SCA in Coal-rued FBC Boilers

SeA is widely accepted as the most effective combustion modification control for

reducing NOx from FBC boilers. Nearly all new commercial FBC units come equipped with

overfire air ports along the freeboard section of the combustor to inject secondary and

sometimes tertiary combustion air.32 The primary objective of using SCA in an FBC boiler is

to reduce NOx formation by operating the fluidized bed of a bubbling FBC (BFBC) boiler, or

. the 100~er portion of a circulating FEC (CFBC) boiler under substoichiometric conditions.

Additionally, secondary air injection at high levels in the furnace help ensure good carbon, CO,

and hydrocarbon burnout.33

SCA is generally more effective for high to medium volatile coals than for low volatile

fuels such as anthracite. High-volatile-content fuels, also described as high-reactivity fuels

(reactivity being defined as the ratio of volatile matter to fixed carbon), contain larger amounts

of fuel nitrogen in the volatile matter. When introduced +0 the combustor, these fuels undergo

thermal decomposition and quickly release the organically bound nitrogen in the volatile matter,

whereupon it combines to form NO in the presence of oxygen. By using SCA, which lowers the

excess oxygen level in the dense portion of the fluidized bed, this conversion of volatile nitrogen

to NO is suppressed. For lower volatile fuels, the amount of fuel nitrogen in the volatile fraction

is also lower. For these fuels, conversion of char nitrogen to NOx dominates the overall fuel

NOx' and nitrogen is released at a much slower rate which is a function of the char combustion

rate. Thus, SCA has less of a NOx reducing effect for these lower reactivity fuels. 33

NOx reductions due to SCA in coal-fired FBC boilers have been reported on the order

of 40 percent for full scale units in the ICI sector.34 For example, Figure 5-12 shows the effects

of SeA on NOx and CO emissions for a 16 MWe BFBC boiler firing bituminous coal at
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TABLE 5-5. NOx CONTROL TECHNIQUES FOR FBC BOILERS30

Control technique Control mechanism Application limits Potential limitations

Excessive temperature reduction
increases CO and carbon loss
(efficiency reduction), necessitating
longer gas residence time for char
combustion, especially with low
reactivity coal

Increase in CO emissions, carbon
loss, and reduced sulfur capture
primarily in FBC under severe
staging (SRI <0.8); excessive steam
temperature

Excessive steam temperature,
potential loss of fluidization with
loss of FOR; FOR hardware
reliability; reduced sulfur retention.

Bed temperature is tied to fuel
reactivity (ratio of
volatiles/fixed carbon). Higher
bed temperature or an increase
in residence time is required
for low reactivity coal.
Optimum temperature is
between 1,500 and 1,600°F for
high sulfur capture.

Not a common control
technology. FGR typically
limited to 20 to 25 percent due
to effects on fluidization
velocity.

Secondary/primary air ratio
limited by fluidization
requirements in FBC and
reheat steam temperatures

NOx lowered principally by
diluting the combustion air,
thus reducing oxygen in the
lower bed where NOx is
principally formed

seA Staged combustion reduces
oxygen for conversion of
volatile nitrogen; promotes
heterogeneous NO reduction
with CO over char; causes
increase in Ca0 char
concentration in dense bed

Lower bed temperature
reduces volatile nitrogen
conversion and increases
heterogeneous reduction
between char and formed NO

FOR

Control of dense
bed temperature

VI•W
IV
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Figure SoU. Effect of SCA on NOx and CO emissions, Chalmers Universit)'.34

Chalmers University in Sweden. Keeping the total excess air between 20 and 23 percent, NOx

was reduced 40 percent from 125 to 75 ppm (0.17 to 0.10 IbjMMBtu) when 20 percent of the

total air supply was injected through OFA ports. When the proportion of air injected as

secondary air was increased to 25 percent, NOx ~eduction from baseline was only slightly more

than 40 percent. Meanwhile, CO emissions more than doubled from a baseline level of 270 ppm

to 565 ppm.34 NOx reduction efficiencies of as high as 60 to 70 percent have also been reported

in several pilot-scale tests.32 For instance, at the TNO Research facility in Sweden, tests

conducted on a 14 MMBtujhr BFBC unit with SCA showed 67 percent NOx reduction.35 Pilot­

scale tests, however, generally involve much higher amounts of staging-i.e., lower primary zone

stoichiometries-than are practically achieved in full scale units, due to concerns over combustion

efficiency, corrosion of watertubes, and refractory integrity.32

Besides the amount of SCA used and fuel type, the location of the OFA ports can also

have a significant impact on NOx reduction. Several tests have shown that the greater the

distance to the secondary air ports, the greater is the NO suppression.36-38 This is due to the
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increased residence time between the primary and secondary air injection stages. However,

there are practical limits on how high in the freeboard the OFA can be introduced without

affecting combustion efficiency, corrosion, and steam temperature control. Additionally, because

of the different rates of fuel nitrogen conversion for low- or high-reactivity coals mentioned

earlier, in order to maximize NOx reduction the optimal secondary air location must be

specifically designed for each type of fuel used, as well as for fuel with different size

distributions.

Reported NOx emission levels for FBC units with SCA have been highly variable

depending on the capacity, fuel type, OFA port location, and design type (i.e., CFBC or BFBC)

of the boilers. For instance, controlled NOx emissions from a 222 MMBtu/hr CFBC unit fIred

on bituminous coal ranged from 51 to 335 ppm (0.07 to 0.45 lb/MMBtu), while an identical unit

fired on brown coal emitted 103 to 155 ppm (0.14 to 0.21Ib/MMBtu) ofNOx•33 Another CFBC

unit,· rated at 140 MMBtu/hr and firing bituminous coal, emitted 280 ppm (0.38Ib/MMBtu)

NOx.39 Data obtained for full-scale units showed controlled NOx emissions ranging from 39 to

335 ppm for fIve CFBC boilers, and 75 to 100 ppm for two BFBC units. These data are

tabulated in Table 5-6. Other sources have reported practical NOx limits achieved with SCA to

be between 80 and 130 ppm (0.11 and 0.18 Ib/MMBtu) for CFBC and 100 to 200 ppm (0.14 to

0.27 Ib/MMBtu) for BFBC boilers.32

5.2.3.2 Bed Temperature Control

The temperature within FBC boilers is determined primarily by the combustion

requirements of the coal and the temperature required to maximize sulfur capture. The

optimum temperature range for sulfur capture is sao and 850°C (1,470 to 1,560°F).40 In this

range, the sulfur capture can be as high as 98 percent depending on the Ca/S ratio, sorbent

reactivity and size, residence time, and ash recirculation rate.

Low bed combustion temperature lowers the formation of thermal NOx ' The effects of

bed temperature on NOx formation for a pilot-scale BFBC was reported to be about 2 to 3 ppm

NOx reduction for every lOOC in temperature drop.41 Figure 5-13 shows this effect, as well as

the bed temperature's effect on CO emissions, which increase as temperature is lowered. The

effects of bed temperature on NOx and CO are shown in Figure 5-14 for the full-scale 16 MWe

BFBC test unit at Chalmers University, showing 54 percent NOx reduction when bed

temperature was lowered from 880 to 780 0 e (1,620 to 1,440°F). This equates to 13 ppm NOx

reduction per lOoe temperature drop, a greater effect than was experienced with the pilot-scale
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TABLE 5-6. REPORTED CONTROLLED NOx EMISSION LEVELS, FULL-SCALE,
COAL-FIRED FBC BOILERS

Control technique FBC boiler type

Controlled NOx level,
ppm @3%02'

Ib/MMBtu

seA Circulating
Circulating
Circulating
Circulating
Circulating
Bubbling bed
Dual bubbling bed

FGR+SCA Circulating
Circulating

39-245 (0.05-0.33)
51-335 (0.07-0.45)

100 (0.14)
103-155 (0.14-0.21)

280 (0.38)
75 (0.10)
100 (0.14)

90-116 (0.12-0.16)
100-115 (0.14-0.16)
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Figure 5-13. NOx and CO versus bed temperature, pilot-scale BFBC.41
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unit. The difference in temperature dependence is most likely due to differences in furnace

geometry and the type of coal used. Unlike the pilot-scale results shown in Figure 5-13, CO

emissions at Cti~ilners did not increase with lowered bed temperature, remaining fairly constant

at 270 ppm.34 For a CFBC pilot unit, the effect of bed temperature on NOx reduction was

8 ppm reduction per lO°c.42 Similarly, tests conducted at the fonner 110 MWe CFBC Nuclear.

Power Station showed roughly 10 ppm NOx reduction per lOOC temperature drop in the bed.43

Although lowering bed temperature has shown measurable reductions in NOx' the

lowering of bed and freeboard gas temperatures is not considered a primary NOx control

method. Steam temperature controL sulfur capture, and combustion efficiency usually do not

allow bed and freeboard temperatures much lower than 815°C (1,500°F).40 Under staged

combustion, lower bed and freeboard temperatures are not generally desired since temperature

affect~ the rate of gas-solid catalytic reactions intended to reduce NOx'
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5.2.3.3 FGR in Coal-nred FBC Boilers

FGR through the air distribution plate in a FBC boiler is not a widely accepted NOx

control technology, or one that has received much research effort to date.40 In general, FGR

allows operation with reduced combustion oxygen levels in the dense portion of the bed,

contributing to NOx reduction. To some extent, FGR also reduces thermal NOx by lowering the

peak combustion temperature. When FGR is used in combination with SCA, the primary

mechanism that results in NOx reduction is the gas temperature drop in the lower portion of the

bed combined with a localized reduction in the oxygen concentration. However, thermal NOx

reduction in FBC is not as high a priority as the control of fuel NOx. FGR application in FBC

has been limited for the most part to pilot scale research. However, test results reported for two

full scale CFBC units with SCA and FGR show a marked NOx reduction efficiency of nearly

70 percent for FGR rates in excess of 30 percent. Controlled NOx emissions ranged from 90 to

116 ppm (0.12 to 0.16 Ib/MMBtu).33 These data are listed in Table 5-6 and in Appendix B.

Several disadvantages of applying FGR to CFBC units have been identified33:

• Combustion efficiency and sulfur retention are generally lowered

• Larger combustor, backpassing boiler chamber, greater baghouse capacity, and fan

size are required

• Greater power consumption is required for additional equipment

• Boiler capital and operating costs are increased

Because of these potential adverse side effects, FGR is generally not considered a viable NOx

control technology for FBC boilers.40

5.2.3.4 Other Process Variables AfTectinf: NOx

The actual NOx levels achieved by combustion modification or other controls will

depend on several process variables which can influence NOx emissions in FBC boilers. These

variables can be grouped into three major categories: chemical and physical coal properties,

chemical and physical properties of sorbent and bed material, and FBC operational variables.

Coal Properties

Two important coal properties are the reactivity and size. Lower reactivity coals emit

lower levels of NOx under both staged and unstaged conditions, due to the catalytic properties

of char in reducing formed NO, and because of the rapid oxidation of volatile nitrogen to NO.43

However, coals with low reactivity, and, hence, lower volatile content, are generally burned less

efficiently in FBC boilers than high reactivity coals. Also, SCA is not as effective in reducing
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NOx when low reactivity coals are burned, as discussed in Section 5.2.3.1. Generally, an increase

in coal size tends to reduce NOx and improve thermal efficiency. NOx is reduced due to the

reduced surface area of the char which acts as a catalyst in NH3 oxidation to NO in the presence

of excess oxygen.44 Thermal efficiency tends to improve as a result of the lower levels of

elutriated coal leaving the bed.44

NOx emissions also depend on the nitrogen content of the volatile fraction of the coal

being used, generally increasing as this nitrogen content increases. Under staged combustion,

fuel nitrogen conversion is significantly reduced from typically 6 to 7 percent to as low as 1.5 to

2.5 percent, depending on the degree of staging. Thus, the effect of nitrogen content on NOx

emissions will tend to be less under staged conditions than for unstaged combustion.

The sulfur content of the coal does not in itself have any effect on NOx emissions.

Indirectly, however, the use of high-sulfur coals requires more limestone sorbent to suppress S02

emissions, which will likely increase NOx unless the FBC boiler is operated with some degree

of air staging. This is because under oxygen rich conditions, excessive calcined limestone (CaO)

acts as a catalyst in the oxidation of NH3 to NO, increasing the conversion rate of volatile

nitrogen to NO.44 With combustion staging, CO levels in the dense portion of the bed reduces

formed NO over char and CaO surfaces.

Sorbent/Bed Material

NOx emissions are also affected by the chemical and physical properties of the bed

material and sorbent used for sulfur capture. An increase in Ca/S ratio for improved sulfur

capture, for example, will increase NOx' especially under unstaged combustion conditions, as

discussed earlier. CFBC boilers utilize lower Ca/S levels than do BFPC anits, and thus tend to

emit less NOx' With staged combustion, however, the effect of Ca/S ratio on NO formation is

reduced due to the catalytic effect of CaO and CaS on NOx reduction in the presence of high

concentrations of CO.

Operational Variables

Several operational variables have been reported to affect NOx formation, including ash

recirculation, coal distribution in the bed, and fluidization velocity. Of these, ash recirculation

has the most effect. When CaO concentrations in the ash are low and char and CaS04

concentrations are high, a net reduction in NOx is achieved with increased ash recycle. The

CaS04 acts as a catalyst in oxidation of NH3 and reduction in NO in the freeboard section of

the furnace, according to localized temperature and concentration of NH3 and O2.45 This was

5-38



demonstrated in a 125 MMBtu/hr BFBC boiler in Japan, where the use of ash reinjection

resulted in a 67 percent NOx reduction, from 90 to 30 ppm (0.12 to 0.04 Ib/MMBtu).41

Data on the effect of coal distribution in the bed are generally sparse and inconclusive.

In small pilot-scale combustors, improved bed uniformity has been shown to increase NOx'

However, under staged conditions, it is likely that better distribution of the coal and increasing

the bed depth will offer improved NOx control and more efficient operation, although the

reduction is anticipated to be small.46

The effect of fluidization velocity on NOx emissions from FBe boilers is generally small.

At constant high excess air levels, an increase in fluidizing velocity has shown a small effect on

NOx' When overall excess air is kept low, the effect is relatively insignificant.46

In summary, NOx emissions from FBC boilers are influenced by several design and

process parameters to such an extent that NOxlevels can vary significantly from one unit to the

next. For a given type of FEC design, coal properties such as nitrogen content and reactivity;

and FBC operating conditions such as bed temperature, ash recirculation, and coal distribution;

are principal variables affecting NOx' Additionally, the sulfur 'content of the coal together with

the required amount of sulfur capture determine the amount of sorbent used, which in turn

influences NOx' Sorbent reactivity and size distribution also play important roles in NOx

emissions since they affect calcium utilization in the fuel bed. Of the combustion modification

NOx control techniques examined in this section, SCA is the most widely applicable and cost­

effective method.

5.3 COMBUSTION MODIFICATION NOx CONTROLS FOR OIL- AND NATURAL-GAS­
FIRED ICI BOILERS

Combustion modification NOx controls f!Jr full-scale oil- and natural-gas-fired ICI boilers

have been implemented primarily in California. Most of the retrofit activity has been in

response to local air districts' rules restricting NOx emissions from boilers and process heaters.

For example, SCAQMD Rules 1146 and 1146.1 regulate NOx emissions from boilers as small

as 2 MMBtu/hr in capacity. Rule 1146 restricts NOx emissions from ICI boilers with heat input

capacities of 5 MMBtu/hr or more to 40 ppm (0.05 Ib/MMBtu), unless the unit is greater than

or equal to 40 MMBtu/hr capacity and" has more than a 25 percent annual capacity factor, in

which case NOx emissions are limited' to 30 ppm. Rule 1146.1 mandates a 30 ppm

(0.04Ib/MMBtu) limit for ICI boilers of at least 2 MMBtu/hr capacity but less than

5 MMBtu/hr. Additionally, several districts restrict NOx from hoilers used in the petroleum

rerming industry. It should be noted that these limits are possible in Southern California only
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because of the reliance on clean burning natural gas and light distillate oil. Applicable controls

include WI/SI; FGR; LNB; SCA, including BOOS and OFA; and a combination of these.

The control of NOx from fuel oil combustion relies on the suppression of both fuel and

thermal NOx' while with natural gas combustion, NOx control focuses primarily on thermal NOx

only. In order to achieve this suppression, control methods involve combustion staging or

reduction of peak flame temperature. Applicable combustion modification control techniques

are SCA, including BOOS and OFA; use of LNBs; FGR; and combinations of these techniques.

As explained earlier in this chapter, load reduction, reduced air preheat, and low excess air fIring

are not considered independent or viable control technologies. Fuel switching has traditionally

not been viewed as a control technology. However, the switching from coal to oil or gas and

from high-nitrogen residual oil to lighter oil fractions or gas have come under increased

consideration in regional and seasonal NOx compliance options. Fuel switching is discussed in

this section along with more traditional combustion modification controls.

Tables 5-7 and 5-8 summarize the information available on the performance and

applicability of these techniques for natural-gas-fired and oil-fired ICI boilers, respectively. For

natural-gas-fired boilers, more data were available for watertube units equipped with LNB or

combined LNB and FGR. Controlled NOx levels for these units ranged from as low as 13 ppm

(0.02Ib/MMBtu) to as high as 170 ppm (0.20 Ib/MMBtu). The limited data available for gas­

fired watertube units with SCA show controlled NOx levels of 50 to 200 ppm (0.06 to

0.24Ib/MMBtu). Controlled NOx emissions from gas-fired firetube units, most equipped with

FOR, ranged from 15 to 68 ppm (0.02 to 0.08Ib/MMBtu).

The data presented in TaNe 5-8 also show wide variability in controlled NOx levels. For

. example, units fired on distillate oil with LNB showed NOx ranging from 60 to 260 ppm (0.08

to 0.33 Ib/MMBtu). With combined LNB and FGR, NOx ranged from 30 to 200 ppm (0.04 to

0.25 Ib/MMBtu).

The following subsections, 5.3.1 through 5.3.7, describe each of these methods as they

are applied to both oil and natural gas combustion. Although differences in fuel type are

acknowledged and affect NOx emission levels, in general the control equipment and techniques

used for oil and natural gas fIring are similar. In fact, a large percentage of industrial boilers

are capable of burning gas and oil individually or in combination.47 All data collected for this

section are contained in Appendix B. Additionally, data provided by Coen Company and
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TABLE 5-7. COMBUSTION MODIFICATION NOx CONTROLS FOR FULL-SCALE NATURAL-GAS-FIRED INDUSTRIAL
BOILERS

Number of Controlled NOx
Control industrial levels ppm @

technique Descrlptlon_~f technique boilers tested % NOy reduction 3% 92' Ib/MMBtu Comments

WI Water injected into the flame in amounts Watertube-28 50-77 35-45 (0.04-0.056)
equivalent to a fraction of the fuel.

Thermal efficiency loss of 0.5 to 2.5%.
Often implemented with aT, LNB, or
BOOS. CO increase is expected.
Experience limited to Southern
California.

SCA Fuel-rich firing burners with secondary
air injection.

Watertube-5b

Watertube-'F
17-46
NA.d

50-200 (0.06-0.24)
67-170 (0.08-0.20)

Includes BOOS and OFA. BOOS
applies to multi-burner units only.

Flameless premix ceramic radiant burner Firetube-6 53-82 9-30 (0.01-0.036)

Requires motor, fan, and connecting
ducting. Reported NOx data is for
FGR rates of 10 to 30%.

LEA LNBs more applicable to single­
burner systems. Staged air burners
could result in name impingement on
furnace walls of smaller units.

Special design LNB limited to firetube
aJ>Plicll!ions « 10 MM~tuJhr).

18-67 (0.02-0.08)
30-85 (0.04-0.10)

67 (0.08)

25-140 (0.03-0.17)
30-170 (0.04-0.20)f

<40 «0.05)

5

53-74 (for 2 boilers)C
NA.

39-71 (for 5 boilcrs)C
NA.
NA.

Firctub'o-l b

Watertube-20b

Watertube-13c

Watertube-18b

Watertube-17'F
Watertube-21 g

Recirculation and mixing of stack flue
gas with burner combustion air.

LEA burners operate at lower oxygen
concentrations. Staged combustion
burners control mixing of primary
coml>ustion air and fuel. Also have
radiant ceramic fiber burner which Firetube-5b 32c 23-68 (0.03-0.08)
redl!ces peak furnace temperature. Firetube-2g NA. . <:40 «0.05)

Radiant
LNB

FGR

LNB

VI
I

.J:>,-

LNB+FGR Combination of LNB and FGR control
techniques.

Firetube-57

Watertube-22b

Watertube-50c

Firetube-5b

55-76 (for 10 boilerst 16-61 (0.02-0.08)

55-84 (for 5 boilers)C 13-39 (0.02-0.05)
NA. 25-170 (0.03-0.20)
NA. 20-37 (0.02-0.04)

Combined methods are not additive in
their effectiveness.

LNB+SCA Combination of LNB and SCA control
techniques.

Watertube-9c NA. 85-170 (0.10-0.20) Applicable principally to multi-burner
boilers.

BOata primarily from Reference 48.
bOata primarily from test reports. See Appendix B. •
COata from LNB vendor (Coen Company). See Appendix C. NO. levels are not necessarily actual. Often represent vendor-guaranteed levels.
dN.A. = Not available. No baseline (uncontrolled) NO. dala available.
eNo baseline (uncontrolled) NO. dala available for remainder of bOIlers.
fRange for 95 percent of units listed in Appendix C.
gOata from LNB vendor (fampella Power Corp.). See Appendix C.
Note: Watertube boilers include both single-burner packaged boilers and multi-burner field-erected boilers. For more detail on emission results from single-burner (PKG-WT) and
multi-burner (FE-WI) units, see Section 5.6 and Appendix B.



TABLE 5-8. COMBUSTION MODIFICATION NOy CONTROLS FOR OIL-FIRED INDUSTRIAL BOILERS

Controlled NO.
Control Number of industrial % NO. levels ppm @

technil}!le Description of t~chnique _ boilers tested reduction 3% On Ib/MMBtu

LNB Staged combustion burners control Residual WT, FT_1Sa
,b 30-60 69-200 (0.09-0.25)

mixing of primary combustion air
and fuel Residual WT-24c NA.d 80-475 (0.10-0.60),

Comments

Staged air burners could result
in flame impingement on
furnace walls of smaller units.

LNB+FGR Combination of LNB and FGR
control techniques

LNB+SCA Combination of LNB and SCA
control techniques

1II
~
tv

FGR

SCA

Recirculation and mixing of stack
flue gas with combustion air

Fuel-rich firing burners with
secondary air injection

Distillate WT-1' N.A. 60-119 (0.08-0.15)
Distillate Wf_71c NA. 65-260 (0.08-0.3W
DistiJJate Ff-lb 15 120 (0.15)

Residual WT_2b 4-30 91-197 (0.12-0.25)
Residual WT-IC NA. 275 (0.35)

DistiJJate WT_6b 20-68 28-120 (0.04-0.15)
DistiJJate WT-2c NA. 240 (0.30)
DistiJJate FT_llb NA. 28-126 (0.04-0.16)

Residual WT_llb 5-42 157-588 (0.20-0.74)
Residual WT_3c NA. 160-240 (0.20-0.30)
Residual Ff_1b 49 90 (0.11)

Distillate WT_1b 30 77 (0.10)
DistiJJate WT_3c NA. 70-95 (0.09-0.12)

Residual WT_1b NA. 180 (0.23)
Residual WT_4C NA. SO-435 (0.10-0.55)

Distillate WT-10b NA. 20-103 (0.03-0.13)
DistiJJate WT-26c N.A. 30-200 (0.04-0.25)

Residual WT_llC NA. 160-315 (0.20-0.40)

Requires motor, fan, and
connecting ducting. Reported
data are for FGR rates of 10 to
30%.

Includes BOOS and OFA.
BOOS applicable for boilers
with multiple burners only.
Firetube test experimental.

Combined methods are not
additive in their effectiveness.

Applicable principally to multi­
burner boilers.

Distillate WT-6c NA. 160 (0.2())

Watertube boilers include both single-burn,er packaged (PKG-WT) boilers and multi-burner field-erectedawr = watertube; Ff = firetube.
(FE-WT) boilers.

bData primarily from test reports. See Appendix B.
CData from Coen Company. See Appendix C. NO. levels are not necessarily actual.
dNA. = Not available. No baseline (uncontrolled) NO. data available.
"Range for 90 percent of units listed in Appendix C.
'Range for 96 percent of units listed in Appendix C.

Often represent vendor-guaranteed levels.



Tampella Power Corporation are contained in Appendix C. These data include emission levels

based on vendor guarantees, and actual recorded emissions.

5.3.1 Water Injection/Steam Injection <WI/SI)

WI/SI are effective control techniques for reducing thermal NOx in natural-gas-fired ICI

boilers. When water or steam are injected in the flame, they reduce the peak flame temperature

and the oxygen concentration. The quenching of the flame reduces the NOx by as much as

75 percent, depending on the amount of water or steam injected. Less water than steam is

needed to achieve the same quenching effect because of the heat of vaporization required to

change water into steam.

WI has seen very limited application in Southern California, where NOx emission

regulations are the most stringent. Because of low initial cost, the technique is considered

particularly effective for small single-burner packaged boilers operated infrequently.48 In these

applications, the oil gun positioned in the center of the natural gas ring burner is used to inject

the water at high pressure. The amount of water injected normally varies between 25 and

75 percent of the natural gas feedrate, on a mass basis. Figure 5-15 illustrates the general trend

.of NOx . reduction with water injection rate. However, the technique has some important

environmental and energy impacts. For example, CO emissions increase because of the

quenching effect on combustion, and the thermal efficiency of the boiler decreases because the

moisture content of the flue gas increases, contributing to greater thermal losses at the stack.

Another concern related to the technique is its potential for unsafe combustion conditions that

can result from poor feedrate control.

5.3.2 Low-NOx Burners (LNBs) in Natural-gas- and Oil-rtred leI Boilers

LNBs for natural-gas- and oil-fired ICI units are becoming more widespread as the

technology has been commercialized and improved, and as regulatory requirements become

stricter. LNBs in the ICI sector have been applied primarily to packaged watertube ICI boilers,

and to a lesser extent, to packaged firetube and field erected watertube boilers. Most of the

available data are from gas-fired boilers located in California. Some of the principal types of

LNB available are staged combustion burners, relying on either staged air or staged fuel, LNB

with FGR, and ceramic fiber burners. Additionally, another type of burner known as the cyclonic

combustion burner has recently been introduced. Major manufacturers of staged combustion

burners for ICI sized boilers include Coen Company, Inc., Faber Burner (Tampella Power), Todd

Combustion, Peabody, Riley Stoker, Industrial Combustion, and the John Zink Company. Alzeta
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Figure 5-15. As the rate of water injection increases, NOx decreases.48

Corporation has developed the radiant ceramic burner, while York-Shipley has recently

introduced the cyclonic burner, both of which are for use primarily in smaller packaged firetube

boilers.

There are also burners known as LEA burners, which reduce NOx formation by

operating at low oxygen concentrations. An added benefit of LEA burners is improved thermal

efficiency. When compared to conventional burners, however, these burners provide moderate

. reductions in N0x.' reportedly on the order of 10 to 25 percent reduction.49 The primary

benefits of LEA burners are their increased efficiency and fuel saving characteristics. Because'

of the greater difficulty in achieving equal air distribution in multiple burner systems, LEA

burners are generally more applicable to single burner systems.

The data in Tables 5-7 and 5-8 indicate that ICI boiler LNB experience includes the

reported NOx levels and reduction efficiencies shown in Table 5-9, exclusive of LNB vendor data

from Appendix C. There are many factors that affect the level of NOx achieved with these

burners. The nitrogen content of residual oil, the heat release rate, and the amount of

combustion air preheat combined with level of FOR used for gas fuel are among the more
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TABLE 5·9. REPORTED NOx LEVELS AND REDUCTION
EFFICIENCIES IN ICI BOILERS WITH LNBs

Fuel Performance levels

Residual oil 30-60%
0.09-0.60 Ib/MMBtu

Distillate oil N.A.a

0.08-0.33 Ib/MMBtu

Natural gas conventional burners 32-71%
0.03-0.20Ib/MMBtu

Natural gas radiant burners 53-82%
0.01-0.036 Ib/MMBtu

aN.A. = Not available.

critical factors contributing to the wide range in controlled NOx levels. The following subsections

highlight the principal design features of LNB types.

53.2.1 Staged Combustion Burners

Staged combustion burners, the most common type of LNB, achieve lower NOx

emissions by staging the injection of either air or fuel in the near burner region. Hence, staged

combustion burners may be further classified as either staged air burners or staged fuel burners.

Staged air burners have been applied to watertube boilers since 1979.50 Figure 5-16 is a

schematic of a typical staged air burner, in which primary, secondary, and tertiary (denoted as

staged air in the figure) air are injected into the burner. As the figure notes, the division of

combustion air reduces the oxygen concentration in the primary burner combustion zone,

lowering the amount of NO formed and inc~easing the amount of NO reducing agents.

Secondary and tertiary air complete the combustion downstream of the primary zone, lowering

the peak temperature and reducing thermal NOx formation. Besides the basic staged air burner

shown, there are variations on staged air burners which incorporate internal recirculation of

combustion products to aid in NOx reduction.

Due to the staging effect of staged air burners, flame lengths tend to be longer than

those of conventional burners.51 This is" of particular concern for packaged units because there

is the possibility that flame impingement will occur on the furnace walls, resulting in tube failure

and corrosion. Additionally, staged air burners are often wider and longer than conventional

burners, requiring significant modifications to existing waterwalls and windboxes. Burner size
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may also be an important factor when assessing the feasibility of retrofitting boilers located in

restricted spaces.

Staged fuel burners are a slightly more recent development in staged combustion LNBs.

These burners were originally developed for use on process heaters in the refining and

petrochemical industries, and hence have been applied primarily to process heaters rather than

boilers. Figure 5-17 is a schematic of a staged fuel burner, manufactured by the John Zink

Company. Here, combustion air is introduced without separation and instead the fuel is divided

into primary and secondary streams. Despite the high oxygen concentration in the primary

combustion zone, thermal NOx formation is limited by low peak flame temperatures which result

from the fuel-lean combustion. Quenching of the flame by the high excess air levels also occurs,

further limiting the peak flame temperatures and providing active reducing agents for NOx

reduction.52 Inerts from the primary zone then reduce peak flame temperatures and localized

oxygen concentration in the secondary combustion zone, thereby reducing NOx formation. An

advantage of staged fuel burners over staged air burners is that they tend to have shorter flame

lengths, decreasing the likelihood of flame impingement.54

Data collected on natural-gas- and oil-fired ICI boilers with staged air LNBs show a wide

range in performance and emission levels. For natural gas firing, NOx reductions of 39 to

71 percent were reported for three existing and one new watertube boiler. Controlled NOx levels

for these and 10 other gas-fired watertube boilers, five of which were existing units retrofitted

with LNBs, ranged from 25 ppm (0.03 Ib/MMBtu), for a 10 MMBtu/hr boiler in Taiwan, to

140 ppm (0.17 Ib/MMBtu), for a 100 MMBtu/hr floor firing unit in Germany. This range is

quite wide due to differences in boiler design, capacity, and burner type. An example of the

levels of performance achievable with different burners is that when a different LNB was tested

in the German boiler mentioned above, the controlled NOx level was 112 ppm (0.13 Ib/MMBtu)

instead of 140 ppm (0.17 Ib/MMBtu).55

All but one of the above 14 units were packaged. The only field-erected unit, a

380 MMBtu/hr dual burner unit at Luz-Segs IT in California, reported a controlled NOx level

of 80 ppm (0.10 Ib/MMBtu) when retro.fitted with an LNB.56 Test results from one gas-fired

firetube unit at Fort Knox retrofitted with ~ sta~ed air burner showed a 32 percent reduction in

NOx' from 100 ppm down to 68 ppm (0.12 to 0.081b/MMBtu). No other data are available for

firetube units with staged air LNB.
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Additional data supplied by Coen Company (see Appendix C) for 177 natural-gas-fired

LNB installations showed guaranteed or actual NOx levels typically between 30 and 170 ppm

(0.04 to 0.20 lb/MMBtu) with LNB.57 These data include emissions levels for boilers of various

types and sizes, ranging from packaged to field erected units producing 25,000 to 520,000 lb/hr

of steam (approximately 30 to 600 MMBtu/hr heat input). All units used Coen DAF LNBs.

Appendix C also contains a list of 23 Tampella Power Corp. Faber LNB installations that

reportedly emit 40 ppm NOx (0.05Ib/MMBtu) or less when firing natural gas. All of these

boilers are packaged units ranging from 9,000 to 100,000 lb/hr steam capacity.58

For smaller industrial gas-Jail-fired boilers, Riley Stoker has also introduced the Axial

Staged Return (ASRlM) flow burner, the Axial Flame Staged (AFSlM) burner, and the Swirl

Tertiary Staged (STSlM) burner. The ASR burner is based on patented Deutsche Babcock

technology that uses axial staging of primary and secondary air streams and internal recirculation

of self-aspirated hot furnace gases. The burner, illustrated in Figure 5-18, has a maximum design

capacity of 275 MMBtu/hr, with controlled' NOx levels in the 20 to 30 ppm (0.025 to 0.035

Ib/MMBtu) range when firing natural gas with 12 to 30 percent FGR assistance.59 The AFS

. burner incorporates axial staging of primary and secondary air and staged fuel addition. The

burner, illustrated in Figure 5-19, has a firing capacity in the 20 to 40 MMBtu/hr range.59 With

FGR addition, NOx emissions in the 30 to 40 ppm (0.035 to 0.048 Ib/MMBtu) range have been

reported in full-scale retrofits.59 The STS burner, illustrated in Figure 5-20, is designed for

retrofit on multiple burner wall-fired boilers with 500°F air preheat. In one full-scale STS burner

retrofit at a paper mill, reported NOx emissions ranged from 90 to 110 ppm (about 0.1 to

0.13 Ib/MMBtu) with high air preheat and heat release rate and without FGR,59

In summary, LNB NOx reduction efficiencies for natural-gas-fired boilers including one

firetube boiler and five watertube units range from 32 to 71 percent, in agreement with

previously reported performance levels for natural gas firing. LNB reduction efficiencies for

13 additional watertube units listed in Appendix B could not be computed because of a lack of

baseline (uncontrolled) emissions data. Controlled NOx emissions for the 18 watertube units

ranged from 25 to 30 ppm (0.03 to 0.04 Ib/MMBtu), for the smaller units (10 to 31 MMBtu/hr

input), and from 58 to 140 ppm (0.07 to 0.17 Ib/MMBtu), for the remaining boilers, which

ranged in size from 45 to 380 MMBtuJhr input. Controlled NOx emissions reported by two LNB

manufacturers for nearly 200 units ranged between 30 and 170 ppm (0.04 to 0.20IbJMMBtu).

Some burner manufacturers have reported NOx reduction efficiencies of anywhere from 50 to
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.
90 percent. In fact, several manufacturers guarantee NOx emissions below 40 ppm

(0.05 Ib/MMBtu) when firing natural gas in smaller industrial packaged boilers, primarily in

response to the SCAQMD regulations in California. For example, Faber, a division of Tampella

Power, guarantees less than 40 ppm NOx on any burner system and will guarantee less than

30 ppm (0.04Ib/MMBtu) of NOx on a case-by-case basis.60 Similarly, eoen Company states that

less than 30 ppm of NOx will be emitted from its Micro-NOx• LNB.61 Performance levels of

less than 20 ppm are achievable on a case-by-case basis.

For oil firing with staged air LNBs, data were collected for 84 boilers firing distillate oil

and 46 boilers firing residual oil. The distillate-fuel-fired boilers with staged air LNBs showed

controlled NOx levels of 60 to 260 ppm (0.08 to 0.33 Ib/MMBtu). The 25 domestic units fired

on No.6 residual oil (fuel nitrogen contents of 0.14 to 0.3 percent) had controlled emissions of

80 to 475 ppm (0.10 to 0.60 Ib/MMBtu). Due to a lack of baseline uncontrolled emissions data

for these domestic units, it was not possible to calculate NOx reduction efficiencies for the

boilers. Additionally, overall performance results of 17 firetube and watertube boilers in Japan

firing residual oil have been reported. FOI these units, which ranged in size from 5 to

40 MMBtu/hr, test results showed NOx reductions between 30 and 60 percent, with controlled

emissions between 69 and 185 ppm (0.09 and 0.23 Ib/MMBtu).62
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The retrofit of LNBs usually involves removing -the original burner and bolting the LNB

m. Most LNBs for ICI boilers are designed as self-contained units to allow easy bolt-on retrofit

without boiler tube wall modifications. For applications where new fan or ducting equipment

are desired, some manufacturers offer complete packaged burner units, in which the retrofit

burner is combined with combustion controls, flame safeguard equipment, fuel piping, and a

combustion air fan. These are sold together as factory assembled, self-contained packages.

5.3.2.2 Ceramic Fiber Burners

Alzeta Corporation has developed a ceramic fiber burner known as the Pyrocore~

burner, applicable for use in gas-fired packaged boilers of up to 10 MMBtuJhr input. Although

applicable to both watertube and firetube units, the Pyrocore burner has been demonstrated

primarily in firetube boilers and process heaters. This burner, depicted in Figure 5-21, is a gas­

fired infrared (IR) burner. An IR burner uses energy released from the fuel to elevate the

temperature of the radiant surface of the burner, which in turn emits energy in the form of IR

radiation. In the Pyrocore burner, fuel gas is premixed with combustion air before entering the

burner. The mixture passes through a porous burner material and is ignited, establishing a thin

combustion layer in contact with the surface. Because the surface material is cooled by the

incoming airjfuel mixture and the material has a low thermal conductivity, radiant temperatures

of 1,700 to 2,000°F occur only on the outer surface.63 The low combustion temperature limits

thermal NOx formation.

Field tests of this burner retrofitted to a 3.3 MMBtu/hr firetube boiler at Hall Chemical

m Ohio showed NOx reduction of 78 percent, with controlled emission levels of 15 ppm

(0.n21~jMMBtu). Another field test conducted on an 8 MMBtu/hr boiler retrofitted with the

Pyrocore burner showed 53 percent reduction in NOx' to a controlled level of 24 ppm

(0.03 IbjMMBtu), while a third test on a 2 MMBtu/hr unit resulted in a controlled emission

level of 17 ppm. On the average, results from five field tests and one laboratory test showed that"

NOx was reduced by 71 percent and CO by 94 percent.64 To date, most burners supplied by

Alzeta have been designed to achieve less than 30 ppm NOx at full rated load, although the

actual emissions for many are reported to be below 20 ppm. Currently, the single-burner

applications of this burner are limited to small packaged boilers of less than 20 MMBtu/hr

because of physical limits on the size of the radiant burner. Structural issues are the major

concern with larger applications. Further research and tests are being conducted to extend the
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Pyrocore burner's applicability to larger firetube and watertube boilers, including the use of

multiple burners.

Additional research is currently focusing on the use of lower surface firing rates,

moderate temperature environments, and modest excess air to attain ultra-low NOx levels of

9 ppm and below. Alzeta Corporation and Zurn Industries have recently commissioned an ultra­

low-NOx boiler, the Radiant Cell BoilerlM, that utilizes the Alzeta flameless Pyrocore radiant

burners and has a reported capability of 9 ppm of NOx and less than 50 ppm of CO.65

5.3.2.3 Other LNBs

An LNB type known as a cyclonic burner has recently been developed by York-Shipley

for packaged firetube boilers. The burners are available up to 16.6 MMBtu/hr heat input. In

cyclonic combustion, high tangential velocities are used in the burner to create a swirling flame

pattern in the furnace. This causes intense internal mixing as well as recirculation of combustion

gases, diluting the temperature of the near-stoichiometric flame and lowering thermal NOx

formation. The tangential flame causes close contact between combustion gases and the furnace

wall, adding a convective component to the radiant heat transfer within the furnace. The

increased heat transfer and low excess air operation of the cyclonic burner result in increased

boiler efficiency.

To achieve ultra-low NOx levels, a small quantity of low-pressure steam is injected into

the burner, which further reduces the local flame temperature and NOx formation. Testing

revealed that NOx emissions during natural gas firing could be reduced from 70 ppm to less than

20 ppm without affecting burner stability, low excess air operation, or turndown performance.

However, the use of steam did result in a boiler heat efficier....) loss of roughly 5 percent.66 The

. cyclonic burner is available as a stand-alone retrofit burner with a bolt-on feature. However, no

retrofit emissions data were obtained cluring this study.

5.3.3 Flue Gas Recirculation (FGR) in Natural-gas- and Oil-tlred ICI Boilers

FGR involves recycling a portion of the combustion gases from the stack to the boiler

windbox. These low oxygen combustion products, when mixed with combustion air, lower the

overall excess oxygen concentration and act as a heat sink to lower the peak flame temperature

and the residence time at peak flame temperature. These effects result in reduced thermal NOx. .
formation. However, there is little effect on fuel NOx emissions. The amount of NOx reduction

achievable depends primarily on the fuel nitrogen content and amount of FGR used. Other

thermal NOxcontrol concepts similar to FGR are such control techniques as WI and sr, in which
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water, rather than recirculated flue gas, is used as an inert substance to lower the peak flame

temperature. FGR is much more commonly used, however.

FGR is currently being used on a number ofwatertube and firetube boilers firing !1atural

gas. Only limited NOx reduction efficiency data are available, however, as baseline

(uncontrolled) NOx data for most units are unreported. Data for four natural-gas-fired

watertube boilers equipped with FGR show a range in NOx reduction of 53 to 74 percent, while

for 10 gas-fired firetube units with FGR, NOxreduction efficiency ranged from 64 to 76 percent.

In all, controlled NOx emission data were collected for a total of 33 gas-fired watertube and

57 gas-fired firetube units operating with FGR. Four of the watertube units and 26 of the

frretube units were identified as retrofit applications. Controlled NOx levels ranged from 20 to

85 ppm (0.02 to 0.10Ib/MMBtu) for the watertube units and 16 to 37 ppm (0.02 to

0.04Ib/MMBtu) for the firetube boilers. FGR rates were typically on the order of 20 percent

during these tests. However, one firetube unit-which achieved 68 percent reduction-was run

on 30 percent FGR during the emissions test. Boilers are usually not operated with more than

20 percent FGR due to flame stability considerations.67

NOx reduction efficiency data for oil-fired units with FGR are also very-limited. In one

test program, a single boiler was fired on both residual oil and distillate oil, using FGR and

keeping all other variables constant. NOx was reduced by 68 percent for distillate oil firing, yet

was only reduced by 11 percent when residual oil was used. These data illustrate that FGR is

more effective when used with low nitrogen content fuels such as natural gas or distillate oil,

since FGR is more effective in controlling thermal NOx rather than fuel NOx' The 68 percent

reduction was obtained with a relatively high FGR rate of 28 percent. Another boile!" f:ring

distillate oil reported NOx reduction of only 20 percent, using 10 percent FGR. Available data

are too limited to estimate typical NOx reduction efficiencies for oil-firing boilers with FGR.

In general, however, thermal NOx reductions from distillate-oil-frred boilers with FGR are

somewhat less than from natural-gas-fired units.68 This is due to the greater potential for flame

instability and emissions of unburned combustibles from distillate-oil-fired units, which limits the

practical rate of FGR that can be used. Controlled NOx emissions for distillate oil firing with

FGR were between 28 and 240 ppm (0.04 to 0.301b/MMBtu) for 19 boilers. For three units

firing residual oil, controlled NOx levels ranged from 125 to 275 ppm (0.16 to 0.35 Ib/MMBtu).

When compared to the number of LNB or combined LNB and FGR installations listed

in Tables 5-7 and 5-8, the number of watertube boilers equipped only with FGR is relatively

5-55



small. In general, for retrofit cases to existing packaged watertube ICI boilers, FGR is rarely

applied without the installation of a new LNB as well. This is because the performance of many

older burner systems tend to be adversely affected when an inert such as fuel gas is injected into

the combustion zone.57 Oxygen trim systems have been installed to allow use of an existing

burner with FGR and LNB together. Thus, the most common combustion modification NOx

controls for packaged watertube boilers are either LNB or combined LNB and FGR. FGR

systems have been applied more commonly to smaller firetube units. A typical FGR system is

shown in Figure 5-22. In order to retrofit a boiler with FGR, the major additional equipment

needed are a gas recirculation fan and ducting. Major companies that supply FGR equipment

for packaged gas- and oil-fIred boilers are Cleaver Brooks, Coen Company, Industrial

Combustion, Keeler (Tampella Power), and Todd Combustion.

5.3.4 Fuel Induced Recirculation (FIR)

Fuel induced recirculation (FIR) is a control technology for natural-gas-fired boilers

recently introduced by the John Zink ~nd Holman Boiler Companies. FIR involves the

recirculation qf a portion of the boiler flue gas and mixing it with the gas fuel at some point

upstream of the burner. Although FIR has not yet been widely applied, it has been

demonstrated commercially in an industrial unit in California, achieving NOx emission readings

as low as 17 ppm with little adverse affect on CO emissions.69

The primary difference between FIR and FGR is that in FIR the flue gas is mixed with

the fuel stream, whereas in FGR the flue gas is recirculated into the combustion air. By diluting

the fuel prior to combustion, which lowers the volatility of the fuel mixture, FIR reduces the

concentration of hydro,:arbon radicals that produce prompt NO.6 Additionally, FIR reduces

thermal NOx in the same manner as FGR, by acting as a thermal diluent. Thus, one of the main

benefits of FIR technology is that it impacts both prompt NO and thermal NOx formation in gas­

fired boilers.

A second fundamental feature of FIR is that flue gas recirculation is induced using the

natural gas dynamics of the burner flow streams, without additional equipment such as

recirculation fans. According to the manufacturer, FIR tends to be self-adjusting at various firing

rates, as natural gas introduction is dependent on the mass and pressure of the fue1.70

5.3.5 Staged Combustion Air (SCA) in Natural-gas- and Oil-fIred ICI Boilers

Staged combustion for oil- and natural-gas-fIred boilers ,in the ICI sector consists of

injecting a portion of the total combustion air downstream of the fuel-rich primary combustion

5-56



LN/SERIES
First U.L. Listed Flue Gas Recirculation System

~ COMaUS11ON ...A

c::J COMeUSTtOH FlU( G4'5

c=J IUCfAClJ\AUO 'lU( GAS

Figure 5-22. FGR system for gas- or oil-rued boiler.71

zone. Staged combustion can be accomplished using secondary OFA or side-fired air ports, or

by using the BOOS technique. The applicability of OFA, side-fired air, or BOOS (collectively

grouped under the term SCA) depends primarily on the type of furnace design involved - i.e.,

watertube or firetube - and the size of the boiler. Generally, SCA is not considered viable for

retrofit to packaged boiler units due to installation difficulties. The following subsections

summarize the performance, applicability, and availability of the various methods of

implementing SCA on the major types of natural-gas- or oil-fired ICI boilers.

5.3.5.1 Firetube Boilers

SCA is not considered a primary NOx control method for existing firetube boilers

because of the major modifications required to retrofit staged air to these boilers.72 BOOS is

not applicable because these units rarely have more than one burner. Side-fired air application

is difficult as retrofit requires penetration of the firetube boiler water shell. Performance data

are available only for one experimental application of side-fired air to a 12 MMBtu/hr firetube
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boiler fired on residual oil and natural gas. In this test-program, sponsored by the U.S. EPA,

secondary air was injected at the rear of the furnace opposite the burner through eight pipes

connected to a forced-~raft fan. In this way the secondary air was independent of the primary

burner air. Test results for residual oil firing showed that NOx was reduced from 177 ppm to

90 ppm (0.22 to O.l1lb/MMBtu), a 49 percent reduction in NOx' During these residual oil

combustion tests, the burner was operated at 76 percent of stoichiometric conditions, and the

overall excess oxygen level was 4 percent.73 However, boiler load was reduced to 50 percent due

to combustion instabilities at high loads.

Tests conducted on the same boiler but firing natural gas at 71 percent load had almost

no effect on NOx' showing only 5 percent NOx reduction, from 70 to 67 ppm (0.084 to

0.080Ib/MMBtu). NOx reduction for gas-firing may not have been as high as the residual oil­

firing case because of the slightly higher test load and because the burner oxygen level was

higher, at 90 percent stoichiometry. Also, because natural gas combustion emits lower levels of

NOx than residual oil firing to begin with, it is generally more difficult to achieve as

much percentage NOx reduction with natural gas.

5.3.5.2 Packaged Watertube Boilers

Packaged watertube boilers generally use only one burner, so BOOS is not applicable

as a means of achieving staged combustion. As was the case with firetube boilers, retrofit of

SCA to smaller packaged watertube units is generally not considered a primary NOx control

option due to the difficulty of retrofitting seA hardware. Hence, experience on these units has

been limited. Data are available for two experimental retrofit applications of SCA in single­

burner oil- and gas-fired packaged watertube units. The first application, in a 22 "',~~,1Btu/hr unit

(Location 19), involved the injection of secondary air through four steel lances which were

inserted through the windbox and the refractory firing face. At 83 percent load, NOx emissions

were reduced by 29 percent (co'ntrolled NOx = 157 ppm or 0.20 Ib/MMBtu) when residual oil.

was fired, by 30 percent (controlled NOx = 77 ppm or 0.10 Ib/MMBtu) when distillate oil was

fired, and by 46 percent (controlled NOx = 50 ppm or 0.071b/MMBtu) when natural gas was

fired.74

At the second site, identified as "Location 38," secondary air was injected into a

56 MMBtu/hr boiler through any of 10 SFA ports. This unit was equipped with combustion air

preheating, which could vary the temperature from roughly 65 to 176°C (150 to 350°F). At

operating conditions of 89 percent load, 2.3 percent excess oxygen, and 14 percent SCA flow,
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NOx was reduced by 42 percent from the baseline, when residual oil was fired. During natural

gas firing, staged combustion resulted in a reduction of 32 percent from the baseline conditions

at 2.4 percent excess oxygen and 14 percent SCA.74 Results from these two applications showed

that in order to maximize NOx reduction using SCA in packaged watertube units, it is necessary

to operate the burner at substoichiometric levels, and secondary air must be injected sufficiently

downstream of the burner exit to allow for cooling of combustion gases. These types of SCA

retrofits on full-scale packaged watertube boilers are generally not considered practical from

installation and operational standpoints.

5.3.5.3 Field-erected Watertube Boilers

For field-erected watertube boilers equipped with more than one burner, staged

combustion can be achieved by using OFA, BOOS, or biased burner firing. Biased burner firing

consists of firing certain burners fuel-rich while other burners are fired fuel-lean. This may be

accomplished by maintaining normal air distribution to the burners while adjusting fuel flow so

that more fuel is sent to desired burners. Usually, the upper row of burners is fired fuel-lean,

but this varies from boiler to boiler.

BOOS is more applicable as an NOx control technique for natural-gas- and oil-fired

boilers than it is for coal-fired units. As mentioned previously, with PC-fired leI boilers the mill­

burner arrangement usually determines which burners can be taken out of service. For this

reason, BOOS is more often used as a maintenance operation than a direct NOx control method.

In contrast, with oil or natural gas firing, burners can be shut off individually or fuel flow

adjusted to achieve optimum biased burner firing or BOOS operation.

For larSe 'vall-fired units, BOOS or biased firing are attractive first level retrofit NOx

control techniques because few equipment modifications are required. For natural gas firing,

data compiled for three industrial boilers with BOOS showed NOx reductions ranging from 17

to 44 percent, with an average of29 percent reduction from uncontrolled NOx levels. Controlled

NOx emissions from these units, ranging in size from 60 to 120 MMBtujhr, were between 117

and 200 ppm (0.14 and 0.27 IbjMMBtu).75 For residual oil firing, data from nine boilers using

BOOS showed NOx reduction efficiencies of 5 to 40 percent.

The wide range in control efficiencies is attributed to several factors, including the

burner arrangement, the percentage of burners taken out of service, and the overall excess air.

Some burner arrangements are more effective in reducing NOx with BOOS. For example, a
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square burner matrix is more effective than an arrangement in which all of the burners are

located at the same level. Another controlling factor is stoichiometry of the active burners.

Although operation with BOOS can measurably reduce NOx' the operating performance

of the boiler can be somewhat degraded because of the need to increase excess air in order to

control CO, hydrocarbon, and smoke emissions.76 Adjustments to the airflow controls, such as

burner registers, may be required to achieve the desired burner stoichiometry without increasing

these emissions. Also, operation with BOOS usually requires that the unit be derated unless

modification to the fuel delivery system is made.77

Data on NOx reductions from field-erected oil- or gas-fired ICI boilers using OFA are

very limited. Controlled emissions from two units firing residual oil were from 160 to 180 ppm

(0.20 to 0.23 Ib/MMBtu).57 Application of the technique to utility boilers in California has

reportedly resulted in average NOx reductions of 24 percent for oil and nearly 60 percent for

gas.78 Generally, OFA is applicable only to l~rge furnaces with sufficient volume above the

burners to allow complete combustion and steam temperature control. Because of required

hardware modifications, OFA for large gas and oil wall-fired units is often not a preferred

retrofit control as BOOS can offer similar reduction efficiency at less cost.79

5.3.6 Combined Combustion Modification NO" Controls for Natural-gas- and Oil-fIred ICI
Boilers

Many retrofits have utilized combinations of the above combustion modification

methods. The most demonstrated combination is the use of LNB with FGR. As mentioned

earlier, retrofit of combined LNB and FGR controls to existing packaged boilers is often more

feasible than using FGR alone. Also, combined retrofit of FGR and LNB to ICI boilers is

considered by some to be a way of meeting stringent NOx control regulations without using flue

.gas treatment controls.80 Data have been collected for 101 natural-gas-fired units, 44 distillate­

oil-fired boilers, and 13 residual-oil-fired boilers (see Appendices B and C). All were watertube

boilers, the majority located in California. Many of the California boilers were existing units

retrofitted with LNB/FGR controls.

NOx reduction efficiencies of 55 to 84 percent were reported for five units firing natural

gas. No baseline uncontrolled NOx data were available for the other boilers; thus, reduction

efficiencies could not be calculated. Nearly all California units reported controlled NOx

emissions at or below 40 ppm (0.05 IbjMMBtu), while the non-California units reported NOx

levels between 40 and 170 ppm (0.05 to 0.20IbjMMBtu). For the distillate-ail-firing units,

baseline uncontrolled NOx levels were not available; thus, NOx reduction efficiencies could not
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be determined. Controlled emissions ranged from 30 to 200 ppm (0.04 to 0.25 Ib/MMBtu). For

the residual-ail-firing units, controlled NOx levels were between 80 and 435 ppm (0.10 to

0.551b/MMBtu).

While some experience has been obtained in combining SCA with LNB or FGR, these

have involved new or experimental test units. In general, applications of SCA with LNB or FGR

are limited to new units because of the costs involved in installing SCA in existing units,

especially in packaged boilers. The use of SCA with an LNB in a new 140 MMBtu/hr natural­

gas-fired watertube boiler resulted in controlled NOx emissions of 64 ppm (0.08 Ib/MMBtu),

while in a new 150 MMBtu/hr residual-ail-fired boiler the controlled NOx level was 175 ppm

(0.22Ib/MMBtu).81 Coen Company reports controlled NOx emissions from 85 to 170 ppm (0.10

to 0.20 Ib/MMBtu) for nine boilers with LNB and SeA, firing natural gas or distillate oil. For

11 units firing residual oil, NOx ranged from 160 to 315 ppm (0.20 to 0.40 Ib/MMBtu).57 In

general, however, the retrofit of SCA is applicable mainly to large industrial boilers.

5.3.7 Fuel Switching

Because fuel-bound nitrogen plays such an important role in total NOx emissions from

fuel combustion in boilers, switching from high-nitrogen fuels, such as coal or- residual oil, to

lower nitrogen fuels, such as distillate oil or natural gas, is a strategy that can be as effective in

reducing NOx as any other combustion control. Low-nitrogen fuels, such as distillate oil and

natural gas, can be used to displace a fraction of the coal or residual oil, or replace them

entirely. In either case, significant NOx reductions are possible. For example, the cofiring of

natural gas with coal in utility boilers has reduced NOx emissions by a minimum of 10 to

30 percent, depending on the boiler, coal, cofiring configuration, and amC'iu.: of gas firing. 82 The

use of 33 percent natural gas in a gas cofiring .configuration in the top row of burners of a

PC-fired boiler (representing a more strategic way to maximize NOx reduction efficiency with

reburning techniques) can result in larger NOx reductions reaching 35 to 60 percent from

uncontrolled levels.82 Figure 5-23 illustrates NOx reduction as a function of gas cofiring rate,

expressed as a percentage of total heat input, measured during six full-scale utility boiler cofiring

field tests. These results are applicable, in theory, to large PC-fired industrial boilers.

The replacement of high-nitrogen residual oil with a lower nitrogen fuel or natural gas

is also very effective in reducing NOx' To illustrate, the data shown in Table 5-10 were obtained

from industrial boilers firing a residual oil first, and then switching to a distillate fue1.2 NOx

reductions ranged from about 50 to 80 percent for reductions in fuel oil nitrogen of
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TABLE 5-10. EFFECTS OF SWITCHING FROM RESIDUAL OIL
TO DISTILLATE FUEL ON INDUSTRIAL BOILERS

Fuel nitrogen, NOx emissions
Fuel type % weight @3%O2

Residual oil 0.44 350

Distillate oil 0.006 65

Residual oil 0.27 298

Distillate oil 0.015 127

Residual oil 0.20 186

Distillate oil 0.014 84

Residual oil 0.20 220

Distillate oil 0.008 114

Source: Reference 2.

approximately 0.19 to 0.436 percent by weight. If all the recorded NOx reductIon is attributed

to the drop in fuel nitrogen, about 55 to 65 ppm reduction in NOx results from each

0.1 percentage point reduction in the nitrogen content of the oil. Table 5-11 lists estimates of

NOx reductions attainable from ICI boilers cofiring or switching to a cleaner fuel.

In addition to natural gas and low-nitrogen fuel oil, the Shell Oil Company is marketing

a proprietary liquid fuel for industrial boilers. This proprietary fuel is similar to distillate oil in

thermal energy and physical properti~~, but contrary to distillate oil it contains essentially no

fuel-bound nitrogen (3 to 9 ppm). Therefore, its NOx emissions are similar to those achievable

with natural gas.83 Short-term performance with this proprietary fuel show FGR-controlled

emissions in the range of 18 to 35 ppm corrected to 3 percent O2 (0.022 to 0.042Ib/MMBtu).

It is used as a standby liquid fuel for many boilers in Southern California in cases where natural

gas is curtailed.

5.3.8 Combustion Moduteation NOx Controls for Thermally Enhanced Oil Recovery (TEOR)
Steam Generators

NOx controls for TEOR steam generators have also been implemented primarily in

California, due to stringent NOx emission regulations. For instance, in Kern County, California,

over 2,000 oil field steam generators are in use, the majority fired on crude oil.84•85 Other fuels
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TABLE 5-11. ESTIMATES OF NO" REDUCTIONS WITH FUEL SWITCHING

Replacement Quantity used, Estimated NO" reduction,
Base fuel . fuel % %

PC Natural gas 10-20 10-30
10-20 (reburning zone) 30-60

100 60-70

Residual oil Natural gas 100 50-80
with 0.6% N

Distillate oil 100 50-80

Residual oil 100 30-40
with 0.3% N

Note: All emissions data were obtained from short-term tests.

used in these boilers include natural gas and refinery gas. Nearly all units in Kern County utilize

some form of combustion modification NOx control, including OT systems, LNB, or FGR,84

5.3.8.1 OT Systems

OT systems or controllers limit the excess oxygen during combustion to reduce the

formation of NOx' It has been reported that these devices typically reduce the formation of NOx

from small steam generators «35 MMBtu/hr input capacity) by 15 to 25 percent.86 Controlled

NOx emissions from 71 tests conducted on small crude-oil-fired steam generators in Kern County

ranged from 166 to 398 ppm (0.21 to 0.50Ib/MMBtu).87 For larger units greater than

35 MMBtu/hr (most 62.5 MMBtu/hr), Kern County data from 3:L6 tests showed controlled NOx

levels ranging between 174 and 340 ppm (0.22 and 0.43 Ib/MMBtu). No uncontrolled data were

reported for these units; thus, it was not possible to report actual NOx reduction efficiencies.

However, assuming a typical uncontrolled NOx level of 300 ppm (0.38 Ib/MMBtu), as reported

in References 49 and 88 for large TEOR units in Kern County, average NOx reduction on the

order of 17 percent was achieved. It should be remembered that this is only an average value,

based on average emission levels and average reported baseline levels. Actual NOx reduction

efficiencies may have been significantly higher or lower depending on the fuel characteristics,

combustion conditions, and design type of each unit. The average levels are illustrative to a

certain degree, however, as most TEOR steam generators are similar in design and all of the

units tested fired Kern County crude.84
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5.3.8.2 LNBs with seA and OT

LNB systems, which generally are used with 02 controllers, have been applied primarily

to large (35 to 62.5 MMBtujhr) crude oil-fired steam generators. The most effective and widely

used LNB systems also incorporate SCA, usually using sidefire air injection. In fact with TEOR

steam generators it is common to describe a combined LNB +SCA system as either an LNB or

an SCA system.86,87,89 Figure 5-24 depicts one type of LNB+SCA system, manufactured by the

North American Company, the principal vendor of LNB systems for TEOR steamers. This

burner system is being used on over 100 crude oil-fired generators in Kern County. Minor

modifications are made to a standard burner and secondary air injection nozzles are inserted

around the circumference of the furnace at various locations in the radiant heat transfer section.

In a 62.5 MMBtujhr steam generator, 28 secondary air injection ports are used, positioned 17

to 27 feet downstream of the burner. In most applications of this burner system, 02 controllers

are used to keep excess oxygen at the stack below 2 percent. NOx emission levels of 100 to

160 ppm (0.13 to 0.20 Ib/MMBtu) have been reported when crude oil is fired, representing 50

to 70 percent NOx reduction when compared to unstaged conventional North American

burners.89

Another type of LNB system applicable for retrofit to TEOR steam generators is the

single toroidal combustor, developed by Process Combustion Corporation (Figure 5-25). The

single toroidal combustor is a two-stage burner in which approximately one-third of the fuel is

combusted under highly reducing, turbulent conditions inside a precombustion chamber. The

remaining two-thirds of the fuel is combusted in a secondary burnout zone at the entrance to the

,;i.e 1m generator. The second stage is arranged so that the addition and mixing of 5 to

10 percent secondary excess air takes place in the high-velocity jet of flame emitted from the

chamber throat inside the firebox.90 The vigorous internal recirculation and mixing within the

fuel-rich precombustion chamber aids in NOx reduction, while combustion gases are entrained

into the high-velocity flame of the secondary combustion zone, lowering the peak flame

temperature. Results of 50 separate field tests using this burner showed average NOx reductions

of 60 percent, with average emissions of 125 ppm (0.16IbjMMBtu) for 62.5 MMBtujhr sized

units and 150 ppm (0.19IbjMMBtu) for 25 to 30 MMBtujhr units. Controlled NOx levels

ranged from 90 to 225 ppm (0.11 to 0.28 Ib/MMBtu).91

A third type of LNB for TEOR steam generators utilizes a split flame arrangement,

whereby an inner fuel-rich diffusion flame is separated from and outer fuel-lean premix flame
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Figure 5-25. Process Combustion Corporation toroidal combustor?O

by a blanket of recirculated flue gas. This burner, the Mill PM low-NOx burner, illustrated

schematically in Figure 5-26, was retrofitted to a 62.5 MMBtu/hr crude-oil-fired steam generator

as part of an EPA-sponsored test program on a demonstration unit. No additional TEOR

steamers have been retrofitted with this burner. Full-load NOx emissions of 110 ppm

(0.14 Ib/MMBtu) were obtained with what were deemed "acceptable" smoke and CO emissions

« 100 ppm CO). This compares to emissions of approximately 300 ppm (0.381b/MMBtu)

measured from an identical generator equipped with a conventional burner.93 Thus, NOx was

reduced by 63 percent.

Most u,m retrofit experiences have been with crude-oil-fired units larger than

35 MMBtu/hr..Results from 134 tests conducted on such units in Kern County show controlled

NOx levels of 87 to 232 ppm (0.11 to 0.29 Ib/MMBtu). Because no baseline data were available,

it was impossible to calculate NOx reduction efficiencies for these tests. However, these

controlled emissions may be compared to the generally accepted average baseline of 300 ppm

for Kern County crude oil fIring.84,88 For illustrative purposes, comparing average controlled

emissions to this average baseline, 59 p~rcent NOx reduction was achieved with LNB systems.

Again, however, it must be remembered t~at actual efficiencies may have varied significantly

from unit to unit. Limited test data are available for natural gas fired units equipped with LNB.

Data for two 62.5 MMBtu/hr gas-fIred generators showed NOx reductions of 8 and 28 percent.
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yo19ure 5-26. The MHI PM burner nozzle.93
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Because of the limited data, however, no conclusions -can be drawn about typical reduction

efficiencies for LNB gas firing.

LNB systems have also been applied on a very limited basis to steam generators smaller

than 35 MMBtu/hr. Reported NOx emission reductions range from 30 to 60 percent for these

units.86 The limited application of LNB to small generators is due to the longer and wider flame

produced by the LNB and the geometry of small steam generators. Because the radiant section

in small generators is shorter in length and diameter than the radiant section in large generators,

flame impingement is more of a problem.86 Thus, LNB retrofits are primarily applicable to

lEOR steam generators larger than 35 MMBtu/hr.

5.3.8.3 FGR and OT

FGR systems have been applied to lEOR steam generators on a more limited basis

than LNB systems. Results from Kern County tests of 36 crude-oil-fired steam generators with

FGR and 02 trim showed controlled NOx levels similar to those obtained with LNB systems,

ranging from 79 to 264 ppm (0.10 to 0.33 lb/MMBtu).87 Thus, for crude oil firing, FGR controls

appear as effective as LNB systems in reducing NOx ' For natural gas firing, tests of three large

units using FGR in combination with LNB measured controlled emission levels of 25 to 35 ppm

(0.03 to 0.04 Ib/MMBtu). NOx reduction for two of these units ranged from 50 to 68 percent.

For these particular units, these reductions in NOx represent significant improvement over NOx

reduction efficiencies obtained using LNB alone.56,88 Data are too limited, however, to

characterize the performance of FGR controls used with natural-gas-fired TEOR steam

generators.

5.3.9 Gas Fuel FI..w Modifiers

In addition to the combustion techniques discussed thus far, a device known as a gas

turbulator has been demonstrated to reduce NOx formation in natural-gas-fired packaged boilers.

Originally designed to produce savings in fuel consumption, the turbulator is a small stainless .

steel venturi incorporating strategically placed fins. The turbulator is inserted in the gas pipe

directly upstream of the burner, creating highly turbulent fuel flow. This turbulence facilitates

the bonding of hydrocarbon particles with the oxygen molecules of the combustion air, resulting

in increased combustion efficiency.94 Fuel savings typically range between 2 and 10 percent, but

have been as high as 35 percent.95

From an NOx standpoint, the more efficient turbulent mixing of the fuel and air results

in lower excess air requirements for efficient combustion, producing lower levels of NOx.94,95
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The only turbulator-related NOx emissions data available to date are for a 33.5 MMBtujhr

natural-gas-fired firetube boiler at Duncan Boiler Service, Inc., in Kenner, Louisiana. At this

site, the use of a turbulator raised full-load boiler efficiency by 3 percent, and the improved

airjfuel mixing reduced the required excess oxygen by 27 percent. Consequently, NOx emissions

were reduced from 58 to 35 ppm at 3-percent oxygen, a 40-percent decrease.96

S.4 COMBUSTION MODIFICATIONS FOR NONFOSSIL-FUEL-FIRED leI BOILERS

Application of combustion modification NOx controls to nonfossil-fuel-fired ICI boilers

is very limited. Many waste-fuel-fired boilers are not easily modified to reduce NOx without

compromising combustion efficiency and byproduct emissions. Furthermore, nonfossil fuels

include a variety of waste fuels with varying combustion characteristics and pollutant profiles.

Consequently, adaptation of conventional combustion controls can be difficult and very site­

specific. Currently, more attention has focused on the application of flue gas treatment controls

to nonfossil-fuel-fired ICI boilers, especially in California, where flue gas treatment controls have

been applied to at least 17 units fired on wood or MSW. These applications are discussed in

Section 5.3.

Combustion modification retrofit experience has been limited to the useiJf seA. In one

wood-/natural-gas-fired overfeed stoker unit, equipped with four gas burners as well as a

traveling grate for wood firing, staged combustion was achieved by removing one of the four gas

burners from service. Although 20 percent NOx reduction was achieved, it should be noted that

combustion modification was applied to the gas burners without any change to the wood·firing

stoker system. This control approach would not be possible on boilers without supplemental gas

firing. Difficulties were experienced with fluctuating bark flows, resulting in unsteady combustion

conditions,?4

Applications ofcombustion modifications to new nonfossil-fuel-fired units involve MSW­

fired boilers equipped with FGR and natural gas reburn controls. Gas reburn for MSW boilers·

is being developed by Riley Stoker and Takuma Company, for NOx control purposes and to

suppress the formation of air toxic organics and combustible emissions.97 In a 45 MMBtu/hr

overfeed stoker MSW facility in Minnesota, NOx emissions were reduced by 40 percent using

FGR. When natural gas reburn was used in combination with FGR, NOx was reduced by

60 percent, to a controlled level below 50 ppm. CO emissions were also decreased by 50 percent,

to levels below 25 ppm. Natural gas reburn represented 12 to 15 percent of the total heat input,

and FGR rates during these tests were rougwy 8 percent.97 Test results from a pilot-scale
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MSW-flred stoker boiler equipped with FGR and natural gas rebum showed 49 percent NOx

reduction efficiency, utilizing 17 percent FGR.98,99 Because of the limited documented

experiences regarding the retrofit of combustion modifications to existing nonfossil-fuel-fired

boilers, no meaningful conclusions can be reached as far as NOx control effectiveness or

feasibility.

5.5 FLUE GAS TREATMENT NOx CONTROLS FOR ICI BOILERS

NOx control with flue gas treatment involves the reduction of NOx in the flue gas by

injecting a chemical reducing agent into the post-combustion region of a combustion unit. The

reducing agents, primarily ammonia and urea, convert the NO in the flue gas to molecular

nitrogen at high temperatures, between 870 and 1,lOO°C (1,600 and 2,OOO°F), without a catalyst.

When a catalyst is used, this conversion takes place at a lower temperature range, roughly

300 and 425°C (575 to 800°F). Flue gas treatment methods without a catalyst are SNCR, while

those with a catalyst are termed SCR. These methods are discussed in the following subsections.

Retrofitting these technologies to boilers typically involves installation of reagent

injection nozzles, reagent storage and control equipment, and, in the case of SCR, catalytic

reactors. Because flue gas treatment NOx reduction efficiency depends in large part on flue gas

temperature, injection nozzle placement is limited to those locations where acceptable process

temperatures are present. Generally, in packaged ICI boilers, available locations for reagent

injection and catalyst placement are further limited by space considerations. These units may

also operate with wide ranges in boiler steam load that cause flue gas temperature shifts outside

the optimum temperature window. Injection of reagents outside the optimum reaction

temperature window results in lowered NOx reduction efficiency and emis~iucs of unreacted

ammonia. SNCR and SCR controls have been applied primarily to larger boilers or new

packaged boilers because these applications offer better control of temperature window and

steady load demands.

5.5.1 Selective Noncatalytic Reduction (SNCR)

Two primary types of SNCR control technologies are currently available for retrofit to

ICI boilers. The first is based on the use of ammonia (NH3) as the reducing agent, while the

second, more recently introduced, is based on the use of urea (NH2CONH2). Several urea-based

systems have been patented and are commercially offered by several domestic vendors. The

following subsections briefly describe the experience to date using these controls on ICI boilers.

Available data for SNCR application to industrial boilers are contained in Appendix Band
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summarized in Table 5-12. Generally, similar NOx reduction efficiencies were obtained whether

ammonia or urea was used. For ammonia injection, NOx reduction ranged from 50 to

80 percent, depending on fuel type. For urea-based systems, most reported NOx reduction

efficiencies also fell within this range, although some were as low as 25 percent and as high as

88 percent. Experience with SNCR on smaller capacity boilers is minimal. Low-load operation

and frequent load changes on such boilers pose additional complexities on the retrofit of SNCR

for these boilers.

5.5.1.1 Ammonia-based SNCR

Exxon Research and Engineering Company developed and patented an ammonia-based

SNCR process known as Thermal DeNOx.' The Thermal DeNOx process is based on a gas

phase homogeneous reaction between NOx and ammonia which produces molecular nitrogen and

water at high temperature. In this process, aqueous or anhydrous ammonia is vaporized and

injected into the flue gas through wall-mounted nozzles at a location selected for optimum

reaction temperature and residence time. The optimum reaction temperature range for this

process is 870 to 1,100°C (1,600 to 2,000°F), although this can be lowered to 700°C (1,300°F)

with additional injection of gaseous hydrogen. loo At temperatures above 1,lSaoC (2,aaO°F),

ammonia injection becomes counterproductive, resulting in additional NO formation. Below

870°C (1,600°F), the reaction rate drops and undesired amounts of ammonia are carried out in

the flue gas. Unreacted ammonia is commonly referred to as ammonia slip, breakthrough, or

carryover.101 The amount of ammonia slip also .depends in part on the amount of ammonia

injected. Although the chemical reaction requires one mole of NH3 for each mole of NO, the

NH3/NOx r~tii) used is usually greater than 1 to avoid an undesired reaction which results in

formation of NO. loo NH3/NOx ratios of 4 to 1 have been reported in fluidized bed

applications.102 Ratios used are usually greater than 1 due to competing reactions at the

temperatures involved.

The Thermal DeNOx process has been applied to a number of boilers firing both fossil

and nonfossil fuels. In the U.S., most Thermal DeNOx applications have been on new units,

many located in California. At least two retrofit applications on wood-fired industrial boilers

have also been reported, one to a 375 MMBtu/hr wood-fired stoker unit and one to a

210 MMBtu/hr boiler, also a wood-fired stoke~.loo Both retrofits resulted in 50 percent NOx

reduction, with controlled emissions of 45 and 50 ppm (0.06 and 0.07 lb/MMBtu).
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TABLE 5-12. SNCR NOx CONTROL FOR ICI BOILERS

Number or Controlled NO. levels
Description of industrial % NO.

Reagent technique Fuel type boilers tested reduction ppm @3%Oz Ib/MMBtu Comments

Ammonia Injection of Natural gas/oil 11 FE-WT" 50-72 25-160 0.03-0.20 Temperature window between
ammonia into flue 5 PKG·wrt' 30-65 NA.c NA. 870 and 1,lOO°C (1,600 and
gas to chemically

Coal 4FBC 76-80 30-65 0.04-0.087
2,000oF). Most data are for

reduce NO.
4 stoker 50-66 110-132 0.15-0.18

Thermal DeNo.e.

IPe' 57 135 0.18

Wood 10 stoker 50-80 25-160 0.035-0.23
8 FBC 44-80 24-140 0.035-0.20

MSW 13 stoker 45-79 48-195 0.068-0.28

Urea Injection of urea Natural gas/oil 7 FE-WT 50-60 41-104 0.049-0.13 Most data are for NOxOUTe.
into flue gas to

Coal 4FBC 57-88 21-106 0.028-0.14VI c\temically reduceI
-..1

NO. 4PC 30-83 110-300 0.15-0.41w
9 stoker 40-74 105-210 0.14-0.28

Wood 14 stoker 25-78 60-118 0.084-0.17
2 PKG-WT 50 178-187 0.24-0.26

2FBC 60-70 45-50 0.063-0.070
1 cell 52 96 0.14

MSW 13 stoker 41-75 44-210 0.062-0.30

"FE-WT = field-erected watertube.
bpKG-wr = packaged watertube.
~A. = Not available in reference source used.
dBoiler burning coke in Japan.



Overall, experience with ammonia-based SNCR on both new and existing units has

shown the following results, listed in Table 5-12. NOx reduction ranged from 50 to 80 percent

for 10 wood-firing stokers and between 44 and 80 percent for eight wood-firing FBC units. For

13 MSW-fired units, NOx reduction ranged from 45 to 79 percent, while for four coal-fired FBC

units, 76 to 80 percent reductions were achieved. Several natural-gas-fired furnaces experienced

30 to 72 percent NOx reduction. In addition to these applications, it has been reported that

ammonia-based SNCR has been used on over 100 mOR steam generators burning crude oil in

Kern County, achieving reductions of approximately 70 percent.103 Thus, for all applications,

ammonia-based DeNOx reduced NOx by roughly 30 to 80 percent. The upper range of NOx

reduction efficiency range is more characteristic of boilers operating at steady load such as

cogeneration FBC units.

Achievable NOx reductions for an individual boiler depend on the flue gas temperature,

the residence time at that temperature, the initial NOx concentration, the NH3/NOx ratio, the

excess oxygen level, and the degree of ammonia/flue gas mixing. Also, stratification of both

temperature aod NOx in the flue gas can affect the performance of the SNCR contro1.104 The

optimum placement of SNCR injectors requires a detailed mapping of the temperature profile

in the convective passes of the boiler, because of the narrow temperature window. According

to Exxon, the Thermal DeNOx process has no measurable effect on CO, CO2, or SOx

emissions.100

The feasibility of retrofitting an existing boiler with SNCR often hinges on the ability

to accommodate injection nozzles at a location where flue gas temperatures and residence time

are optimum for the reaction to take place. In field-erected boile~~, the ammonia is usually

injected into either a superheater tube bank or between a superheater tube bank and the steam

generator tube bank,103 while, for a typical wood-fired stoker boiler, injectors are usually located

before the first superheater coil. In a coal or wood-fired CFBC boiler, ammonia injectors are

usually located after the cyclone to avoid high solids and NH3 recirculation. lOO Smaller units,

especially packaged watertube and firetube boilers, have limited space and access for the

injection nozzles.

5.5.1.2 Urea-based SNCR

Originally developed by the Electric Power Research Institute (EPRI), a newer SNCR

technology for flue gas treatment NOx control utilizes urea as a reagent rather than ammonia.

One urea-based SNCR process, known by the trade name of NOxO~, is offered by Nalco
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Fuel Tech, Inc., and its licensees (Foster Wheeler, Wheelabrator Air Pollution Control, Research

Cottrell, Todd Combustion, RIM Corporation, and several others internationally). Other

vendors, such as Applied Utility Systems and Noell, Inc., have also developed and installed urea­

based SNCR processes. In the NOxOUT process, an aqueous solution containing urea and

chemical enhancers is injected into the furnace or boiler at one or more locations, depending on

the boiler type and size. The urea reacts with NOx in the flue gas to produce nitrogen, carbon

dioxide, and water. The main advantage of urea injection over ammonia injection is that urea

is a nontoxic liquid that can be safely stored and handled.

Like ammonia injection, NOxOUT is effective only within a certain temperature range.

Without the use of chemical enhancers, urea injection effectively reduces NOx at temperatures

between 900 and 1,150°C (1,650 and 2,100°F). Residence time at temperature of interest is

important. By using proprietary enhancers and adjusting concentrations, greater NOx reduction

efficiency can be achieved over a wider temperature window. If the urea is released at too high

a temperature, the chemical species can. actually be oxidized to form NOx' Below this

temperature, urea reacts with NOx to form undesired amounts of ammonia. Table 5-12 lists

NOx reduction efficiencies of 25 to 88 percent, reported for different types of- boilers burning

coal, oil, MSW, and wood which have been retrofitted with urea injection. As with Thermal

DeNOx' actual reduction performance is highly dependent on temperature, amount of reagent

used, and level of reagent/NOx mixing.105 Most of the commercial experience includes MSW-,

wood-, and coal-fired stokers, and gas-fired boilers and incinerators. These applications have

been on new and existing units. Successful demonstrations are documented on oil- and coal-fired

boilt>rs ill the utility industry. NOx reductions of as low as 10 percent to as high as 76 percent

have been recorded for utility boilers. An average NOx reduction performance of 45 percent

is estimated for PC-fired boilers.106 Due to residence time and temperature constraints, small

packaged watertube and firetube boilers with fluctuating steam loads are difficult applications, .

and require case-by-case determinations for cost and performance levels.

S.5.2 Selective Catalytic Reduction (SCR)

The SCR process takes advantage of the selectivity of ammonia to reduce NOx to

nitrogen and water at lower temperature in the presence of a catalytic surface. Two catalyst

formulations are denoted "base metal," this category including oxides of titanium, molybdenum,

tungsten, and vanadium. and zeolites. which are alumina-silicate-based. These formulations may

include other components that impart structural stability. Catalysts come in various shapes and
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sizes, according to the particular application. Gaseous ammonia is injected with a carrier gas,

typically steam or compressed air, into the flue gas upstream of the catalyst. The ammonia/flue

gas mixture enters the catalyst, where it is distributed through the catalytic bed. The flue gas

then leaves the catalytic reactor and continues to the exit stack or air preheater. SCR technology

is capable of achieving similar NOx reductions as Thermal DeNOx SNCR using a much smaller

amount of ammonia, due to the positive effects of the lower reaction temperature and the

selective catalyst.IOI Because of this, ammonia slip tends to be less with SCR than with SNCR.

SCR operates most efficiently at temperatures between 300 and 425°C (575 and 800°F)

and when the flue gas is relatively free of particulate matter, which tends to contaminate or

"poison" the catalytic sudaces.IOI ,I07 Recent catalyst formulations can resist poisoning and

abrasion in flue gas environments with high ash loading and trace metals, while maintaining NOx

reduction performance. Typically, the catalytic reactor is located ahead of the air heater, to take

advantage of the temperature regime. Sometime's, however, the reactor may be placed just

ahead of the stack and downstream of particulate collection devices, avoiding catalyst

contamination. In most cases, however, such placement requires reheating of the flue gas to

meet temperature requirements, impacting the cost of the system. To avoid reheat

requirements, some manufacturers are currently developing or have already developed special

low-temperature catalysts which can be used at temperatures as low as 200°C (400°F).107

SCR has seen very limited application on domestic ICI boilers. Table 5-13 shows a

selected list of SCR applications on industrial boilers in California. A more complete list of seR

installations on ICI boilers is included in Appendix B. Most of the industrial applications of this

control technology have been in Jap....n, where much ofthe original SCR technology development

took place. Within the industrial sector, SCR has been applied primarily to gas- or oil-fired

units, as well as a few PC-fired units or coal-fired BFBCs. SCR has not yet been demonstrated

in CFBC units or stoker coal-fIred boilers. However, it was recently announced that SCR will .

be incorporated into the design of a 220 MWe stoker coal-fIred power plant in Virginia, as well

as a 125 MWe CFBC in Sweden.IOS,I09 Major suppliers of SCR catalysts include MHI, Babcock

Hitachi, Cormetech, Engelhard, Johnson Matthey, and Norton.

Table 5-14 summarizes pedormance data for SCR applications to boilers in the ICI

sector. Data from Japanese oil-fIred industrial boilers retrofItted with SCR show NOx reductions

ranging from 85 to 90 percent. These units had controlled NOx levels between 17 and 25 ppm

(0.02 and 0.03 Ib/MMBtu), operating with flue gas treatment temperatures of 300 to 370°C (575
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TABLE 5-13. SELECfED SCR INSTALLATIONS, CALIFORNIA ICI BOILERS

Capacity,
Controlled NO. emissions

Boiler ID Boiler type MMBtu/hr Fuel used ppm @3%02 Ib/MMBtu

Darling-Delaware PKG-WT" 110 Natural gas/ 9 0.011
propane

Fletcher Oil and Refining Unknown 49 Distillate oil 20 0.025

Lockheed PKG-WI' NA.b Natural gas/ 9 0.011
distillate oil

Kalkan Foods, Inc. PKG·WI' 78.6 Natural gas/ 9 0.011
methanol

Ultramar RefInery PKG-WI' NA. RefInery gas 11 0.011

Southern California Unknown 107MWe Natural gas 20 0.024
Edison

·PKG-wr = Packaged watertube boiler.
bNA. = Not available.

TABLE 5-14. SCR NOx CONTROLS FOR ICI BOILERS

Controlled levels
Number of

Description of industrial % NOs ppm @3%
technique Fuel type boilers tested reduction °2 Ib/MMBtu Comments

Injection of ammonia Oil 7 85-90 17-25 0.022-0.032 Temperature window
into flue gas to between 300 and 425°C
chemically reduce Natural Gas 3 53-80 9-46 0.011-0.055 (575 and 800°F).
NOx Coal 2 5~ 72-110 0.097-0.15

Ref. gas 4 83-94 9-11 0.011-0.013

MSW 1 53 36 0.051

Wood waste 2 80 154 0.22
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to 700°F).109 Specific information was not available on-the types of aU fired in these boilers or

on boiler operating conditions; therefore, these reported NOx levels should not be used to

extrapolate controlled NOx levels for all oil-fired boilers.

Similar reduction efficiencies of 83 and 94 percent were obtained on units firing refinery

gas.110 One of these units was located in Japan, the others at a California refinery. Results

from tests conducted on three natural-gas- and two coal-fired boilers with SCR showed more

moderate reduction efficiencies of 53 to 80 percent. Likewise, a single MSW-frred unit

experienced 53 percent NOx reduction with SCR.lOl In summary, NOx reduction efficiencies

with SCR have been reported in the range between 53 and 90 percent. Available data are too

limited, however, to allow any correlations between fuel type, boiler type, and SCR effectiveness

to be made.

The retrofit of SCR to an existing boiler requires far more extensive modifications than

does SNCR, as the SCR reactor must be placed in the existing flue gas path where the

temperature is sufficiently high for efficient NOx control. This is in addition to the required

installation of reagent injectors and storage and control equipment. The difficulty in retrofitting

SCR to existing boilers was reflected in the compliance plans put forth by petroleum refiners in

California's South Coast Air Basin, in response to the SCAQMD Rule 1109. Rather than

retrofit existing boilers with SCR, many refiners instead opted to replace their old boilers with

new units already incorporating SCR.111 Because catalysts lose their effectiveness over time due

to contamination or clogging of catalyst pores, they must be replaced periodically. On large

boilers, it has been reported that catalyst replacement may be necessary every 1 to 5 years,

depending on the application and the level of contaminants in the fuel. 1l2

5.6 SUMMARY OF NOx REDUCTION PERFORMANCE

Table 5-15 summarizes the reduction efficiencies and controlled NOx levels for each

boiler, fuel, and control combination investigated in this report. Arithmetic average

pedormances are listed, but care must be used in interpreting them. Because these are averages,

the data do not represent the NOx control performance attainable in all cases. Actual

pedormance will be influenced by several factors, including fuel type, degree of control applied,

and the boiler's design and operating ~ondition. Because coal and residual oil can vary in

nitrogen content and other properties, the a'ctual NOx level achieved with these fuels will be very

much a function of these fuel properties. Certainly, the degree of FGR and air staging applied,
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TABLE 5-15. SUMMARY OF NOx REDUCTION PERFORMANCE

Range in performance Average performance-

Reduction Controlled NO", Reduction Controlled NOz'

Boiler and fuel NOz control efficiency, % Ib/MMBtu efficiency, % Ib/MMBtu

PC-fired boilers: SCA 15-39 0.33-0.93 27 0.62
all firing types LNB 18-67 0.26-0.50 55 0.35
with wall or comer
burners Reburn+OFA 30-65 0.23-0.52 52 0.34

LNB+SCA 42-66 0.24-0.49 60 038

SNCR 30-83 0.15-0.40 4st' 0.39

Coal-fired stokers SCA -1-35 0.22-0.52 18 038

FGR+SCA 0-60 0.19-0.47 24 0.54

SNCR 40-74 0.14-0.28 58 0.22

Coal-fired FBC SCA 40-67 0.05-0.45 58 0.18

FGR+ SCA NA.c 0.U-0.16 NA. 0.14

SNCR 57-88 0.03-0.14 74 0.08

SCR 53-63 0.10-0.15 60 0.12

Gas-fired flretube LNB 32-78 0.02-0.08 50 0.03

Radiant LNB 53-82 0.011-0.036 71 0.02

FGR 55-76 0.02-0.08 65 0.07

LNB+FGR NA. 0.02-0.04 NA. 0.03

Gas-fired SBwrs'" WI 50-77 0.04-0.056 64 0.05

FGR 53-74 0.02-0.08 64 0.05

LNB 46-71 0.03-0.11 58 0.08

LNB:FGR 55-84 0.018-0.09 76 0.06

SCR BO-91 0.011-0.06 85 0.024

(continued)
aArithmetic averages of reported control efficiency NOz levels with specified controls. Values
do not necessarily reflect emission targets that can be achieved in all cases.

bAverage NOz reduction is based on utility boiler PC experience.
~A. = Not available.
dSBWT = Single-burner watertube. Also referred to as packaged watertube (pKG-wr).
er>ata for gas- and oil-fired watertube boilers are limited to performance reported in
Appendix B, exclusive of equipment vendor data reported in Appendix C.
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TABLE 5-15. (continued)

Range in performance Average performancea

Reduction Controlled NO", Reduction Controlled NO.,
Boiler and fuel NO. control efficiency, % Ib/MMBtu efficiency, % Ib/MMBtu

Gas-fired MBWI"'.t SCA (BOOS) 17-46 0.06.Q.24 31 0.15

LNB' 39-52 0.10-0.17 46 0.12

SNCR 50-72 0.03.Q.19 58 0.10

SCRh NA.c 0.024 NA. 0.024

LNB+SCA NA. 0.10-0.20 NA. 0.15

Distillate fIretube LNBh 15 0.15 15 0.15

FGR NA. 0.04.Q.16 NA. 0.12

Distillate SBwres" LNB NA. 0.08-0.33 NA. 0.10

FGR 20-68 0.04-0.15 44 0.08

LNB+FGR NA. 0.03-0.13 NA. 0.07

SCRh NA. 0.011 NA. 0.011

Residual oil LNB i 30-60' 0.09-0.25 40 0.17
flletube

Residual oil LNB 30-60 0.09-0.23 40 0.19
SBwrt~ FGR 4-30 0.12-0.25 15 0.17

LNB+FGRh NA. 0.23 NA. 0.23

Residual oil SCA 5-40 0.22-0.74 20 0.34
MBWI"'.t LNBJ 30-60 0.09-0.23 40 0.19

LNB+SCAh NA. 0.22 NA. 0.22

SCRi 58-90 0.025-0.15 85 0.045

Wood-fired stoker SNCR 25-80 0.04-0.23 58 0.13

Wood-fired FBC SNCR 44-80 0.035-0.20 64 0.09

MSW-flled stoker SNCR 41-79 0.06-0.31 60 0.18

aArithmetic averages of reported control efficiency NO. levels with specified controls. Values do not
necessarily reflect emission targets that can be achieved in all cases.

'NA. = Not available.
dSBWT = Single-burner watertube. Also referred to as packaged watertube (PKG-WT).
eoata for gas- and oil-fired watertube boilers are limited to performance reported in Appendix B, exclusive
of equipment vendor data reported in Appendix C.

'MBWT = Multi-burner watertube. Also referred to as field-erected watertube (FE-WT).
'Most LNB applications include FGR.
1l0nly one data point available.
'Experience relies primarily on Japanese industrial installations.
iNo data available. NO. levels assumed to be on the same order as those reported for single-burner
packaged watertubes.
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or the amount of ammonia or urea reagent used, will influence the percent reduction efficiency

and the NOx level achieved.

NOx from pulverized coal combustion in industrial boilers with LNB controls was shown

to be controlled to levels ranging from 0.26 to 0.50 Ib/MMBtu. These data include results for

both tangential- and wall-frred boilers. The average, 0.35 Ib/MMBtu, is lower than reported

average control levels for utility boilers.H3 Therefore, this average efficiency should be used

cautiously, considering the limited data available to this study. Other data show SNCR to be

quite effective in reducing NOx from coal- and waste-fuel-fired FBC and stoker boilers. Average

levels for these sources controlled with either ammonia or urea range from 0.08 to 0.22

Ib/MMBtu. For gas- and distillate-ail-fired ICI boilers, FGR and LNB controls operating alone

or in combination can attain NOx levels averaging 0.02 to 0.15Ib/MMBtu. Data on residual oil

are somewhat more sparse. NOx control levels from residual-ail-fired boilers are largely

influenced by the nitrogen content of the fuel. Combustion controls for these boilers show

average controlled levels ranging from 0.17 to 0.34lb/MMBtu.
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6. COSTS OF RETROFIT NOx CONTROLS

This chapter evaluates the economic impacts of controlling NOx from existing ICI

boilers. Costing methodologies and assumptions are discussed in Section 6.1. Section 6.2

presents the costs calculated for various NOx controls retrofitted to ICI boilers. Section 6.3

discussed the capital and total annual costs of NOx controls. Section 6.4 presents the cost

effectiveness of NOx controls. Supporting documentation, including costing spreadsheets, are

included as appendices. Appendix D contains cost effectiveness data for the boilers and control

systems analyzed, scaled from annual cost data of Appendices E, F, and G. The latter

appendices contain detailed cost analysis spreadsheets developed from actual data provided by
o. -

vendors, boiler owners, and regulatory agencies.

Whenever possible, cost data from actual retrofit projects were used to develop the cost

effectiveness figures presented in Section 6.4. When key cost figures from actual projects were

unavailable or not accounted for, however, the cost algorithms and assumptions described in

Section 6.1 were used to supplement the available cost data.

6.1 COSTING METHODOLOGY

The costing methodology IIsed in this study is based primarily on the U.S. EPA's

OAQPS Control Cost Manual, l although certain cost components have been modified specifically

for this study, based on conventional costing practice and actual cost data. Costs of retrofit NOx

controls for ICI boilers can be divided into two major cost categories - capital investment costs .

and annual operations and maintenance (O&M) costs. Capital costs are the total investment

necessary to pu~chase, construct, and make operational a control system. O&M costs are the

total annual costs necessary to operate and maintain the control system, above what was required

to operate the pre-retrofit boiler without NOx control. Each of these cost categories can be

further subdivided into individual cost components. Section 6.1.1 discusses capital cost

components, Section 6.1.2 discusses elements of O&M costs, and Section 6.1.3 describes the

methodology for evaluating a control technology's overall cost effectiveness based on these

capital and O&M costs.
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6.1.1 Capital Costs of Retrofit NOx Controls

Capital costs of NOx controls include both direct and indirect cost components. Direct

capital costs are expen~es required to purchase equipment for the control system, referred to as

purchased equipment costs, as well as those expenses required for installing the equipment in

the existing boiler, known as direct installation costs. Indirect capital costs are costs entailed in

the development of the overall control system, but not attributable to a specific equipment item.

These costs are also referred to as indirect installation costs. In addition to direct and indirect

components of capital investment costs, contingency costs are also added to account for

unpredictable expenses. Figure 6-1 illustrates these principal elements of total capital investment

and lists common sub-elements which comprise them. The major capital cost elements are

described in detail below.

All costs in this chapter and the appendices are presented in 1992 dollars. When

available cost data were referenced to other years, the Chemical Engineering Plant Cost Index

was used to convert costs to 1992 dollars.2-4

6.1.1.1 Purchased Equipment Costs

Purchased equipment costs include the costs of primary control equipment, such as

10w-NOx burners, FGR fans, or catalytic converters; auxiliary control equipment;

instrumentation; and applicable sales taxes and shipping charges. When data were provided, the

cost of CEM equipment was also included in the purchased equipment cost. For this study,

instrumentation, tax, and freight charges were estimated as being 18 percent of the total primary

and auxiliary equipment costs. l

6.1.1.2 Direct Installation Costs

The second major component of direct capital costs, direct installation costs include both

labor and materials costs for ~oundations, supporting structures, piping, insulation, painting,

handling and erection, and electrical work. Direct installation costs vary considerably from site

to site and depend on such factors as availability of space, the amount of boiler modification that

must be done to accommodate the control system, and existing facilities. Although direct

installation costs may vary widely, they were estimated as 30 percent of purchased equipment

cost in this study, unless an actual cost figure was provided. This is towards the low end of

reported ranges for direct installation cost.l,s When direct installation cost data for new boiler

applications were provided by vendors, the figures were doubled to account for additional retrofit
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expenses.1,6 Costs of research and development and the cost of lost production during

installation and startup were not included in direct installation cost.

6.1.1.3 Indirect Installation Costs

Indirect installation costs consist of engineering costs, construction and field expenses,

construction fees, and expenses associated with startup, performance tests, and permitting.

When actual cost data were unavailable, these costs were estimated to be approximately

33 percent of the purchased equipment cost.1 For SCR retrofits, indirect installation was

estimated as 66 percent of purchased equipment cost to account for additional engineering and

construction requirements.

6.1.1.4 Contingencies

Contingency costs were added to capital cost estimates to account for additional

expenses due to such things as price changes, small design changes, errors in estimation, strikes,

or adverse weather conditions. These are unpredictable costs likely to occur.s In the cost

spreadsheets of Appendices E, F, and G, contingency costs were estimated primarily as

20 percent of the total direct and indirect capital cost.7,8 Cost estimates obtained from selected

control vendors already included contingencies. To avoid double accounting, no additional

contingency costs were added.

6.1.1.5 Other Capital Costs

Other costs which may be included as capital costs are expenditures for site preparation,

buildings, land, and working capital. Site preparation costs are sometimes accounted for in direct

installation costs, and in most cases are unreported. Additional buildings are usually not

required for retrofit NOx control systems for ICI boilers, except in cases where existing facilities

are absolutely unable to accommodate additional equipment installation. For the purposes of

this study, site preparation and building costs were listed in the cost spreadsheets, but were only

used if sources provided costs for these items.

Working capital is a fund set aside to cover the initial O&M costs of labor, fuel,

chemicals, and other materials for a given time, usually on the order of 90 days.7 This fund is

primarily used in cost analyses for large systems which require significant amounts of utilities,

O&M labor, and materials.1 Because most of the control systems considered in this study do

not require large amounts of utilities, O&M labor and materials, working capital costs were not

included in this study. Costs of additional land were also not included since most retrofit control

systems do not require much space. These. omissions are consistent with U.S. EPA OAQPS

costing methodologies.1

6-4



6.1.2 Annual Operations and Maintenance (O&M) Costs

Annual O&M costs of NOx control systems are classified as either direct or indirect

annual costs. For this study, O&M costs were considered to be costs resulting from the use of

the NOx control equipment only, and are separate from the annual O&M costs of the existing

boiler. Figure 6-2 displays common elements of annual O&M costs. Included as direct annual

O&M costs are expenses for labor and maintenance materials, utilities such as electricity or

steam, fuel or chemicals which may be required for the control system, and waste disposal which

may be required with SCR system catalysts. With FGR NOx control systems, boiler fuel

consumption may actually decrease due to increased boiler efficiency, resulting in an overall fuel

savings. Two sources estimated fuel savings of 1 to 2 percent when FGR was retrofitted.9,10

In the cost calculations of Appendices E, F, and G, fuel savings of 1 percent were included for

all FGR systems.

Prices for fuels and electricity in the U.S. were obtained from Energy User News.11 The

cost of electricity was estimated as SO.OS/kWh, while the cost per MMBtu for natural gas,

distillate oil, and residual oil were estimated as S3.63, S4.83, and S2.35, respectively. The price

of bulk anhydrous ammonia used for ammonia injection systems was estimated -at $250 per ton,

while the price of bulk urea was estimated at S220 per ton.12

Indirect annual O&M costs include overhead, administrative charges, property taxes, and

insurance. Following the cost methodology developed by OAQPS, overhead charges were

estimated as 60 percent of the annual labor and maintenance materials costs, while

administrative, property tax, and insurance costs were estimated as 4 percent of the total capital

investment cost described in Section 6.1.1.1

Table 6-1 summarizes the assumptions made for estimating capital and O&M costs for

retrofit NOx control systems. When developing a NOx control cost spreadsheet based on data

from a particular reference source, these estimates were used whenever data were not provided

by the source.

6.1.3 Total Annualized Cost and Cost Effectiveness

Total capital investment and total annual O&M costs may be combined to give a total

annualized cost. Total capital investment is converted into uniform annual capital recovery costs

which represent the payments necessary to 'repay the capital investment over a given time period

at a given interest rate. This is done by multiplying the total capital investment cost by a capital

recovery factor. For this analysis, a la-percent interest rate and an amortization period of 10
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TABLE 6-1. ASSUMPTIONS FOR ESTIMATING cAPITAL AND ANNUAL O&M COSTS

Cost element

Direct capital costs

NO" control equipment
Instrumentation
Sales taxes
Freight
Total = Purchased Equipment Cost (PEC)
Direct installation cost
Site preparation
Buildings

Indirect capital costs

Engineering
Construction and field expenses
Construction fee
Startup
Performance test

Contingency

O&M costs

FGR fuel savings
Overhead
Administrative
Property tax
Insurance

Cost assumption

Given
10% of equipment cost
3% of equipment cost
5% of equipment cost

30% ofPEC
ounless given
ounless given

10% afPEca
10% ofPEca
10% ofPEca
2% ofPEca
1% ofPEca

20% of direct and indirect capital costs

1% of boiler fuel cost
60% of labor and maintenance material cost
2% of total capital cost
1% of total capital cost
1% of total capital cost

aIncreased by a factor of 2 for SCR installations.

years was assumed for the NOx control systems, which results in a capital recovery factor of

0.1627.13 The interest rate of 10 percent was selected as a typical constant dollar rate of return

on investment to provide a basis for calculation of annualized capital investment cost. Although

10 years was chosen as the capital amortization period, other periods could have been selected

if desired, as long as the same amortization period is used when comparing costs of different

control systems. When the annualized capital cost is added to the total annual O&M costs

discussed in Section 6.1.2, the resulting figure is the total annuiilized cost of the NOx control

system.

In order to compare the cost effectiveness of different controls on a given boiler, the

total annualized cost of each control system was divided by the amount of NOx removed by the
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system over 1 year. The amount of NOx removed from a boiler is a function of the achievable

NOx reduction of the control system and of the annual capacity of that unit. An annual capacity

factor represents the ratio of the amount of heat input a unit uses in a year to the amount it

could have used if it was operated at full rated capacity 24 hours a day, 365 days per year. For

the purposes of this study, it was assumed that all boilers, when operated, ran at full rated

capacity, as opposed to being run at half load, for example. However, the annual capacity factors

of all boilers were assumed to be less than 1.

The actual amount of boiler operating time over a year typically depends on the boiler

size and application. For example, smaller capacity boilers used in commercial or institutional

sectors are often operated intermittently, providing power for daily needs of office buildings,

schools, etc. as needed. On the other hand, larger units located in large manufacturing facilities

may operate almost continuously during the workw~ek. To illustrate the effect of capacity factor

on NOx control cost effectiveness, cost effectiveness was calculated for each boiler test case at

capacity factors of 0.33, 0.5, 0.66, and 0.8. While data for the complete range of capacity factors

are presented in the appendices, the summary tables in this chapter show cost effectiveness

calculated for the mid-range capacity factors of 0.5 and 0.66 only.

To estimate the amount of NOx removed by a control system per year, pre-retrofit and

post-retrofit NOx emission levels must be known, in addition to the boiler capacity factor and

heat input capacity rating. Assumed baseline NOx levels were selected for each fuel and boiler

type based on data contained in Appendices A and B and summarized in Table 4-7 of Chapter 4.

Table 6-2 lists the average baseline NOx levels assumed for the purposes of calculating cost

effectiveness. For natural-gas-fired watertube boilers, five boiler size categories were considered

in the retrofit cost analyses. Average baseline NOx emissions increase with boiler size because

of the higher heat release rate ~nd greater thermal NOx formation. NOx reduction efficiencies

for each type of control were selected based on data contained in Chapter 5 and Appendix B, .

and are listed in Table 6-3. These NOx reduction efficiencies are assumed levels only; actual

NOx reduction pedormance of particular control systems may vary depending on boiler, fuel, and

operating characteristics, as discussed in Chapter 5.

Total annualized costs are divided by the amount of NOx emission reduction per year

to obtain the cost effectiveness in terms of dollars per ton of NOx reduced. As stated earlier,

all costs in this analysis are expressed in terms of 1992 dollars.
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TABLE 6-2. BASELINE (UNCONTROLLED) NOx EMISSIONS USED FOR COST CASES

Fuel

Natural gas

Distillate oil
Residual oil
Pulverized coal
Coal
Coal
Wood
Wood
Wood/natural gas
Paper
MSW.

Boiler type

Firetube
Watertube

10 to <75 MMBtu/hr
75 to 150 MMBtu/hr
> 150 to <350 MMBtu/hr
350 to <750 MMBtu/hr
;;:= 750 MMBtu/hr

All
All
Wall-fired
Spreader stoker
FBC
Stoker
FBC
Stoker
Packaged watertube
Stoker

Baseline NO~,
Ib/MMBtu

0.12

0.16
0.18
0.24
0.30
0.40
0.20
0.38
0.70
0.53
0.32
0.25
0.25
0.20
0.50
0.40

aTo convert to ppm at 3 percent 0Z' multiply by the following factors: natural
gas, 835; distillate oil, 790; residual oil, 790; coal, 740; wood, 710; paper, 710;
MSW, 705 (approximate).

TABLE 6-3. NOx REDUCIlON EFFICIENCIES USED FOR COST CASES

NOy control technology

BT/OT
BT/OTand WI
BOOS with aT
BOOS/WI with aT
LNB

FGR
LNB andFGR
SNCR

SCR

Applicable boiler equipment

PKG-WT and FT
PKG-WT and FT
FE-WT
FE-WT
pc: wall-fired
Nat. gas/oil: PKG-WT, FE-WTb

Nat. gas/oil: PKG-FfC
Nat. gas/oil: PKG-WT
PC: wall-fired
Coal: FBC
Coal: Stoker
Nonfossil: stoker, PKG-WT, FBC
PC: wall-fired
Nat. gas/oil: PKG-WT

NOy reduction efficiency, %8

15
65
50
75
50
50
40
60
45
75
58
55
80
85

aSee Chapter 5 and Appendix B.
bpKG_wr = packaged watertube; FE-WT = field-erected watertube.
cPKG-FT = packaged firetube.
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6.2 NOx CONTROL COST CASES AND SCALING METHODOLOGY

NOx control cost cases were selected based on the prevalence of control system

applications to specific types and sizes of boilers and on the availability of cost data. Table 6-4

lists the cost cases analyzed and data sources from which various cost figures, principally capital

and annual costs, were obtained. Cost data were compiled primarily from published reports and

communications with selected boiler operators and control system manufacturers. Cost data for

PC-fired boilers were limited to LNB, SNCR, and SCR control technologies. Capital and O&M

costs for LNB and SCR were provided by the Council of Industrial Boiler Owners (CIBO)14, and

recent costs were developed for small utility PC-fired boilers. IS Cost estimates for SNCR with

urea and ammonia reagents were provided by vendors of these technologies. Experience with

NOx controls for ICI PC-fired boilers is generally very sparse; therefore, these cost estimates

should be used with caution. Data on NOx controls for FBC boilers were limited to SNCR, since

combustion staging is usually integrated into the original FBC boiler design and operation. For

firetube boilers, data were also limited primarily to FGR only. Cost estimates of WI+OT for

firetube boilers were based on the data reported for packaged watertube boilers.

Raw data from the referenced sources listed were used to calculate -the annual cost

effectiveness figures presented in Appendices E, F, and G. Cost effectiveness estimates for each

of the NOx control cost cases were then obtained from these values, using the logarithmic scaling

law known as the "six-tenths power rule," to account for differences in boiler capacity size.s Cost

effectiveness was calculated for each cost case, using each applicable source of raw cost data.

For example, the cost effectiveness of LNB used in 10 to 250 MMBtu/hr (2.9 to 73 MWt)

natural-ga~4fUed packaged watertube units was calculated using annual costs derived from

References 6 and 14, each of which provided data on more than one LNB retrofit project. Each

individual retrofit project was used to calculate a cost effectiveness value. Results obtained for

each cost case from each source are contained in Appendix D. The ranges in cost effectiveness

obtained from all sources are summarized in the following subsections. In all, cost data for 42

different boilerjNOx control configurations were used to develop these ranges, varying in boiler

type, size, fuel, and NOx control technology.

Most of the data obtained were for natural-gas-fired units, in part because of boiler

retrofit activity in California's South Coast Air Basin, where natural gas is the primary fuel used.

Cost effectiveness figures for distillate- and' residual-oil-fired units were estimated using the

annual costs for natural-gas-fired units. Appropriate baseline NO~ levels for fuel oil firing were
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TABLE 6-4. NOx CONTROL COST EFFECTIVENESS CASES

Boiler
capacity, NOx control Cost data

Fuel type Boiler type MMBtu/hr technology reference

PC Wall-fired 250-750 LNB 14
250-750 SNCR-ammonia 16
250-750 SNCR-urea 17
250-750 SCR 15

Coal FBC 250-750 SNCR-urea 18
Spreader stoker 250-750 SNCR-urea 17

Natural gas/distillate Packaged watertube 10-250 OT 19
oil/residual oil Packaged watertube 10-250 OT+WI 19

Packaged firetube 3-34 OT 19
Packaged firetube 3-34 OT+WI 19
Packaged firetube 3-34 FGR 20

Packaged watertube 10-250 LNB 6,14
Packaged watertube 10-250 LNB+FGR 6,14,21
Packaged watertube 10-250 SCR 9,22

Field-erected 250-750 LNB 14
wall-fired

Nonfossil fuel Stoker 50-500 SNCR-urea 16
Packaged watertube 10-250 SNCR-urea 16

FBC 250-750 SNCR-ammonia 23

used to calculate annual NOx reduction. For FGR, fuel oil prices were used to estimate the

annual fuel savings.

6.3 CAPITAL AND TOTAL ANNUAL COSTS OF NOx CONTROLS

Table 6-5 summarizes the capital and total annualized costs of retrofit controls on

selected "model" size boilers. The table also lists the anticipated NOx control levels applicable

to each control technology and model boiler. This information corresponds to data presented

in Chapter 5. The total annualized cost includes the payments for the initial investment and the

recurring direct and indirect O&M costs. The references indicate the SOurces of the capital cost

data, and, in some cases, the O&M cost dt,lta, ~sed in the analysis. As indicated earlier, when

the reference cost data were for a different year or size of boiler, the capital costs were first

updated to 1992 base year and then adjusted for boiler size using the "six-tenths" power law.

That is:
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TABLE 6-5. CAPITAL AND TOTAL ANNUAL COSTS OF RETROFIT NOx CONTROLS FOR
ICI BOILERS, 1992 DOLLARS

Controlled NO"" Capital cost, Total annual cost,
Boiler type, size, and fuel NO", control Ib/MMBtu· $/MMBtu/hr $/yr/MMBtu/hrb Reference

400 MMBtu/hr PC-fIred LNB 035 5,300 1,220 14
wall-flIed watenube

950-1,200SNCR 0.28 1,600-2,100 16,17

SCR 0.14 20,000 5,800 15

400 MMBtu/hr FBC SNCR 0.08 1,600 680 18

400 MMBtu/hr stoker SNCR 0.22 1,100 1,200 17

10.5 MMBtu/hr oil/gas OT+WI 0.04 (Gas) 2,400 690 19
flIetube

20OT+FGR 0.07 (Gas) 5,400 1,100
0.12 (No.2 oil)

50 MMBtu/hr oil/gas OT+WI 0.06 (Gas) 530 210 19
packaged watenube

LNB 0.08 (Gas) 650-2,300 340-420 6,14
0.10 (No.2 oil)
0.19 (N.o. 6 oil)

LNB+FGR 0.06 (Gas) 2,1004,700 430-890 6,14,21
0.Q7 (No.2 oil)
0.15 (No.6 oil)

SCR 0.02 (Gas) 2,400-6,900 1,500-1,900 9,22
0.03 (No.2 oil)
0.06 (No.6 oil)

300 MMBtu/hr oil/gas OT+SCA 0.15 (Gas) 190 96 19
field-erected watertube (BOOS)

LNB 0.12 (Gas) 5,100-8,300 990-1,500 14
0.10 (No.2 oil)
0.19 (No.6 oil)

150 MMBtujhr wood- SNCR 0.11 2,100-2,500 500-800 16
flIed stoker

400 MMBtu/hr wood- SNCR 0.11 970 590 23
frred FBC

500 MMBtu/hr MSW SNCR 0.18 2,100-3,300 940-1,100 15
stoker

·Arithmetic average of reported NO", control performance. Not indicative of levels achievable in all cases.
bCalculated based on 0.66 capacity factor or 5,460 operating hours per year at the boiler capacity.
Note: All estimates are rounded to two significant fIgUres.
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Capital cost2 = 2 Capital cost!
(MMBtu/hr)l .

(6-1)

The ranges in both capital and operating costs indicate that the references provided more than

one cost case from which data could be extrapolated to the model boilers.

The reported capital cost of retrofit NOx controls has been found to vary by two orders

of magnitude, from the low cost of BOOS ($190/MMBtu) and WI ($530/MMBtu), on small- to

medium-sized gas-fired boilers, to the high estimate for SCR retrofit ($20,000/MMBtu/hr), on

PC-fired boilers. As shown, even the cost of SCR shows some large variations. Estimates from

vendors and installers of the technology indicated that SCR can cost as little as $2,400 to

$6,900/MMBtu for a relatively small gas-fired industrial boiler of 50 MMBtu/hr capacity (about

24 MWt), compared to an estimate of $20,000/MMBtu based on estimates from a comparable­

sized utility boiler.15 However, because of the lack of experience with SCR on coal-fired

industrial boilers, it is difficult to draw- any definitive conclusions with respect to the actual

retrofit cost of SCR on these boiler types. Recent experience with utility boilers indicates that

the cost of SCR has lowered due to technology improvements and market competition. These

benefits are likely to transfer into the industrial boiler sector.

Where applicable, the capital cost of SNCR has been found to be in the same range as

the capital costs of such combustion controls as LNB and FGR. Both SNCR-urea and SNCR­

ammonia estimates were based on costs provided by vendors, and escalated to account for boiler

size differences. For example, for a PC-fired 800 MMBtu/hr (234 MWt) boiler, the capital cost

for Sl~CR-ammonia was estimated by Exxon to be about $900/MMBtu/hr.16 For an

812 MMBtu/hr (238 MWt) tangential boiler, the capital cost for SNCR-urea was estimated by

Nalco Fuel Tech to be about S600/MMBtu/hr.17, while a smaller, 400 MMBtu/hr boiler will.

require an investment of $830,000.17 Figure 6-3 plots the actual or estimated capital cost for the

Thermal DeNOx process for several boiler types. These costs were prepared by Exxon Research

and Engineering (ER&E) for new and retrofit installations on large, >250 MMBtu/hr (73 MWt),

industrial and utility boilers burning a variety of fuels, including waste fuels.24,25 These data

show the exponential increase in capital cost with decreasing boiler size (boiler capacity is plotted

on a logarithmic scale).
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6.4 COST EFFECTIVENESS OF NOx CONTROLS

This section presents the cost effectiveness ofvarious NO,; controls retrofitted to a range

of ICI boilers, using the costing methodology and assumptions discussed earlier. Section 6.4.1

describes the boiler NOxcontrol cases analyzed, and Sections 6.4.2 through 6.4.6 discuss the cost

analyses results.

6.4.1 NOx Control Cost Effectiveness: Coal-nred ICI Boilers

Table 6-6 summarizes the results obtained for coal-fired ICI boilers retrofitted with

various NOx controls. The cost effectiveness values presented here and in all subsequent tables

and figures in this chapter were calculated using capacity factors of 0.50 to 0.66. These capacity

factors were chosen as mid-range capacity levels for this analysis, although it is likely that small

ICI boilers such as packaged firetube units will have capacity factors less than 0.50.7 In all cost

cases, costs per ton of NO,; control were higher as the capacity factor decreased, due to the

reduced amount of NOx removed. Thus, costs for' boilers with capacity factors such as 0.33 will

be higher than those presented in this section. See Appendix D for calculated cost effectiveness

values for capacity factors of 0.33 and 0.80.

Figure 6-4 graphically shows the relationship of cost effectiveness and boiler capacity for

NOx controls retrofitted to PC wall-fired boilers. The cost estimates depicted are based on data

from a detailed cost study for a 766 MMBtu/hr (224 MWt) PC wall-fired unit. 14 Cost estimates

for other boiler sizes were extrapolated using the 0.6 power law for capital cost and a

proportional dependence for O&M cost. The data show reduced costs per ton of NOx removed

as boiler capacity increases, due to greater amounts of NOx removed and economies of scale.

SNCR controls were the most cost effective per ton of NOx removed, with costs ranging from

a low of $950 per ton of NO,; removed, for a 750 MMBtu/hr (220 MWt) unit, to a high of $1,340

per ton, for a smaller, 250 MMBtu/hr (73 MWt) unit. The difference in cost effectiveness

between SNCR with urea and SNCR with ammonia is well within the margin of error for this

cost analysis.

LNB controls required greater expenditures for equivalent NO,; removal, ranging from

$980 to $1,760 per ton of NO,; removed. LNB costs were developed based on estimates provided

by cmo.14 SCR has the highest costs per ton of NOx removal, ranging from $4,610 to $7,810

per ton ofNOx' These estimates were also developed from EPA cost estimates for a 100 MWe

utility boiler.is Recent trends in SCR applications have shown significant decreases in capital

investment for this technology. However, due to the lack of experience in SCR application on

6-15



TABLE 6-6. SUMMARY OF NOx CONTROL COST EFFECI1VENESS, COAL-FIRED
leI BOILERS

Cost effectiveness,
Boiler capacity, NOx control Controlled NOx $/ton NO

Boiler type MMBtu/hr technology level,lb/MMBtu removeda,ti

PC wall-fired 250 LNB 0.35 1,340-1,760
400 LNB 0.35 1,170-1,530
500 LNB 0.35 1,090-1,430
750 LNB 0.35 980-1,280

250 SNCR-ammonia 0.39 1,360-1,450
400 SNCR-ammonia 0.39 1,310-1,400
500 SNCR-ammonia 0.39 1,300-1,370
750 SNCR-ammonia 0.39 1,270-1,330

250 SNCR-urea 0.39 1,120-1,340
400 SNCR-urea 0.39 1,040-1,240
500 SNCR-utea 0.39 1,010-1,190
750 SNCR-urea 0.39 960-1,130

250 SCR 0.14 3,800-4,800
400 SCR 0.14 3,400-4,200
500 SCR 0.14 3,200-4,000
750 SCR 0.14 3,000-3,700

CFBC 250 SNCR-urea 0.08 960-1,130
400 SNCR-urea 0.08 890-1,030
500 SNCR-urea 0.08 860-980
750 SNCR-urea 0.08 810-920

Spreader 250 SNCR-urea 0.22 1,360-1,440
stoker 400 SNCR-urea 0.22 1,320-1,380

500 SNCR-urea 0.22 1,300-1,360
750 SNCR-urea 0.22 1,280-1,320

aCapacity factor: 0.50-0.66. Costs based on lO-percent interest rate and 10-year
capital amortization.

b1992 dollars.

PC-fired boilers, the actual cost of this control option is speculative at this stage. Overall, on a

per-ton of NOx removed basis of comparison, SNCR controls were the most cost effective for

PC wall-fired boilers.

It should be noted that the controlled NOx levels achieved using LNB were higher than

those achieved using SNCR or SCR. This lower reduction efficiency, coupled with higher capital

costs, results in higher cost effectiveness for LNB technology. For SCR controls, the most
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expensive cost elements were purchased equipment "Cost and annual chemical or catalyst

replacement costs. SCR catalyst replacement was based on a 4-year catalyst life. Both capital

and O&M SCR costs are in line with EPA estimates for small PC-fired utility boilers. In

general, costs per ton of NOx control for tangential-fired PC boilers may be expected to be

slightly higher than those estimated for the PC wall-fired units, since baseline NOx levels are

generally lower for tangential firing, and, hence, the amount of NOx removed will be slightly

lower.

6.4.2 NOx Control Cost Effectiveness: Natural-gas-rued ICI Boilers

Cost effectiveness estimates were made for packaged watertube, packaged firetube, and

field-erected wall-fired units firing natural gas, and are summarized in Table 6-7. Cost data for

26 different boilers were used to derive these estimates. Section 6.4.2.1 describes the results

obtained for packaged watertube units equipped with WI+OT, LNB, LNB+FGR, and SCR.

Section 6.4.2.2 presents cost effectiveness estimates for packaged firetube units retrofitted with

WI + OT, and FGR controls, and Section ~.4.2.3 discusses field erected wall-fired units retrofitted

with LNB. These estimates do not include the cost of purchasing and maintaining a fully

instrumented CEM system to monitor compliance with an emission limit. The impact of CEMs

on these costs is discussed in Section 6.4.6.

TABLE 6-7. SUMMARY OF NOx CONTROL COST EFFECTIVENESS, NATURAL­
GAS-FIRED lei BOILERS

Boiler type
Packaged watertube
(single-burner)

Boiler
capacity,

MMBtu/hr
10
25
50
100
150
250

10
25
50
100
150
250

NOx control
technology
WI+OT
WI+OT
WI+OT
WI+OT
WI+OT
WI+OT

LNB
LNB
LNB
LNB
LNB
LNB

Controlled
NOx level,
Ib/MMBtu

0.06
0.06
0.06
0.06
0.06
0.08

0.08
0.08
0.08
0.09
0.09
0.12

Cost effectiveness,
$/ton NOx removed8 ,b

960-1,160
800-940
710-820
570-650
540-610
380-430

990-4,300
720-3,070
570-2,390
410-1,670
360-1,450
240-920

aCapacity factor: 0.50-0.66. Costs based on 10-percent interest rate and
10-year capital amortization.

b1992 dollars.
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TABLE 6-7. (continued)

BoUer Controlled
capacity, NOx control NO~ level, Cost effectiveness,

Boiler type MMBtu/hr technology Ib/MMBtu S/tOR NOy removed8,b

Packaged 10 LNB+FGR 0.06 2,630-7,630
watertube 25 LNB+FGR 0.06 1,930-5,510
(single-burner) 50 LNB+FGR 0.06 1,540-4,350
(continued) 100 LNB+FGR 0.07 1,110-3,090

150 LNB+FGR 0.07 990-2,730
250 LNB+FGR 0.10 650-1,760

10 SCR 0.02 7,400-10,090
25 SCR 0.02 5,730-8,010
50 SCR 0.02 4,830-6,880
100 SCR 0.03 3,040-5,350
150 SCR 0.03 2,690-4,990
250 SCR 0.04 1,810-3,460

Packaged 2.9 WI+OT 0.04 4,190-5,240
firetube 5.2 WI+OT 0.04 3,600-4,450

10.5 ·WI+OT 0.04 3,050-3,720
20.9 WI+OT 0.04 2,640-3,180
33.5 WI+OT 0.04 2,410-2,890

2.9 FGR+OT 0.07 26,570-35,410
5.2 FGR+OT 0.07 15,160-20,380
10.5 FGR+OT 0.07 7,970-10,830
20.9 FGR+OT 0.07 4,520-6,100
33.5 FGR+OT 0.07 3,000-4,080

Field-erected ,100 BOOS+OT 0.09 440-510
wall-fired 250 BOOS+OT 0.12 280-330
(multiple- 400 BOOS+OT 0.15 210-?40
burner) 500 BOOS+OT 0.15 210·240

750 BOOS+OT 0.20 150-170

100 BOOS+WI+OT 0.05 750-820
250 BOOS+WI+OT 0.06 530-570
400 BOOS+WI+OT 0.08 410-440
500 BOOS+WI+OT 0.08 400-430
750 BOOS+WI+OT 0.10 300-310

250 LNB 0.12 3,030-6,210
400 LNB 0.15 2,070-4,210
500 LNB 0.15 1,920-3,900
750 LNB 0.20 1,690-3,400

aCapacity factor: 0.50-0.66. Costs based on 10-percent interest rate and
10-year capital amortization.

b1992 dollars.
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6.4.2.1 Natural-gas-rrred Packaged Watertube Boilers -

NOx control cost data for natural-gas-fired packaged (single-burner) watertube boilers

are more available than for other boiler and fuel types, primarily due to retrofit activity in

California. Cost data from four boilers were used to estimate costs of WI and LNB retrofit,

while data from six units were used to estimate combined LNB and FGR retrofit costs. SCR

retrofit cost estimates were based on data supplied by a major manufacturer of SCR systems,

with experience installing SCR systems on packaged boilers rated as small as 66,000 Ib steam/hr

(8.3 kg/s).

As tabulated in Table 6-7 and shown in Figure 6-5, cost effectiveness estimates for

packaged watertube units fired by natural gas were highest for SCR NOx control and lowest for

LNB and WI+OT, with LNB +FGR falling in between. WI + OT is considered cost-competitive

with LNB because of its low initial capital investm~nt. In spite of the thermal efficiency loss of

0.5 to 1.0 percent associated with WI, this technique can be cost effective especially for small

boilers with a low capacity factor.

As was the case with coal-fired units, costs per ton of NOx reduction decreased with

increased boiler capacity, due to the increased amount of NOx removed from- the larger units

and general economies of scale. For packaged watertube units, the effect of boiler capacity on

cost effectiveness becomes significant below about 50 MMBtu/hr (15 MWt) capacity. For units

smaller than this capacity, costs of NOx control increase rapidly as capacity decreases, especially

when SCR is used. The costs per ton of NOx control for a 250 MMBtu/hr (73 MWt)

single-burner packaged boiler with LNB are much lower than those estimated for a

multiple-burner fic::~d-erected unit of similar size. Some of the discrepancy between the figures

can be attributed to the different data sources; however, the principal reason lies in the number

of burners to be retrofitted. A. field-erected unit with four or more burners, for example, will.

tend to require capital equipment and installation costs several times higher than a single-burner

unit.

On average, LNB+FGR control costs per ton of NOx removed were twice as high as

for LNB and WI+OT, while SCR control costs per ton of NOx removed were 3 times higher.

Cost effectiveness of WI+OT ranged from $380 to $1,160 per ton of NOx removed. Cost

effectiveness for LNB controls ranged from $240 to $4,300 per ton of NOx removed, across the

capacity range of 10 to 250 MMBtu/hr (2.9 to 73 MWt). LNB+ FGR cost effectiveness ranged

from about $650 to $7,630/ton, while SCR had the highest range in cost per ton of NOx
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removed, approximately $1,810 to $10,090/ton. The high-end costs of these ranges were for the

smallest, 10 MMBtu/hr (2.9 MWt) units at a 0.50 capacity factor. Because it is likely that many

units this small are operated at even lower capacity factors, actual costs of NOx control may be

much higher than these estimates. For these lower capacity factor boilers, controls with a high

initial capital investment, such as SCR, LNB, and LNB+FGR, are particularly penalized when

compared on a cost-effectiveness basis.

Figure 6-5 illustrates the overall trend of cost effectiveness with boiler capacity. The

enclosed areas reflect the ranges in cost and are representative of the uncertainty in these

estimates. Cost-effectiveness ranges for LNB and for LNB +FGR overlap, due to the wide range

of cost effectiveness values obtained. These cost-effectiveness data illustrate the potential

variability in the costs of retrofitting boilers with NOx controls, which are highly dependent on

site-specific installation and operating factors. Figure 6-6 illustrates the variability of the cost

effectiveness of SCR controls, assuming various catalyst lifetimes. As catalyst life increases, cost

effectiveness slowly decreases.

6.4.2.2 Natural-gas-rued Firetube Boilers

Cost data were obtained for retrofitting WI+OT and FGR+OT controls to packaged

firetube units ranging in size from approximately 3 to 34 MMBtu/hr (0.9 to 10 MWt) capacity.

The data for FGR+OT controls were obtained from a distributor of industrial boilers and NOx

control systems, and are based on experiences with nearly 20 units operating with FGR,20 Costs

for WI + OT are based on recently reported NOx retrofit experiences in Southern California.19

FGR+OT is one of the most common retrofit NOx control strategies for natural­

gas-fired firetube units, besides LNB or combined LNB and FGR. CJsts per ton of NOx

removed for these units firing natural gas were relatively high, ranging from $3,000 to $35,410,

with the highest costs being for units 5 MMBtu/hr (1.5 MWt) and smaller. The most significant

cost components for these cost cases were equipment and installation costs. The costs of NOx

control for a 10 MMBtu/hr (2.9 MWt) firetube unit retrofitted with FGR+OT are relatively

similar to the high-end costs estimated for a 10 MMBtu/hr (2.9 MWt) watertube unit retrofitted

with LNB and FGR, as discussed above. Although no cost estimates were made for firetube

units retrofitted with LNB or LNB+FGR controls, it is likely that cost effectiveness for these

control cases will be comparable to those estimated for packaged watertube units of similar

capacity.
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The estimated costs for WI + OT for these firetube boilers are based on a retrofit

investment of $35,000, irrespective of boiler size, and an efficiency penalty of 1.0 percent. It is

difficult to predict the actual thermal efficiency impact in a retrofit situation. The actual impact

will depend on current unit operating practices; given a poor operating condition with high excess

air combustion, the retrofit of this control may, in some cases, result in an improvement.

However, it was considered prudent to associate an efficiency loss with the use of WI in spite

of potential gains with an OT control. As shown in Table 6-7, the estimated cost for this control

strategy is similar to that for LNB retrofit, but still slightly higher than comparable controls for

watertube units. This is due to lower baseline NOx levels for firetube boilers compared with

watertube units (see Table 6-2).

6.4.2.3 Natural-gas-fued Field-erected Wall-fired Boilers

The implementation of BOOS or biased firing and WI on large multi-burner gas-fired

boilers will depend on the number of burners available and the load requirements of the boiler.

Units with several burners with small heat input ratings per burner offer the greater opportunity

for implementiltion of these effective control techniques. Where possible, the retrofit of BOOS

and BOOS + WI + OT is likely to be the more cost effective options in spite of thermal

efficiencies, here assumed to range between 0.25 and i.o percent. The lower the capacity factor

of these boilers, the more cost-competitive these controls may prove to be. Estimates in this

study range between about $150 and $510 per ton for BOOS+OT, and between $300 and $820

per ton for BOOS + WI +OT.

Cost estimates per ton of NOx removed for natural-gas-fired field-erected units with

LNB, listed in Table 6-7, range fr0,fl $1,690 to $6,210 per ton of NOx removed for boilers

ranging in size from 250 to 750 MMBtu/hr (73 to 220 MWt). The costs per ton of NOx control

for a multiple-burner field-erected 250 MMBtu/hr (73 MWt) unit are much higher than the costs

estimated for a single-burner packaged unit due to greater capital equipment and installation

costs as discussed in Section 6.4.2.1. Although the listed cost effectiveness ranges are for a

capacity factor as low as 0.50, most field-erected units have factors closer to 0.66.7 The high end

of the cost effectiveness ranges listed in Table 6-7 represent a 0.50 capacity factor. If considering

a 0.66 capacity factor only, the high-end cost effectiveness estimates are roughly 25 percent

lower. The estimates presented are based on capital cost data supplied for two boilers retrofitted

with LNB.14
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6.4.3 NOx Control Cost Effectiveness: Fuel-oil-fued ICI Boilers

As discussed earlier, NOx control cost effectiveness estimates for fuel-ail-firing units

were made based on cOst data for natural-gas-fired boilers,' using appropriate baseline NOx

emission levels and fuel oil prices. Tables 6-8 and 6-9 summarize these estimates, and

Figures 6-7 and 6-8 graphically show the results for packaged watertube boilers. NOx controls

that use water injection were not considered for oil-fired units because of lack of experience and

greater operational and environmental impacts that are likely with these fuels compared with

natural gas. Comparative cost results for the different NOx control technologies are similar to

those obtained for natural-gas-fired units, as expected, with SCR showing the highest costs per

ton of NOx removed and LNB showing the lowest. Like the cost estimates for natural gas firing,

LNB+FGR control costs were, on average, twice as high as the costs of LNB controls, while

SCR controls were 3 times as high.

Overall costs of NOx control per ton removed are lower for fuel oil firing than for

natural gas fIring due to higher baseline NOx emission levels, and, hence, greater amounts of

NOx remova! per MMBtu heat input. As discussed for natural gas-fired boilers, the cost

effectiveness discrepancy between a 250 MMBtu/hr (73 MWt) packaged boiler and a

250 MMBtu/hr (73 MWt) fIeld-erected unit equipped with LNB is primarily due to the grearer

capital equipment and installation costs associated with retrofItting multiple burners rather than

a single burner. Multiple-burner field-erected boilers are likely to benefit from selected BOOS.

Where applicable, this technique can result in considerable NOx reduction at much lower cost

than LNB retrofit.

6.4.4 NOx Control Cost Effectiveness: Nonfossil-fuel-fued leI Boilers

Limited cost data were available for nonfossil-fuel-fired boilers retrofitted with NOx

controls. For this reason, cost estimates could only be made for the application of SNCR

controls to several types of nonfossil-fuel-fired boilers. Data were obtained directly from leading

SNCR system manufacturers, and reflect cost experiences for nine different installations. NOx

control performance and cost are considered the same regardless of the reagent used. Typical

applications use either ammonia or urea in aqueous solution. Table 6-10 summarizes the cost

effectiveness ranges for these boilers. Cost effectiveness estimates made for wood-fired stokers

with urea injection are comparable to those calculated for wood-fired FBC boilers with ammonia

injection, ranging between $890 and $2,130 per ton of NOx removed for boilers 250 to

500 MMBtu/hr (73 to 146 MWt). The range in cost effectiveness for MSW-fired stokers of the
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TABLE 6-8. SUMMARY OF NO" CONTROL COST EFFECTIVENESS, DISTILLATE-
OIL-FIRED leI BOILERS

Boiler Controlled Cost effectiveness,
capacity, NOs control NO" level, S/ton NO

Boiler type MMBtu/hr technology Ib/MMBtu removeda,~

Packaged watertube 10 LNB 0.10 790-3,440
(single burner) 25 LNB 0.10 580-2,450

50 LNB 0.10 460-1,910
100 LNB 0.10 370-1,500
150 LNB 0.10 330-1,310
250 LNB 0.10 280-1,110

10 LNB+FGR 0.08 1,900-5,900
25 LNB+FGR 0.08 1,340-4,210
50 LNB+FGR 0.08 1,030-3,280
100 LNB+FGR 0.08 800-2,580
150 LNB+FGR 0.08 690-2,250
250 LNB+FGR 0.08 580-1,910

10 SCR 0.03 5,920-8,070
25 SCR 0.03 4,590-6,410
50 SCR 0.03 3,860-5,500
100 SCR 0.03 2,740-4,820
150 SCR 0.03 2,420-4,490
250 SCR 0.03 2,170-4,150

Packaged firetube 2.9 FGR+OT 0.12 15,640-20,940
5.2 FGR+OT 0.12 8,800-11,930
10.5 FGR+OT 0.12 4,490-6,200
20.9 FGR+OT 0.12 2,410-3,360
33.5 FGR+OT 0.12 1,500-2,150

Field-erected 250 LNB 0.10 3,630-7,450
\\ all-fired 400 LNB 0.10 3,100-6,320
(multiple burner) 500 LNB 0.10 2,880-5,850

750 LNB 0.10 2,530-5,100

aCapacity factor: 0.50-0.66. Costs based on 10-percent interest rate and 10-year
capital amortization.

b1992 dollars.
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TABLE 6-9. SUMMARY OF NOx CONTROL COST EFFECTIVENESS, RESIDUAL-
OIL-FIRED ICI BOILERS

Boiler Controlled Cost efJectiveness,
capacity, NOs control NOs level, S/ton NO

Boiler type MMBtu/hr technology Ib/MMBtu removeda,~

Packaged watertube 10 LNB 0.19 420-1,810
(single burner) 25 LNB 0.19 300-1,290

50 LNB 0.19 240-1,010
100 LNB 0.19 190-790
150 LNB 0.19 170-690
250 LNB 0.19 150-580

10 LNB+FGR 0.23 1,220-3,320
25 LNB+FGR 0.23 920-2,430
50 LNB+FGR 0.23 760-1,950
100 LNB+FGR 0.23 640-1,580
150 LNB+FGR 0.23 580-1,400
250 LNB+FGR 0.23 520-1,220

10 SCR 0.06 3,110-4,240
25 SCR 0.06 2,420-3,370
50 SCR 0.06 2,030-2,900
100 SCR 0.06 1.440-2,530
150 SCR 0.06 1,270-2,360
250 SCR 0.06 1,140-2,190

Packaged firetube 2.9 FGR+OT 0.23 8,560-11,350
5.2 FGR+OT 0.23 4,960-6,600
10.5 FGR+OT 0.23 2,690-3,590
20.9 FGR+OT 0.23 1,600-2,100
33.5 FGR+OT 0.23 1,120-1,460

Field-erected 250 LNB 0.19 1,910-3,920
wall-fired 40~ LNB 0.19 1,630-3,330
(multiple burner) 500 LNB 0.19 1,520-3,080

750 LNB 0.19 1,330-2,680

aCapacity factor: 0.50-0.66. ·Costs based on 10-percent interest rate and 10-year
capital amortization.

b1992 dollars.
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TABLE 6-10. SUMMARY OF NOx CONTROL COST EFFECTIVENESS, NONFOSSIL.
FUEL-FIRED ICI BOILERS

Boiler Controlled Cost effectiveness,
Boiler capacity, NOx control NOx level, S/ton NO
type Fuel type MMBtu/hr technology Ib/MMBtu removeda,~

Stoker Wood 50 SNCR-urea 0.11 1,810-3,130
150 SNCR-urea 0.11 1,270-2,380
250 SNCR-urea 0.11 1,080-2,130
350 SNCR-urea 0.11 980-2,000
SOD SNCR-urea 0.11 890-1,870

MSW 50 SNCR-urea 0.18 3,390-3,800
150 SNCR-urea 0.18 1,890-2,790
250 SNCR-urea 0.18 1,690-2,450
350 SNCR-urea 0.18 1,580-2,270
500 SNCR-urea 0.18 1,470-2,090

Packaged Paper 10 SNCR-urea 0.23 2,220-3,520
waiertube 25 SNCR-urea 0.23 1,780-2,710

50 SNCR-urea 0.23 1,550-2,270
100 SNCR-urea 0.23 1,370-1,930
150 SNCR-urea 0.23 1,280-1,770
250 SNCR-urea 0.23 1,190-1,610

BFBC Wood 250 SNCR-ammonia 0.11 1,560-1,750
350 SNCR-ammonia 0.11 1,480-1,650
400 SNCR-ammonia 0.11 1,450-1,600
500 SNCR-ammonia 0.11 1,390-1,530
750 SNCR-ammonia 0.11 1,110-1,310

acapacity factor: 0.50-0.66. Costs based on 10-percent interest rate and lO-year capital
amortization.

b1992 dollars.

same capacity retrofit with urea injection is $1,470 and $2,450 per ton of NOx removed. For

wood- or MSW-fired boilers smaller than 250 MMBtu/hr (73 MWt) but at least 50 MMBtu/hr

(15 MWt), SNCR control costs ranged from approximately $1,270 to $3,800 per ton of NOx

removed. Cost estimates for similarly sized paper-fired units were lower, ranging from $1,280

to roughly $2,270 per ton of NOx removed.

6.4.5 NOx Control Cost Effectiveness: Oil-rll'ed Thermally Enhanced Oil Recovery (TEOR)
Steam Generators

No cost analyses were performed for NOx controls for mOR steam generators.

However, it has been estimated that for a 25 MMBtu/hr (7.3 MWt) crude-ail-fired TEOR unit,

annual costs would be $52,000 for LNB retrofit, $88,000 for SNCR, and $400,000 for SCR,26
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Based on these estimates, and assuming a baseline NO~ emission level of 0.38 Ib/MMBtu (see

Chapter 4) and the NOx reduction efficiencies listed in Table 6-3, cost effectiveness is $3,790 per

ton of NOx removed for LNB at 0.66 capacity factor, S8,000/ton for SNCR, and $19,400/ton for

SCR.

6.4.6 Cost Effect of Continuous Emissions Monitoring (CEM) System

Addition of a CEM system to an NOx control retrofit package can increase the costs of

NOx control. For example, Table 6-11 shows the cost effect of adding a CEM system to a

natural-gas-fired packaged watertube boiler, equipped with LNB or with LNB and FGR. The

cost estimates are based on data from one source, for a 265 MMBtu/hr (77.7 MWt) unit, that

showed a total CEM system capital cost of roughly $200,000, including installation.14 Average

cost increased by roughly 65 percent when a CEM system was included. While it is not possible

to draw conclusions from one source about the extent to which CEM systems will increase costs, .

the data nevertheless show that CEM cost impact is considerable. For small-capacity boilers, in

particular, the additional cost of CEM may be disproportionately large when compared to the

overall cost of the boiler itself. At least one California air district requires CEM systems only

for boilers t~at are 40 MMBtu/hr (12 MWt) or greater in capacity.27

TABLE 6-11. NOx CONTROL COST EFFECTIVENESS WITHOUT/WITH CEM SYSTEM,
NATURAL-GAS-FIRED ICI BOILERSa

Cost effectiveness Cost effectiveness
Boiler Controlled without CEM, with CEM,

capacity, NOa control NO" level, Slton NO" Slton NO"
Boiler type MMBtu/hr technology Ib/MMBtu removedb,c removedb,c

Packaged 10 LNB 008 3,260-4,300 5,410-7,140
watertube 25 LNB 0.08 2,320-3,070 3,850-5,080

50 LNB 0.08 1,810-2,390 3,000-3,960
100 LNB 0.09 1,260-1,670 2,090-2,760
150 LNB 0.09 1,100-1,450 1,830-2,410
250 LNB 0.12 700-920 1,160-1,530

10 LNB+FGR 0.06 3,700-5,000 5,480-7,360
25 LNB+FGR 0.06 2,530-3,460 3,800-5,140
50 LNB+FGR 0.06 1,900-2,620 2,890-3,930
100 LNB+FGR 0.07 1,260-1,760 1,950-2,680
150 LNB+FGR 0.07 1,050-1,500 1,660-2,290
250 LNB+FGR 0.10 630-910 1,020-1,420

aBased on data contained in Reference 19, for a 265 MMBtu/hr (7.7 MWt) natural-gas-fired unit.
bCapacity factor: 0.50-0.66. Costs based on lo-percent interest rate and 10-year capital amortization.
el992 dollars.
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7. ENVIRONMENTAL AND ENERGY IMPACTS

This chapter presents environmental and energy impacts for the NOx emissions control

techniques described in Chapter 5. These control techniques are specific to certain boiler and

fuel equipment, as shown in Table 7-1. For example, LNB is not applicable to stoker and FBC

boilers. WI and FGR are rarely considered when burning coal in any type of industrial

combustion equipment. Similarly, among ICI boilers reburning with natural gas has only limited

application potential to boilers burning municipal solid waste or stoker coal. Flue gas treatment

controls have limited application experience, especially for SCR, on small boilers and boilers

burning fuels other than natural gas. SNCR, instead, is generally limited to application on larger

boilers with the greatest performance success recorded on FBC boilers.

This chapter is organized in four major sections. Section 7.1 presents the air pollution

impacts, Section 7.2 the solid waste disposal impacts, Section 7.3 the water pollution impacts, and

Section 7.4 the energy impacts.

7.1 AIR POLLUTION

7.1.1 NO" Reductions

Control techniques presented in this document can result in significant NOx reductions

for selected ICI boilers. The actual NOx reduct~on that can be achieved at each site will depend

on many factors including the extent of the equipment upgrade, the degree of control applied,

and the boilers current configuration such as furnace size, number of burners and burner matrix.

For example, the amount of flue gas recirculated has a strong influence on the percent NOx

reduction. Also, the amount that can be safely recirculated will depend on the optimization of

the burner design in order to maintain safe flame conditions, and low emissions of other

pollutants such as CO. In another example, the amount of SCR catalyst that can be retrofit may

depend on site accessibility. Many ICI boilers' are often located inside buildings making access

for large retrofit difficult at best.

Table 7-2 lists the anticipated NOx reductions that can be achieved on a yearly basis

with the retrofit of candidate control techniques. These estimates are based on "model size"
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TABLE 7-1. EXPERIENCE WITH NOx CONTROL TECHNIQUES ON ICI BOILERS

Coal-fired Oil-/natural-gas-fired Nonrossll-ruel-fired MSW-fired

BT/OT = Burner tuning/oxygen trim
WI/SI = Water injection/steam injection
SCA = Staged combustion air, includes burners out of service (BOOS), biased firing, or overfire air (OFA)
LNB = Low-NOx burners
FGR = Aue gas recirculation
NGR = Natural gas reburning
SNCR = Selective noncatalytic reduction
SCR = Selective catalytic reduction
MSW = Municipal solid waste
aSCA is designed primarily for control of smoke and combustible fuel rather than NOx' Optimization of existing SCA (OFA) ports can lead
to some NOx reduction.

bLimited experience.
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TABLE 7-2. NOx EMISSIONS REDUCTION FROM MODEL BOILERS

Baseline NO! Control NO, nduction

Boiler type and size, Tons/yr NOr tontrol NOl[ level, Tons/yr Tons/yr Tons/yr
MMBtu/hr Ib/MMBtu (0.50 CF"') technique IbfMMBtu "" (0.33 CF) (0.50 Cf) (0.66 CF)

PC 400 0.70 610 BT/OT 0.62 15 46 70 93
LNB 0.35 50 200 310 400
NGR 0.28 60 240 370 490
SNCR 0.39 45 180 270 360
SCR 0.14 85 320 490 650

Stolter coal 250 0.53 290 SCA 0.42 20 40 60 79
SNCR 0.29 45 86 130 170

FBCcoal 400 0.32 280 SCA 0.19 40 75 110 150
SNCR 0.13 75 110 170 220

FE-Wfgas 300 0.26 150 FIr/OT 0.20 15 13 20 26
SCA 0.15 35 35 53 69
LNB 0.12 55 60 92 120
LNB+FGR 0.10 60 69 110 140
SNCR 0.10 60 69 110 140
SCR 0.04 85 95 140 190

FE-Wf No.2 oil 300 0.21 140 BT/OT 0.18 15 13 20 26
SCA 0.13 40 35 53 69
LNB 0.10 50 48 72 95
LNB+FGR 0.08 60 56 8S 110
SNCR 0.10 50 48 72 95
SCR 0.03 80 78 120 160

FE-Wf No.6 oil 300 0.38 250 BT/OT 0.32 15 26 34 52
SCA 0.29 25 39 59 78
LNB 0.19 50 82 .120 160
FGR 0.34 10 17 26 35
LNB+FGR 0.15 60 100 150 200
SCR 0.08 SO 130 200 260

PK·Wf gas 50 0.14 15 BT/OT 0.12 15 1.4 2.2 2.8
WI/51 0.06 55 5.8 8.8 12
LNB 0.08 45 4.3 6.6 8.7
LNB+FGR 0.06 57 5.8 8.8 12
SNCR 0.Q7 50 5.1 7.7 10
SCR 0.02 85 8.7 13 17

PK-WT No.2 oil SO 0.13 14 BT/OT 0.11 15 1.4 2.2 2.8
LNB 0.10 25 2.2 3.3 4.3
FGR 0.07 45 4.3 6.6 8.6

PK-Wf No.6 oil 50 0.36 39 BT/OT 0.31 15 3.6 5.5 7.2
LNB 0.19 45 12 19 25
LNB+FGR 0.15 60 15 23 30
SCR 0.06 85 22 33 43

FTgas 15 0.10 3.3 rIT/OT 0.09 15 0.22 0.33 0.44
WI/SI 0.04 6S 1.3 2.0 2.6
LNB 0.08 20 0.43 0.66 0.87
FGR 0.07 30 0.65 1.0 . 1.3
LNB+FGR 0.03 70 1.5 2.3 3

FTNo. 2 oil 15 0.17 5.6 rIT/OT 0.15 15 0.43 0.66 0.86
LNB 0.09 SO 1.7 2.6 3.5
FGR 0.12 30 1.1 1.6 2.2

FrNo.6oil 15 0.31 10 BT/OT 0.26 15 1.1 1.6 2.2
LNB 0.17 45 3.0 4.6 6.1

Stolter nonf05Sil 150 0.24 79 SNCR 0.11 55 28 43 56

FBC nonfossil 200 0.25 110 SNCR 0.11 5S 40 61 80

MassMSW SOO 0.40 440 NGR 0.16 60 170 260 350
SNCR 0.18 SS 160 240 320

-cF = capacity factor.
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boilers, baseline emissions presented in Chapter 4, and NOx reduction potentials presented in

Chapter 5. Thus, a 400 MMBtu/hr (73 MWt) circulating FBC boiler burning coal with a

baseline level of 0.32Ib/MMBtu could successfully employ SNCR to reduce emission levels to

approximately 0.10 Ib/MMBtu, corresponding to 210 tons/yr NOx reduction at a capacity factor

of 0.50.

7.1.2 CO Emissions

The CO emissions from leI boilers are normally near zero, with the exception of a few

boilers that have poor combustion air control or burner problems.! In an extensive study of

industrial boilers' emissions, oil-fired units were found to have the lowest baseline CO emissions

than either coal- or gas-fired units. This was attributed to higher excess air levels typically used

to avoid visible smoke emissions when oil is burned.! CO emissions are generally caused by

poor fuel-air mixing, flame quenching, and low. residence time at elevated temperatures.

Additionally, in some lei furnace designs, CO emissions can also occur because of furnace gas

leaks between furnace tubes.

The modification of combustion conditions aimed at reducing NOx formation can result

in increases in emissions of ~O and hydrocarbons. This is because controls that reduce peak

flame temperature and delay the mixing of fuel and air for NOx reduction can cause some

incomplete combustion of the fuel. However, the actual impact of NOx control retrofits often

depends on the operating conditions of the ICI boiler and the extent of improvements made to

the combustion control system. In some cases, combustion NOx control can also result in lower

emissions of CO and other unburned fuel emissions.

Tables 7-3 through 7-5 list changes in emissions of CO measured following th~ r~trofit

of selected controls. These data can also be found in Appendix A of this document. As shown

in Table 7-3, LNB, SCA and NOR controls achieved NOx reductions in the range of 10 to

67 percent, with lowest reductions reported for the spreader stoker. Emissions of CO increased'

in nearly all cases, except for the retrofit of NOR on the cyclone boiler and one minor

application of OFA for 10 percent reduction in NOx in the spreader stoker. The implementation

of staged air will typically result in increased co emissions.

Data on the effect of NOx controls on CO emissions from natural gas-fired ICI boilers

were limited to the retrofit of FOR, LNB and FGR+LNB controle;. Bulk dilution of combustion

mixtures with FOR is limited by flame instability and reduced flammability. Slightly higher
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TABLE 7-3. CO EMISSION CHANGES WITH-NOx CONTROL RETROFIT -
COAL-fiRED BOILERS

NOx
CO emissions impact

reduction, Baseline/low Average
% NOS' change, Reference

Boiler type NOx control ppm %

WT LNB 67 20-27/13-420 +800 2

LNB+SCA 66 35/60-166 +215 3

Cyclone NOR 65 30/30 0 4

Spreader stoker seA (OFA) 31 231-252/429 +80 5

10 313/300 -4 6

26 0/49 NAB 1

FBC SCA 67 387-500/550-1,100 +86 7

aNA = Not applicable.
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TABLE 7-4. CO EMISSION CHANGES WITH NOx CONTROL RETROFIT - GAS-FIRED
BOILERS

NOx
CO emissions impact

reduction, Baseline/ Average
% low NOS' change, Reference

Boller type NOx control ppm %

PKO-Fr FOR 59 16/13 -18 8

FOR 73 205/77 -62 9

FOR 71 205/192 -6.3 9

FOR 64 205/103 -50 9

FOR 74 205/84 -59 9

FOR 67 23/3 -87 8

FOR 73 105/7 -93 8

FOR 76 205/67 -67 9

FOR 69 205/49 -76 9

FOR 73 51/12 -76 10

LNB 82 9/9 0 11

LNB 53 51/24 -53 12

LNB 32 39/8 -80 13

LNB 78 856/30 -97 11

LNB NAa 342/30 -91 11

LNB NA 105/0 -100 11

LNB NA 9/9 0 12

PKO-WT FOR 74 205/62 -70 9

FOR 62 20/20 0 14

FOR 78 10/55 +450 14

FOR 53 205/205 0 9

FOR .73 14/22 +57 10

FOR 56 132/77 -42 10

LNB+FOR 55 60-125/2 -98 15

aNA = Not applicable.
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TABLE 7-5. CO EMISSION CHANGES WITH NO" CONTROL RETROFIT - OIL.FIRED
BOILERS

NO"
CO emissions impact

reduction, Baseline/low Average
Oil/boiler % NOv change, Reference

type NO" control ppm %

Distillate/Wf FGR 68 4/46 +1,000 16

FGR 20 20/24 +20 14

Distillate/FT LNB 15 6/13 +120 13

Residual/Wf FGR 4 20/20 0 14

FGR 30 10/145 +1,400 14

SCA (BOOS) 8 0/100 NAa 1

SCA (BOOS) 40 0/20 NA 1

aNA = Not applicable.

excess air levels at high rates of FGR (typically 15 to 20 percent) coupled with improved burner

settings often can result in decreased CO emissions in addition to lower NOx'

The data in Table 7-4 suggest that baseline CO emission levels from these units ranged

from 9 to 856 ppm, and that the application of these controls, along with an increase in excess

air, resulted in a reduction of CO in most cases. The average CO reduction for these retrofits

was nearly 70 percent. One of the boilers with an initial low CO level, 10 ppJ.1, showed an

increase in CO to 55 ppm when FGR was implemented. In another application, the CO level

in the 10w-NOx configuration increased to only 22 ppm. Excess air is an important operational

parameter that determines the level of CO emissions following the retrofit of NOx controls. As

suggested above, most of the reductions in CO levels from these gas-fired boilers resulted from

increases in excess air. Low-NOx firing with LNB typically causes an increase in CO at

equivalent excess air levels. Also, there. is the possibility of CO emissions occurring due to gas

leaks between tubes from furnace to convective section.

Figure 7-1 illustrates the dependence of CO emissions on excess air. The rapid increase

in CO is indicative of reduced fuel and air mixing that often accompanies 10w-NOx combustion

controls such as LNB and SCA. Each boiler type has its own characteristic "knee" in CO versus
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Figure 7-1. Changes in CO and NOx emissions with reduced excess oxygen
for a residual-oil-rued watertube industrial boiler}'

excess oxygen, depending on several factors such as fuel type and burner maintenance.

California's SCAQMD permits CO levels up to 400 ppm from ICI boilers when NOx emissions

are reduced to :trict levels. IS Also, the ABMA recommends an equivalent permitted level for

CO for ICI boilers retrofitted with combustion controls.19

As shown in Table 7-5, the limited data base on fuel oil-fired lei boilers indicates that

baseline CO emission levels for these selected boilers were below 20 ppm. When NOx controls

such as LNB, FGR, and BOOS were applied, the CO emission levels increased in nearly all

cases. The increase in CO, however, did not result in emission levels greater than 200 ppm,

considered a safe limit for boiler operation.

7.1.3 Other Air Pollution Emissions

Other air pollution emissions that are a concern when NOx controls are applied to ICI

boilers are: ammonia (NH3) and nitrous oxide (N20), unburned hydrocarbon (HC), particulate

matter (PM), and air toxic emissions. Ammonia and N20 emissions are associated with the use
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of the SNCR process, primarily, and with SCR to a lesser extent. With either urea or ammonia

hydroxide, unreacted ammonia emissions escape the SNCR temperature window resulting in

direct emissions to the atmosphere. When sulfur-bearing fuels "are burned, these emissions also

pose an operational concern because of cold end corrosion and reduced heat transfer due to

ammonium sulfate deposits. N20 emissions are often a byproduct of the SNCR reaction, and,

because of this, some N20 emissions are likely with the process. In fact, the emissions have

been reported with all reagents, particularly with urea reagents.20 Some urea-based SNCR

processes offer proprietary additives to minimize N20 and NH3 emissions.

SNCR vendors have paid particular attention to minimizing the breakthrough of

unreacted ammonia considering the potentially negative impacts on the operation of the boiler.

This is typically accomplished by careful selection of the injection location, method of injection

to maximize mixing and residence time, and by careful control of reagent use with boiler load

and operating conditions. Table 7-6 lists NH3 slip levels reported for several retrofit

installations. Boilers best suited for retrofit of SNCR are FBC, bubbling and circulating designs.

Stokers and mass burning equipment have also been targets for application of SNCR because

combustion modifications have traditionally been limited and ineffective. In spite of large NOx

reductions achieved in the units with the retrofit of SNCR, typically in the range of 50 to 70

percent, NH3 slip levels have been reported mostly in the range of less than 30 ppm, and often

less than 20 ppm. Monitoring of NH3 emissions is often difficult because direct on line

measurement methods are only now being introduced into the market place and are often very

expensive, therefore not a part of the monitoring system at these facilities.

Pilot-scale and field tests have cler.t1y shown that a portion of the NOx reduced by the

SNCR process is merely transformed into N20 emissions. Figure 7-2 illustrates the amount of

N20 produced in relation to the amount of NOx reduction with three types of SNCR chemicals:

cyanuric acid, urea, and ammonia. These test results obtained in a pilot-scale facility, show that

nearly 30 percent of the NOx reduced can actually be transformed to N20 with urea, less when

using ammonia. Cyanuric acid is not a preferred chemical because of its obvious disadvantage

in N20 formation compared with the other two more popular SNCR chemicals. In addition,

cyanuric acid is 6 to 8 times more expensive than urea.

Increases in HC, PM and air toxic emissions are primarily of concern with the

application of combustion modification controls. Information on HC and air toxic emissions is

sparse at best. However, the limited data suggest that HC emissions do not change when NOx
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TABLE 7-6. AMMONIA EMISSIONS WITH UREA-BASED
SNCR RETROFIT-

NOx reduction, Ammonia emission level,
Fuel/boiler type % ppm Reference

Coal/CFBC 57 <18 21

70 <10 21

30 <5 21

Wood/stoker 50 <40 21

60 <27 21

25 <21 21

47 <10 21

35 <21 21

50 <40 21

52 <30 21

MSW/mass 69 <25 21

48 <10 21

60 <10 21

75 22 22

70 17 21

41 <5 21

60 <7 21

60 12 22

60 <15 21

50 <21 21

58 22 22

Paper/PKG-WI' 50 <10 21

Fiber/PKG-WI' 50 <10 21

aTest data are included in Appendix A.
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Figure 7-2. Pilot-scale test results, conversion of NOx to N20
(NO j =300 ppm, NINO = 2.0).20

controb :ire implemented. HC emissions are the result of poor combustion conditions such as

inefficient fuel-air mixing, low temperatures, and short residence time. These emissions are most

often preceded by large increases in CO, soot, and unburned carbon content. Thus, by limiting

CO, smoke and unburned carbon in the flyash, HC emissions are also suppressed, and changes

with retrofit of NOx controls become imperceptible.

A comprehensive test program in the mid-1970s reported on the effect of combustion

modification controls for industrial boilers. The results of this program revealed the following

trends with respect to filterable PM23:

• LEA reduced PM emissions on the order of 30 percent

• SeA, including BOOS, increased PM by 20 to 95 p.ercent

• 7-11



• Burner adjustments and tuning had no effect on PM.. However, the lower CO

emission levels generally achieved with these adjustments would tend to lower PM

as well.

• FOR resulted in an increase in PM from oil-fired packaged boilers by 15 percent

over baseline levels

Information on the effects of LNB on PM is unavailable. However, newer burner designs have

improved combustion air control and distribution. These features tend to compensate for the

potential increase in PM from oil- and coal-burning equipment due to delayed mixing and lower

peak temperatures that are needed to suppress NOx formation.

7.2 SOLID WASTE DISPOSAL

NOx reduction techniques that have a potential impact on the disposal of solid waste

are combustion controls for PC-fired boilers and flue gas treatment systems for all applicable

boilers. Combustion controls for PC-fired boilers are principally LNB and LNB +OFA. These

controls can result in an increase in the carbon content of flyash that can preclude its use in

cement manufacturing. Although primarily a practice of coal-fired power plants, the use of flyash

for cement manufacturing reduces the ash disposal requirements. The impact of increased

carbon content in the flyash from ICI boilers can result in an ash disposal requirement where

one did not exist before. The environmental and economic impact of this requirement cannot

be easily quantified.

An increase in flyash disposal can also occur with the use of flue gas treatment NOx

controls such as SNCR and SCR on coal-fIred boilers. Both of these control options use

ammonia-based reagents to reduce NO to N2 and water. Excessive use of reagent can result in

ammonia slip emissions, as discussed in Section 7.1.3. This excessive ammonia condenses on the

. flyash and, when present in quantities exceeding the odor threshold, would preclude its use as

a cement additive. The likelihood or extent of this potential problem is not known because there

is little experience in this country with the use of either SNCR or SCR for coal-fired boilers,

especially PC-fired industrial boilers.

Finally, one potential solid waste impact is the result of catalyst replacement when the

SCR process is used. With continuous use, the catalyst material will become less active. That

is, the efficiency of the catalyst in reducing NOxwill gradually deteriorate. When this happens,

the catalyst material must be replaced. This is often accomplished by replacing layers of

individual modules starting with the most exposed layer (at the inlet), until all the catalyst
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material is finally replaced. Performance guarantees for SCR catalysts are often set at 3 years,

or 24,000 hours, for natural-gas-fired applications, and 2 years, or 16,000 hours, for oil and coal

applications. However, some catalysts have shown longer life, 8 to 10 years, when applied on

clean-burning fue1.24

The disposal of spent catalyst can present a potential environmental impact because

some of the catalyst formulations are potentially toxic and subject to hazardous waste disposal

regulations under RCRA and its amendments. For example, vanadia and titania catalysts are

considered hazardous material. However, recent industry trends have shown that these material

are readily regenerable. In fact, many catalyst vendors recycle this material thus avoiding any

disposal problem for the user. Some of the catalysts, especially those that use rare earth

material such as zeolites, are not hazardous and their disposal does not present an adverse

environmental impact.

7.3 WATER USAGE AND WASTEWATER DISPOSAL

The only increase in water use ~s associated with the use of WI or SI and potentially

with the use qf flue gas treatment NOx controls, especially SNCR. The use associated with WI

or SI injection is an obvious one. The amount of water used does often not exceed 50 percent

of the total fuel input on a weight basis. This is because excessive use of flame quenching with

water can result in high emissions of CO and high thermal efficiency loss. Therefore, a

50 MMBtu/hr (15 MWt) boiler would use approximately 600,000 gal (2.2 million L) of water per

year when operating with a 50 percent capacity factor.

An increase in water use and wastewater disposal requirement could result from the use

of SNCR techniques, either urea or ammonia based. This is because ammonia slip when

combined with S03 in the flue gas will form con:osive salts that deposit on heat transfer surfaces

such as air heaters. These deposits must be removed to minimize pressure drop and material

corrosion. Air heater acid washing could become more frequent. This practice would result in

greater generation ofwastewater requiring treatment and disposal. However, urea-based SNCR

can actually use wastewater as reagent dilution water prior to injection, thus minimizing the

amount of wastewater generated. Increased air heater washing has not been reported in the

more than 80 combustion sources equipped with SNCR in the United States.

7.4 ENERGY CONSUMPTION

This section discusses the energy consumption associated with NOx control techniques

for leI boilers. Energy consumption can come in various forms: a boiler fuel consumption
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penalty caused by reduced thermal or combustion efficiency; an increase in electrical power to

operate fans and pumps; an increase in fuel consumption due to reheat of flue gas; an increase

in energy for treatment and disposal of solid or liquid wastes generated by the control

technology. Some controls offer the potential for a reduction in energy consumption. Trimming

the excess oxygen necessary to assure complete combustion is the most noted of these energy

savings techniques. Others include the installation of economizers and air preheaters to recover

waste heat in some older and smaller boilers. However, contrary to oxygen trim, these other

techniques do not offer a potential for NOx reduction as well.

7.4.1 Oxygen Trim (OT)

ICI boilers are operated at various excess air levels, ranging from about 10 to over

100 percent of the theoretical amount of air needed to complete combustion. Some amount of

excess air is required regardless of fuel burned and method of burning because fuel and air do

not perfectly mix and the residence time in the combustion chamber is not infinite. This

additional air provides a safe method to increase flame turbulence and assure near complete

combustion of fuel. The type of fuel burned and the method of burning determines the

minimum amount of excess air required for safe and near complete combustion. For example,

the following minimum ,excess 02 levels are considered typical for these fuels25:

• Natural gas, 0.5 to 3.0 percent

• Oil fuels, 2.0 to 4.0 percent

• Pulverized coal, 3.0 to 6.0 percent

• Coal stoker, 4.0 to 8.0 percent

Generally, excessive combustion air are found in poorly maintained, unattended boilers. TItl~

added air provides some measure of safety for burning all the fuel, especially when the operation

of boilers is poorly supervised. In many such instances, burner tuning and combustion control

adjustments and equipment improvements can be readily made that reduce the amount of excess

air resulting in a thermal efficiency improvement and reduced NOx emissio~s without

compromising the safety of the operation of the unit. Qualified boiler and burner engineers and

consultants can upgrade key components of the combustion air control system, including the

installation of monitors for 02 and CO levels in the stack.

Figure 7-3 illustrates the efficiency improvement that can be obtained by reducing excess

combustion air in ICI boilers. For example, a 10-percent reduction in excess air (say, from 02

of 3.5 to 2.0 percent) would result in an efficiency improvement of approximately 0.6 percent
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Figure 7-3. Curve showing percent efficiency improvement per every 1 percent reduction in
excess air. Valid for estimating efficiency im~rovements on typical natural
gas, No.2 through No.6 oils, and coal fuels.

when the stack temperature is at 200°C (400°F). For a natural-gas-fired boiler with a capacity

of 150 MMBtujhr and a capacity factor of 0.5, this improvement will result in fuel savings of

about 3.7 million ft3 of natural gas per year or about $13,600/yr savings. Algebraically, the

relationship between boiler efficiency and excess air can be expressed as follows26
:

Where:

~ = (T - 70) x %EA
63.1 89.5

(7-1)

T = stack temperature in of

% EA = the change in percent excess air

The reduction in excess air, however, can result in some increase in unburned fuel

primarily in the form of CO emissions, when gas or fuel oil is burned, and in unburned carbon

in the flyash, when coal is burned. Increased emissions of CO have a detrimental effect on the
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efficiency, as illustrated in Figure 7-4. For example, the-example boiler describe above operating

at 2.0 percent oxygen might have an increase in CO to about 350 ppm, measured on a dry basis

in the flue gas. This ~mount of CO would reduce the efficiency gain of 0.6 percent described

above by about 0.1 percent. Besides this efficiency loss, the air quality impact of increased CO

must be considered. The objective of boiler/burner tuning, however, is to reduce excess air

without increasing CO emissions or unburned carbon, as discussed in Chapter 5. Algebraically,

the relationship between boiler efficiency and CO can be expressed as follows26:

Where:

COAE=--x
3,682 [

1 + %EA]
89.5

(7-2)

T = stack temperature in OF

% EA = the change in percent excess air

7.4.2 Water Injection/Steam Injection (WI/SI)

The injection of water or steam in the burner zone to reduce peak flame temperature

and NOx will have a detrimental impact on the efficiency of the boiler. Figure "Z-5 illustrates the

relationship between the amount of water or steam injected and the reduction in the thermal

efficiency of the boiler. The data were developed using standard American Society of

Mechanical Engineers (ASME) boiler efficiency calculation procedures.27 The amount ofwater

injected is typically in the range of 20 to 50 percent of the fuel input on a weight basis. Higher

injection levels can cause large increases in CO and He emissions. The corresponding loss in

thermal efficiency when using water is in the range of about 1 to 2.5 percent. The efficiency loss

when using an equivalent amount of steam is lower. However, the NOx reduction efficiency is

. also lower.

7.4.3 Staged Combustion Air (SeA)

The operation of an leI boiler with staged combustion air, whether BOOS or OFA, will

likely not require additional energy. Taking selected burners out of service will not influence the

air distribution. Also any increase in fan power associated with the operation of OFA ports will

likely be compensated, for the most part, with reduction of air flow at the original burners.

7.4.4 Low-NOx Burners (LNBs)

Minor or no increases in energy consumption are anticipated with the retrofit of LNB

technology. This is because newer LNB designs operate at lower excess air levels, thus requiring

lower fan power. Some increases in windbox pressures are likely with some retrofits because of
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higher gas velocities and more register control. This- increase in pressure drop will tend to

increase fan power somewhat, or compensate for the reduction in energy consumption at lower

combustion air levels.

7.4.5 Flue Gas Recirculation (FGR)

The retrofit of FOR requires the installation of a fan to recirculate a portion of the hot

flue gas back to the burner(s). The operation of the fan will result in an increase in energy

consumption. Figure 7-6 illustrates the calculated power requirements with the use of FOR.

The relationship between power consumption and FOR rate is based on the following equation:

kWh :: (0.5) (8,760 hrlyr) (0.0013558 kWlft-lb) (FGR ft3 Is) (M' Iblft 2) (7-3)
yr

Where:

0.5 = The capacity factor

.:1P = Assumed to be 10 inches of water to account for efficiency loss

Some additional energy penalty will also be incurred with an increase in pressure drop in the

windbox. However, any additional penalty is minor compare to the energy con~umption for the

FOR fan.

7.4.6 Selective Noncatalytic Reduction (SNCR)

Energy consumption in the SNCR process is related to pretreatment and injection of

ammonia-based reagents and their carrier gas or liquids. Uquid ammonia or urea are injected

in liquid form at high pressures to ensure efficient droplet atomization and dispersion. In some

Thermal DeNOx installations, anhydrous ammonia is stored in liquid form under pressure. The

liquid ammonia must be vaporized with some heat, mixed with carrier gas (air or steam) and

then injected for adequate mixing. The amount of electricity used depends on whether the

process uses air or steam for carrier gas. If steam is used, less electricity is needed but power

consumption must take into consideration the amount of steam used.

Data supplied by Exxon suggest that the amount of electricity needed for the Thermal

DeNOx Process is on the order of 1.0 to 1.5 kW for each MWt of boiler capacity (or 0.29 to

0.44 kW/MMBtuJhr) when using compressed air as the carrier medium.29 The actual amount

of electricity will depend on the baseline NOx emission leve~ the NH3/NO ratio used, and the

NOx reduction target. Therefore, a 250 MMBtu/hr (73 MWt) boiler operating with a capacity

factor of 0.5 will use approximately:
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0.29 kW/MMBtu/hr x 250 MMBtu/hr x 0.5 x 8,760 hr/yr = 319,740 kWh (7-4)

which corresponds to about $16,000/yr electricity cost. For steam-assisted ammonia injection,

electricity use reduces to about 0.2 to 0.3 kW/MWt or 0.05 to 0.08 kW/MMBtu/hr boiler

capacity. The amount of steam used is on the order of 25 to 75 Ib/hr/MWt. In general,

ammonia is most economically injected using compressed air rather than steam. Data supplied

by Nalco Fuel Tech suggest that the urea-based SNCR process uses much lower levels of

electricity than either ammonia-based SNCR or SCR. Typical auxiliary power requirements for

an ICl boiler using urea-based SNCR ranges from 20 to 60 kW.30

7.4.7 Selective Catalytic Reduction (SeR)

Energy consumption for the use pf SC;:R systems consists of three principal areas: (1)

the energy needed to store, pretreat and inject the chemical reagent ammonia or ammonia

hydroxide; (2) the increased fan power to overcome the added pressure drop of the catalyst

reactor in the flue gas; and (3) the thermal efficiency loss associated with maintaining the
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catalyst reactor temperature within the specifications foruptimum performance at variable boiler

load. The energy to store, pretreat, and inject the reagent is equivalent to that of an SNCR

system. Estimates of in'creased pressure drop across the catalyst vary with the various catalyst

vendors and applications, primarily fuel. Typically, the pressure drop across a catalyst is on the

order of 3 to 6 inches of water. Figure 7-7 illustrates the energy consumption associated with

the additional pressure drop. The relationship between energy consumption and pressure drop

across the catalyst is based on the following equation:

kWh = (M'in H 20) [0.0361 ..!!!- in H20] [144 in 2] [Q ft3] 0.5 X8.760 (7-5)
yr in 2 ft2 s 0.85

Where:

M> = Pressure drop across catalyst, in inches of water

Q = Flue gas flowrate in actual ft3/s
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Finally, the third potentially large source of energy consumption is the result of

increased flue gas temperature at the stack at low boiler loads. This increase in stack

temperature is associated with the bypass of heat exchange areas or increased fuel consumption

to maintain the catalyst at optimum reaction temperature. Figure 7-8 illustrates the loss in boiler

thermal efficiency as stack temperature increases. For example, at 20 percent excess air level

the thermal efficiency loss is approximately 1.2 percent for an increase in flue gas temperature

of 50°F. From an efficiency effect standpoint, each 10°F increase in stack temperature is

equivalent to a 583-ppm increase in CO emissions. Whether a facility will incur in this energy

penalty will depend on the retrofit configuration, the boiler's load cycle, and the operating

temperature window of the catalyst.
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APPENDIX A. leI BOILER BASELINE EMISSION DATA

This appendix lists baseline NOx' CO, and unburned THC data for more than 200 ICI

boilers. The data were obtained primarily from published technical papers and EPA documents

summarizing data from numerous test programs. Boiler data are listed by fuel type, with the

exception of FBC boilers which are listed separately. More detailed data may be obtained by

referring directly to the individual references.
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UNCONTROLLED EMISSIONS DATA
COAL-FIRED ICI BOILERS

RATED OPERATING EMISSiONS
INPUT INPUT --------------------------------------------------------------------

BOILER ID BOILER FIRING CAPACITY lOAD NOx NOx CO CO UHC UHC REFERENCE
TYPE METHOD (MMBtu/hr) (MMBtu/hr) (ppm@3X02) (lb/MM8tu) (ppm@3X02) (lb/HHBtu) (ppm83X02) (lb/MHBtu)

-------------------------~---------------------------- -----------------------------------------------._----- ----------~---------------------
200 WT PC WALL 111 99 640 0.865 40 0.033 29.8 0.014 1

FREMONT 6 WT PC WAll 160 108 591 0.799 11 0.009 40.4 0.019 2
FREMONT 6 WT PC WAll 160 112 438 0.592 10 0.008 2
FREMONT 6 WT PC WAll 160 113 341 0.461 61 0.050 2
FREMONT 6 WT PC WAll 160 140 488 0.659 14 0.012 2
FREMONT 6 WT PC WALL 160 115 390 0.527 12 0.010 2
FREMONT 6 WT PC WAll 160 134 659 0.891 20 0.016 2

224 WT PC WAll 194 126 0 0.000 4.3 0.002 1
225 WT PC WALL 194 126 0 0.000 2.1 0.001 1

ALMA 3 WT PC WAll 230 200 597 0.807 17 0.014 28.0 0.013 2
223 WT PC WALL 260 158 0 0.000 2.1 0.001 1
9 WT PC WALL 624 499 601 0.812 6.4 0.003 1
15 WT PC WALL 624 499 371 0.502 0 0.000 1

343 WT PC TANG 117 110 482 0.651 10.6 0.005 3
321 WT PC TANG 184 145 427 0.577 170 0.140 12.8 0.006 3
6 WT PC TANG 281 225 392 0.530 0 0.000 19.1 0.009 1

341 WT PC TANG 303 243 70 0.058 8.5 0.004 1
J3 WT PC TANG 401 325 501 0.677 0 0.000 10.6 0.005 1
10 WT CYCLONE 640 512 830 1.121 0 0.000 1

> 344 S 20 20 31.9 0.015 3
~ 345 S 20 20 8.5 0.004 3

320 S 24 24 31.9 0.015 3
24 S 444 311 306 0.414 435 0.358 1
20 WT SS 14 9 164 0.135 1

325 SS 30 21 446 0.602 27.7 0.013 3
4 WT SS 63 50 482 0.651 36 0.030 14.9 0.007 1

FAIRMONT WT SS 80 57 317 0.428 4~ 0.036 2
FAIRMONT WT SS 80 59 312 0.422 56 0.046 2
FAIRMONT WT SS 80 60 260 0.351 77 0.063 2
FAIRMONT WT SS 80 61 311 0.420 57 0.047 2

5 WT SS 89 75 4B2 0.651 130 0.107 J4.9 0.007 1
SITE F WT SS 98 74 346 0.468 146 0.12 4
SITE F WT SS 98 74 336 0.454 139 0.114 4
SITE G WT SS 99 98 400 0.54 38.3 0.018 4
SITE G WT SS 99 98 423 0.572 4

MADISON WT SS 100 60 443 0.599 177 0.146 2
MADISON WT SS 100 90 438 0.592 455 0.374 2

226 SS 154 62 0 0.000 0.0 0.000 1
WILMAR WT SS 160 124 415 0.561 289 0.238 2
WILMAR WT SS 160 125 395 0.534 509 0.419 2
WILMAR WT SS 160 126 366 0.495. 642 0.528 2
WILMAR WT S5 160 128 315 0.426 2200 J.811 2

3 WT S5 166 135 384 0.519 36 0.030 29.8 0.014 1
340 5S 181 145 173 0.142 8.5 0.004 1
221 SS 186 170 0 0.000 10.6 0.005 1

SITE E WT SS 232 142 477 0.645 81 0.067 5
14 WT SS 254 168 337 0.456 0 0.000 1
8 WT SS 395 277 566 0.765 1

----------------------
*** CONTINUED ***
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UNCONTROllED EMISSIONS DATA
COAl~FIRED ICI BOILERS

RATED OPERATING EMISSIONS
INPUT INPUT -------------------------------------------------------------------.

BOILER 10 BOILER FIRIMG CAPACITY lOAD MOx "Ox CO CO UIIC UHC REFERENCE
TYPE METHOD (HM8tu/hr) (MM8tu/hr) (ppm/il3X02) (lb/HM8tu) (ppm@3X02) (lb/HH8tu) (ppm@3X02) (lb/HM8tu)

----------------------.-------------------------------------------------------------------------------.---------------.----------.----------
342 OFS 18 18 325 0.440 1 0.001 46.8 0.022 3

STOUT 2 WT OFS 45 33 160 0.216 2
STOUT 2 WT ors 45 36 176 0.238 94 0.017 2
STOUT 2 WT OFS 45 30 156 0.211 2000 1.646 2
STOUT 2 WT ors 45 30 158 0.214 2000 1.646 2
STOUT 2 WT ors 45 30 143 0.193 2000 1.646 2
STOUT 2 WT OFS 45 40 221 0.299 2
STOUT 2 WT OFS 45 44 185 0.250 1120 0.922 2
STOUT 2 WT OFS 45 30 187 0.253 23 0.019 2
SITE H WT OFS 60 60 308 0.416 239 0.197 51.1 0.024 6
SITE K WT OFS 63 64 240 0.324 139 0.114 4

EAU CLAIRE WT OFS 70 43 233 0.315 134 0.110 2
EAU CLAIRE WT OFS 70 45 255 0.345 41 0.034 2
EAU CLAIRE WT OFS 70 49 211 0.285 102 0.084 2

SITE J WT OFS 77 77 261 0.353 4
SITE I WT oFS 95 97 169 0.229 4
SI~~ I. WT OFS 95 99 296 0.4 4

oFS 102 81 158 0.214 36 0.030 1

220 UFS 3 1 21.3 0.010 3
12 FT UFS 12 10 358 0.484 1136 0.935 1
11 FT UFS 12 10 282 0.381 341 0.281 1
1 WT UFS 75 60 275 0.372 0 0.000' 1
2 WT UFS 78 60 232 0.314 0 0.000 1

----------------------.-------------------------------.--------------------------------------------------------._---------------------------
WT: WATERTU8E oFS: OVERFEED STOKER
FT: FIRETU8E S5: SPREADER STOKER
PC: PULVERIZED COAL UFS: UNDERFEED STOKER
WALL: WALL FIREO S: STOKER
TANG: TANGENTIAL FIRED



UNCONTROLLEO EMISSIONS DATA
RESIDUAL OIL-FIRED ICI BOILERS

EMISSIONS
BOILER OPERATING --------------------------------------------------------------------

BOILER 10 BOILER CAPACITY LOAD NOx NOx CO CO UHC UHC REFERENCE
TYPE (MMBtu/hr) (HHBtu/hr) (lb/MMBtu) (ppm@3%02) (lb/MMBtu) (ppm@3~02) (lb/HMBtu) (ppm@3~02)

---------.-----------------------------------------------------------------------------------.---------------------.--------
25 FT 3.9 3.0 0.372 294 0.016 • 21 1
25 FT 3.9 3.0 ·0.307 243 0.019 25 1
25 FT 3.9 3.6 0.31' 298 0.021 27 1
25 FT 3.9 3.6 0.3SIi 281 0.023 30 1
10 FT 7.3 7.0 0.381 301 0.017 22 0.003 7 1
10 FT 7.3 7.0 0.354 280 0.000 0 1

23-1 FT 9.0 8.6 0.389 307 0.016 21 7
11 FT 10.1 11. 0 0.23S 186 0.000 0 1

24-TV FT 13.0 13.5 0.239 189 0.000 0 7
13 FT 15.4 13.0 0.233 184 0.000 0 0.002 5 1
12 FT 18.5 18.0 0.228 180 0.000 0 1
12 FT 18.5 18.0 0.207 164 0.010 13 1

346 FT 22.6 18 0.007 9 0.014 32 3
26-1 FT 23.0 21.6 0.213 168 0.010 13 7

14 Wi 12.9 10.0 0.793 626 0.028 36 o 031 70 1
1 WT. 21.8 17.5 0.449 355 0.000 0 0.014 32 1
1 WT 21.8 17 .5 0.428 338 0.000 0 1
22 WT 21.9 17.5 0.212 167 0.000 0 0.000 0 1
22 WT 21.9 17 .5 0.221 175 0.000 0 1

~
LOC 19 WT 22.0 17.6 0.278 220 0.003 4 7
19-2 WT 22.0 17.8 0.217 171 0.015 19 7

1Il 19-1 WT 22.0 18.3 0.459 363 0.000 0 7
19-1 WT 22.0 18.3 0.436 344 0.000 0 7
23 WT 23.7 19.0 0.286 226 0.003 4 0.003 7 1
23 WT 23.7 18.9 0.280 221 0.003 4 0.005 11 1
23 WT 23.7 20.7 0.274 216 0.016 21 0.000 0 1
23 WT 23.7 19.5 0.314 248 0.028 36 0.003 7 1

337 WT 24.8 16.1 0.114 148 0.016 36 3
2 WT 30.5 19.2 0.256 202 0.000 0 1

ECCC WT 31.0 24.2 0.200 158 0.008 10 7
20 WT 49.8 39.8 0.254 201 0.000 0 o 007 16 1

37-2 WT 50.0 40.5 0.251 198 0.000 0 7
153 WT 52.4 43 0.451 356 0.014 18 0.015 34 1
152 WT 53.1 43 0.437 345 0.012 16 0.013 30 1

LOC 38 WT 56.0 47.6 0.386 305 0.017 22 7
38-2 WT 56.0 45.4 0.419 331 0.000 0 7

21 WT 56.3 45.0 0.426 337 0.000 0 1
6 WT 78.4 65.0 0.240 190 0.000 0 1
24 WT 79.1 66.4 0.017 22 1

16-2 WT 81.0 67.2 0.256 202 0.000 0 7
2-4 WT 81.0 64.8 0.641 506 0.000 0 7

15 WT 85.7 66.0 0.598 472 1
124 WT 86.2 57.8 0.023 52 3
28-1 WT 88.0 36.1 0.263 208 0.000 0 7
163 WT 92.8 45 0.254 201 0.014 18 0.001 2 1
160 WT 93.4 62.6 0.340 269 0.016 21 o 001 2 1
138 WT 93.7 86.2 0.002 5 3
20-4 WT 100.0 64.0 0.398 314 0.000 0 7

------.---------------
*** CONTINUED ***
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UNCONTROLLED EMISSIONS DATA
RESIDUAL OIL-FIRED ICI BOILERS

EMISSIONS
BOILER OPERATING --------------------------------------------------------------------

BOILER 10 BOILER CAPACITY LOAD NOx NOx CO CO UHC UHC REFERENCE
TYPE (MHBtu/hr) (MHBtu/hr) (lb/HMBtu) (ppm@3X021 (1 b/MMBtu I (ppm@3X02) (lb/MMBtul (ppm@3X021

-------------.------------------------------------------------------------------------------------------------.-------------
5 WT 114.0 90.0 0.316 250 0.000 0 1
17 WT 118.2 100.5 0.598 472 . 1
3 WT 123.6 85.3 0.421 333 0.066 86 1
4 WT 125.0 80.0 0.391 309 0.000 0 . 1

ZOZ WT 136.5 0.374 295 0.012 16 0.007 16 1
7 WT 138.5 105.2 0.321 254 0.000 0 1
19 WT 155.1 121.U 0.344 272 0.000 0 0.004 9 1

120 WT 159.0 127 0.002 5 3
16· WT 164.9 131.9 0.430 340 1
8 WT 208.4 168.8 0.307 243 0.000 0 1
18 WT 216.4 158.0 0.384 303 0.000 0 0.016 36 1
9 WT 658.8 527.0 0.342 270 0.003 7 1

WT: WATERTU8E
FT: FI RETUBE



UNCONTROLLED EMISSIONS DATA
DISTILLATE OIL-FIRED ICI BOILERS

EMISSIONS
BOILER OPERATING --------------------------------------------------------------------BOILER 10 BOILER CAPACITY LOAD NOx NOx CO CO UHC UHC REFERENCE

TYPE (MHBtu/hr) (HHBtu/hr) (lb/HHBtu) (ppm@3~02) (lb/HHBtu) !ppm@3X02) (lb/HHBtu) (ppm@3X02)
--------------------------------.---------------------------------------------------.---------------------------------------

14 fT 3.7 2.5 0.149 118 0.007 9 1
14 fT 3.7 2.5 0.114 90 0.007 9 1
14 fT 3.7 2.0 0.119 94 0.014 18 1
8 fT 7.3 7.0 0.163 129 0.000 0 1
4 fT 10.7 11.0 0.165 130 0.000 0 1

3-2 fT 13.0 6.5 0.221 175 0.000 0 4
2 H 14.4 10.0 0.216 171 1
11 FT 15.3 13.0 0.107 85 0.000 0 1
5 FT 20.6 18.0 0.149 118 0.000 0 1
5 FT 20.6 18.0 0.151 119 0.000 0 1
6 fT 25.0 20.0 0.247 195 0.000 0 0.012 27 1

4-4 FT 25.0 11.8 0.224 177 ~

12 lIT 21.5 17.8 0.157 124 0.003 4 0.001 2 1
3 liT 21.9 17.5 0.102 81 0.000 0 0.000 0 1
3 WT 21.9 17.5 0.126 100 0.000 0 0.001 2 I
3 liT 21.9 17 .5 0.084 66 0.038 49 1

19-1 liT 22.0 17.6 0.134 106 0.000 0 4
19-1 WT 22.0 14.5 0.107 85 0.000 0 4

LOC 19 liT 22.0 18.3 0.154 122 0.003 4 4

),> 19-1 WT 22.0 17 .6 0.098 77 0.000 0 4
13 WT 22.5 18.0 0.150 119 0.010 13 0.003 7 1

.....:I 7 WT 33.7 29.0 0.111 88 1
1-2 WT 36.0 18.0 0.136 107 4
1-3 WT 38.0 30.0 0.158 125 0.000 0 4

10 WT 47.1 33.0 0.158 125 0.000 0 1
140 WT 48.6 38.9 0.001 2 3
173 WT 48.9 45.5 1.177 1528 0.001 2 1
139 WT 53.3 42.7 0.003 7 3
174 liT 127.3 89.1 0.837 1086 0.001 2 1
170 WT 136.9 98.6 0.507 658 0.009 20 1
1 WT 137.4 109.9 0.228 180 0.000 0 I

172 liT 183.2 109.9 0.623 809 0.001 2 I
9 lIT 219.4 160.2 0.233 184 0.000 0 0.004 9 1

JAMES RIVER liT 240.0 0.180 142 8

339 CI 5.9 4.7 0.158 205 0.022 50 3
.-----------------------------------------------------------------------------------.----------------------------.----------
WT IIATERTUBE
FT FIRETUBE
C1 CAST IRON



UNCONTROLLEO EMISSIONS OATA
NATURAL GAS-FIRED ICI BOILERS

EMISSIONS
BOILER OPERATING ----_ .. _----------------.----.----------------------------------~---

BOILER 10 BOILER CAPACITY LOAD i~O)' NOx CO CO UHC UHC REFERENCE
TYPE (MHBtu/hr) (HMBtu/hr) (lb/HHBtu) (ppm@3X02) (lb/HMBtu) (p~3X02) (lb/HMBtu) (ppm@3X02)

------------------------------------------------------------------------.-----------------------------------------------------
SITE 6 FT 8 3 0.11 88 0.02 27 4

13 FT 8 7 0.09 76 0.15 207 0.024 58 1
OHIO UNIV FT 8 0.10 84 0.15 205 9

151 FT 10 6 0.78 1075 0.090 216 1
18 FT 10 8 0.09 72 0.00 0 0.014 34 1

5-248-1 FT 10 8 0.08 63 0.00 0 4
12 FT 12 11 0.11 94 0.12 159 1
10 FT 13 10 0.07 56 0.00 0 0.006 14 1

3-2 FT 13 7 0.12 102 0.01 14 4
DISNEV STUDIO FT 13 0.10 84 0.15 205 9

15 FT 14 13 0.07 60 0.00 0 0.010 24 1
14 FT 14 10 0.11 94 0.13 176 0.117 281 1

158 FT 17 5 0.37 508 0.005 12 1
LOCKHEED, CA FT 17 0.10 84 0.15 205 9

16 FT 19 18 0.07 60 0.01 14 0.011 26 1
ST. JOSEPH MED FT 21 0.10 84 0.15 205 9

26-1 FT 23 22 0.07 59 0.01 15 4
4-4 FT 25 18 0.13 110 4

SHARP HOSP. CA FT 25 0.10 84 0.15 205 9
11 FT 29 20 0.13 109 0.00 0 0.026 62 1

> 150 FT 29 18 0.03 45 0.004 10 1
I ROYALTY CARPET FT 29 0.10 84 0.15 205 9

00 17 FT 32 20 0.10 84 0.11 14~ 1
CLEAVER BROOKS FT 33 0.10 80 0.04 51 11

CLEAVER BROOKS WT 5 0.09 73 0.01 14 11
ACS, CA WT 6 0.10 84 0.15 205 9

333 WT 22 14 0.06 50 0.023 55 3
30 WT 22 18 0.07 58 0.01 10 0.002 5 1

19-2 WT 22 20 0.08 63 0.01 10 4
31 WT 24 20 0.15 126 0.02 23 0.000 0 1
31 WT 24 14 0.16 137 0.01 19 0.002 5 1
31 WT 24 15 0.17 144 0.00 4 0.002 5 1

5-716-3 WT 31 . 20 0.10 81 0.00 0 4
1 WT 31 25 0.09 73 0.13 173 0.013 31 1
3 WT 35 29 0.12 99 0.11 147 0.018 43 I
24 WT 35 29 0.09 73 0.35 486 I

1-1 WT 36 29 0.10 84 0.00 5 4
1-2 WT 36 21 0.10 84 0.01 10 4
1-3 WT 38 30 0.12 98 0.00 0 4
2 WT 38 29 0.09 72 0.12 166 I

328 WT 42 32 0.12 99 0.01 . 10 0.002 5 1
32 WT 45 40 0.10 139 1
19 WT 45 33 0.11 91 0.00 0 I

352 WT 50 43 0.10 85 0.02 29 0.001 2 3
29 liT 51 45 0.26 218 0.00 0 0.004 10 1

38-2 WT 56 50 0.27 224 0.00 0 4
MARTIN HAR1ETTA WT 62 0.10 84 0.15 205 9
CLEAVER BROOKS WT 64 0.10 84 0.10 132 11

334 WT 72 58 1.45 1988 0.008 19 I
335 WT 73 58 0.11 95 0.38 527 0.003 7 1

4 WT 74 60 0.14 118 0.76 1044 0.012 29 1



UNCONTROLLED EMISSIONS DATA
NATURAL GAS-FIRED ICI BOILERS

EHISSIONS
BOILER OPERATING --~-----------------------------------------------------------------

BOILER ID BOILER CAPACITY LOAD NOx NOx CO CO UHC UHC REFERENCE
TYPE (HHBtu/hr) (HHBtu/hr) (lb/HHBtu) (ppm@3X02) (lb/HHBtu) (ppm@3X02) (lb/HHBtu) (ppm@3X02)

------------------------------------------------------------------------------------------------------------------------------5 liT 75 60 0.13 105 0.00 0 I
10-4 WT 75 61 0.13 106 0.00 0 4

9-BC-I WT 75 59 0.31 256 0.00 0 4
6 liT 18 60 0.29 245 0.01 10 I
20 liT 80 66 0.12 99 0.01 99 1

159 liT 85 60 0.24 200 0.002 5 I
161 liT 85 60 0.19 151 0.005 12 I
162 liT 85 60 0.03 23 0.01 19 0.001 2 1
122 liT 81 67 0.000 0 3
28-1 liT 88 80 0.26 215 0.00 0 4
123 liT 100 11 0.000 0 3

25 liT 134 106 0.13 ·110 0.00 0 1
23 liT 143 116 0.11 95 0.00 0 1

121 liT 158 133 0.000 0 3
26 liT 181 158 o 18 153 0.00 0 0.051 122 I
1 liT 188 169 0.<:5 379 0.04 55 I
8 liT 203 169 L 35 291 0.00 0 0.014 34 I

151 liT 222 117 0.02 32 0.002 5 1
JAMES RIVER liT 240 0.06 50 8
SO CAL ED liT 240 0.04 33 8

~
21 liT 247 180 0.27 227 0.00 0 I
II liT 265 260 0.24 200 10

\0 21 liT 281 237 0.26 215 0.003 7 I
28 liT 321 264 0.22 187 0.23 320 0.016 38 I
9 liT 349 317 0.24 202 0.00 0 0.001 2 1
22 liT 401 343 0.39 324 0.00 0 0.002 5 1

------_._-----------------------------------------------------------------------------------------------.---------------------
liT: IIATERTUBE
FT: FlRETUBE



------------------------------------------------------.------------------------------------------------------------------------------

UNCONTROLLED EMISSIONS DATA
WOOD-FIRED ICI BOILERS

BOILER BOILER EMISSIONS
HEAT OUTPUT --------------------------------------------------------------------

BOILER 10 INPUT CAPACITY FUEL NOx NDx CO CO THe THC REFERENCE
(MMBtu/hr) (MMBtu/hr) TYPE (1b/MMBtu ) (ppm@3~02) (lb/MMBtu) (ppm@3~02) (lb/MMBtu) (ppm@3~02)

----------------------._------------------------------------------------------------------------------~--------------------------.---

A 6.8 5.1 SHAY 0.01 8 12
B 8.2 8.5 SHAY, SAil 0.01 9 12
C 7.4 6.8 SHAY, SAW 0.01 9 12
0 10.4 8.5 W 0.09 62 12
E 20.8 9.9 W 0.02 11 12
F 5.8 5.1 SHAY, SAW 0.00 3 12
G 1.1 5.1 SAW 0.00 3 12
H 94.0 39.5 W 0.15 104 12
I 141.0 51.3 SAW 0.13 90 12
J 19.1 22.5 SAW 0.01 B 12
K 23.5 19.4 W 0.03 23 12

SIERRA PACIFIC 130 W 0.29 200 13
L 134.0 112.6 BOXWOOO/20~DIST 0.12 B4 12

LFC 190 W 0.24 170 13
YANKEE ENERGY 190 W 0.17 120 13
KENETECH ENERGY ZZS W 0.30 210 13
RYEGATE POWER 300 W 0.30 210 13
BLACK &VEATCH 440 W 0.21 150 13
HONEY LAKE PWR 480 W 0.20 140 13
ALT ENERGY 500 W O.lB 128 13
ALT ENERGY 500 W 0.18 128 13
ALT ENERGY 500 W 0.18 128 13

M NA 229.0 85"B~.RK/15XNG 0.29 206 12
N NA 112.6 20XBARK/80XCOAL 0.39 277 12

~­o NA: NO DATA AVAILABLE
SHAY: WOOD SHAVINGS
SAW: SAWDUST
W: WOOD WASTE

DIST: DISTILLATE OIL
NG: NATURAL GAS.



UNCONTROLLEO EMISSIONS.
BUBBLING BEO FBC BOILERS
-------------------------------------------------------------------------------------------------------------------------

MAXIMUM PRIMARY
CAPACITY FUEL HOx NOx CO CO

FBC ID (MMBtu/hr) TYPE (lb/MMBtu) (PP'll @3%02) (lb/MMBtu) (ppm @3X02) REFERENCE
-------------------------------------------------------------------------------------------------------------------------

8&\1 Pilot coal 0.81 600 0.49 600 14
RDF 0.44 315 4.68 5523

Canadian Forces Base. 50 coal 0.62 460 0.37 453 4
P. Edward Is .. Canada

Colmac. CA 330 bIomass 0.10 70 0.15 173 15

CCRL Pilot. Canada 3.4 rice hulls 0.20 140 3.10 3655

Dong Chang Paper. Korea 55 coal 0.17 125 16

HBCM Le Bee. France 6.8 coal 0.11 80 0.49 600 17

Mesquite Lk. CA 160 cow manure 0.42 294 0.38 437 1B

HI tsui Toatsu. Japan 75 coal 0.46 340 16

Saarbruecken. Germany 289 coal 0.12 90 0.17 204 19

Saki to Salt. Japan 145 coal 0.23 170 16

SOHIO Refinery. OH 97 coal 0.56 415 4

Sumltomo Power. Japan 245 coal 0.27 200 16

Sumitomo Metal. Japan 150 coal 0.30 220 16

1NO 14 coal 0.28 210 0.30 365 20

TVA Pilot. KY 134 coal 0.17 125 0.41 495 21
------------------------------------------------------.--------------.---------------------------------------------------

RDF: REFUSE DERIVED FUEL
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UNCONTROLLED EMISSIONS,
CIRCULATING FBe BOILERS
-----------------------------------------------------.-------------------------------------------------------------------

MAXIMU~ PRIMARY
CAPACITY FUEL NOx NOx CO CO

FBC 10 (MMBtu/tJr) TYPE (lb/MMBtu) (ppm @3X02) (Jb/MMBtu) (ppm @3X02) REFERENCE
-------------------------------------------------------------------------------------------------------------------------

ADM. Cedar RapIds. IA 500 coal 0.30 222 0.02 26 22

A. E. Staley 394 coal 0.60 444 0.17 207 23

Ansaldo/Studovik 8.5 coal 0.20 150 0.17 210 24

Archbald Cogen 210 culm 0.25 180 23

SF Goodrich 130 coal 0.34 252 0.03 38 25
0.22 164 0.03 31

Energieversorgung, Germany 250 coal 0.16 lIB 16,26

Ft. Howard Co. 362 coal 0.16 118 0.08 100 27

Foster Wheeler 400 culm 0.20 140 28

GM-Ft. Wayne. IN 157 coal 0.40 296 0.20 243 23

Idemitsu. Japan 693 coal 0.18 133 23

lone Cogen., CA 155 coal 0.14 101 0.03 33 29

Kerry Coop, Ireland 122 coal/peat/ww 0.09 65 0.06 75 23

Kuk Dong 011. Korea 280 petroleum coke 0.34 250 16.26

Kuraray, Japan 162 coal 0.20 148 23

Lauoff Gra 1 n, IL 250 coal 0.20 150 0.08 100 30

Montana One 476 coal waste 0.28 200 0.00 31

Paper mill, U.S. 340 coal 0.49 362 0.25 300 32

Pyropower Corp. coal 0.27 200 0.25 300 33
petroleum coke 0.12 90 0.21 250

Scott Paper 683 culm 0.60 430 34

Sun Kyong Fibers. Korea 300 coal 0.27 200 16.26

1hyssen Industrie. Germany 84 coal 0.18 135 o 23 276 35

Ultra Systems, CA 280 wood 0.21 150 13

u. of Iowa 179 coal 0.40 296 0.17 207 23

u. of Missouri 210 coal 0.50 370 0.17 207 23

Wheelabrator Energy 430 coal 0.50 370 0.10 122 22
-----------------------------------------------------.-------------------------------------------------------------------

WW: WOOD WASTE
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APPENDIX B. CONTROLLED NOx EMISSION DATA

This appendix lists controlled emissions data for boilers used in the ICI sector. Where

appropriate, data for small utility boilers and representative pilot-scale units are also included.

The data were compiled primarily from technical reports, EPA documents, compliance records,

and manufacturers' literature, as listed in the references at the end of this appendix. Additional

low-NOx performance data specific to 10w-NOx burners (LNB) marketed by Coen Company, of

California, and Tampella Power Corporation, Faber Burner Division, of Pennsylvania, are in

Appendix C. Boiler emissions data are listed by fuel type and whether the NOx control method

used was a combustion modification or a flue gas treatment method.
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NOx EMISSIONS OATA - PULVERIZEO COAL FIRED ICI BOILERS IIITH COMBUSTION MODIFICATION NOx CONTROLS

BOILER 10
fUEL
TYPE

BOILER
TYPE

HEAT
INPUT

CAPAC lTV
(MMBTU/HR)

AVERAGE
CONTROL NEil (N) OR LOAD

TYPE RETROfIT (R) (X)

STACK 02 UNCONTROLLED/CONTROLLED AVERAGE
UNCONTROLLEO/- -- -- -- ---- ----------- -- NOx

CONTROLLED NOx CO REDUCTION
(X) (ppmlil3X02)" (ppmlil3%02) (Xl REF. NO.

tp
~

UNITS WITH LOW NOx BURNERS (lHB)------ ......--.-- ....-------_..------_ ....---................
DUPONT CHEMICAL BIT"" WT/SW 140 lNB R 550/280 NA/25 49

fOSTER WHEELER CElf BIT"" WT/SW BO LNB R 700/260 63
(CF/SF lNB) PILOT

fOSTER WHHLER CElF BITIJIl WT/SW BO lNB R 770/200 74 3
(lFS LN8) PILOT

KERR-HeGEE CHEM BITIJIl WTITANG lNB R 100 NA/3.6 290-365/ NAlI2 18
CORP, CA 269

NEIL SIMPSON UNIT 5, SUBBITUM IIT/SW 275 lNB R 2 3-3 4/ 630-725/ 20-27/ 67
I/V 2.3-3.5 190-255 13-420

PUBLIC SVC I NO lANA BITIJIl lIT/WALL 1,000 LNB R 730/370 49 6
WABASH '5

UNNAMED BITIJIl IIT/SI/ 150 LNB R 630/220 65-- ..------ ... -- ---------_ .. -------_.........------- -----_ .... -- -_ ...---- .. -_ .. -- -- -- ........................ -_ ........ ---- _....... -_ .. --_ ..... _... -- ........... --- - -_ ..... --- -------- ---------_ .. -----------

UNITS WITH STAGED COMBUSTION AIR (SCA)------_ ....---- ... ----------_....._---------- .._-----
ALMA '3 BIT"" WT/SW 230 SCA (800S) 57 340/250 27

KERR-HeGEE CHEM BITUM WT/TANG SCA (OFA) R 100 290-365/ NA/30-98 25
CORP. CA 211-280

SITE '31-7 BITUM IIT/5W 260 SCA (BOOS) 25 1065/651 39

UNNAMED SITE 3 BIT"" liT 325 SCA (OFA) 70 815/691"" 15 B

UNITS IIITH COMBINED lNB AND SCA........-........ -_ ...................._.. -_ .... -_ ...........................................
ALBRIGHT II, 8ITUM IIT/I/All 875 lNB & SCA (OFA) 695/275 60
AllEGHANY POIIER, PA

BHK BITUM liT 200 lN8 & SCA R 330-600/ 42
180-360

GALLAGHER '2, BITUM lIT/IIAlL 1.250 lNB & ScA (OFA) 720/275 62
PUBLIC SVC, INDIANA

HOIIARD DOliN '10 BITUM I/T/I/ALL 3r,~ INB & ScA (OFAI 785/275 65
VINELAND. NJ

6

6

6



NOx EMISSIONS DATA - PULVERIZED COAL FIRED ICI BOILERS WITH COMBUSTION MODIFICATION NOx CONTROLS

6

11

44

66100R

SCA R 100 NAl3.6 290-365/ NA/H
148

SCA R HA/220-370 HA/5-30

590/330

690-725/ 35/60-166
220-264

lN8 & SCA

lH8 & SCA (OFA)875

250WT/SW

WT/lIALl

8ITUM

BITUM

HEAT STACK 02 UNCONTROLlEO/CONTROLlEO AVERAGE
INPUT AVERAGE UNCONHIOLLEO/------------------------ NOx

FUEL BOILER CAPACITY CONTROL NEW (N) OR LOAO CONTROllEO NO. CO REDUCTION
BOILER 10 TYPE TYPE (MM8TU/HRI TYPE RETROFIT (Rl (Xl (Xl (ppmlil3X02)" (ppmlil3X02) (X) REF. NO.

_.----_ .. -_ ..-----------_ ... _---- ......-..- .... _---- ... _---- .._----- ----- ..._-_ ... -------------------------------------------.----------- .._---_ ... _-------_ ... _---------_ ....._-
FOSTER \/HEELER CElF BITUM WT/SW 80 LN8 & SCA R 700/110 B4

(CF/SF LN8) PILOT

KERR-MCGEE CHEM 8ITUM WT/TANG LNB !
CORP, CA

UNNAMEO PAPER CO BITUM liT/OW 470 lN8 &

WA8ASH '2
PU8L1C SVC INDIANA

lllPeO PEARL
STATION, IL

UNITS IIITH REBURN

t:a
J,..

EPRI/GRI/B&II
PILOT TEST

PLANT "A", JAPAN

PLANT "8", JAPAN

TAIO PAPER, JAPAN

BITlJI

BITlJI

8ITUM

8ITUM

CYCLONE

WT/SII

WT/OII

WT/TAHG

6

190

375

825

N. GAS RE8URN 100 3/3 ~25/235-420 3D/3D 65 12

DIL REBURH 100 3/3 925/250-537 57

CDAL RE8URH 100 3/3 925/300-555 54

COAL RE8URN 100 NA/215-385 13

COAL RE8URH 100 NAil 70-250 13

DIl RE8URH 100 240/167 30 14

WT: watertube; SII: single wall-fired; OW' opposed wall-fired; TANG. tangential ftred
NA: no data avallable
" To convert NOx to Ib/MM8tu divide by 740.
"" Long term test data. All others are short term



NOx EMISSIONS OATA - COAL FIRED STOKER BOILERS \11TH COMBUSTION MODIFICATION NOx CONTROLS

HEAT STACK 02 UNCONTROLLEOlCONTROLlEO EMISSIONS AVERAGE
INPUT AVERAGE UNCONTROLLEDI ----..._--------------------..._..._--- NOx

FUEL BOILER CAPACITY CONTROL LOAD CONTROllED FGR NOx CO UItC REDUCTION
BOILER 10 TYPE TYPE (MMBTUIHR) TYPE (X) (X) (X) (ppm83X02)* (pJlllll3X02) (pJIlIlI3X02) (X) REF. NO.

.. __ ... __ ...... ___ .. __ ........ __ ... ___ ... __ ...... _ ........ __ ... _ ..... __ ....... _ ............................................................................................................................................. __ .................................................... _____________ ... _ ...... 00 _________ .. _ .....

UNITS IIITH STAGED CllflBUSTlON AIR (SCA).................. -_ ...................----- ....-----............................ -- ..
SITE "A" LOW S COAL SS 375 SCA (OFA) 79 615.9 3941353 3131300 97/NA 10 IS

SITE "C" BITUM SS 250 SCA (OFA) 92 NAl8.6-8.9 NAl230-387 NAl53-103 16

SITE "0" 8ITUM OfS 102 SCA (OfA) 89 NAl7 .4-7.8 "A/172-202 NA(73-2345 11

SITE "F" BITUM SS 98 SCA (OFA) 99 8.215 5 348-413/263 231-252(429 915 31 IB

SITE 14 COAL SS 200 SCA (OfA) 75 NAill 5681369 35

SITE 30 COAL SS 125 SCA (OfA) 66 6.216.1 320/237 0149 26 19

SITE 35 COAL OFS 215 SCA (OFA) 47 9.519.0 164/166 25115 25/35 -I 19

\IILMAR 3 COAL 5S 160 SCA (OFA) 66 NAl9.0 372(350 6 20
..... --------- ........ -- ---- .......... --_ .. _- .. -..-.. -_ .. -- .. ---_ .... _.................... -_ ........ - .. -- ... -_ ..... -- -- -_ ................................................ -_ .. -_ ............ -- .... -_ ......-- ..... ---_ .. ------_ .... -_ ...-----_ .. -- ....-....

ttl UNITS \11TH COMBINED FLUE GAS RECIRCULATION (FGR) AND SCAI
VI -- ....._--- .... --_ ..... -......-....-.._............-......... -- ....---- -- -- -----_.. - ---

UNNAMED BITUM SS 125 FGR & SCA 80 813 5 NA 3501140 60 21

SITE I BITUM 5S 134 FGR & SCA 95 815 NA 4001350 13 22

SITE 2 8ITUM SS 270 FGR & SCA 75 414 NA 280-3401 0 22

SS: spreader stoker; DFS: overfeed stoker
FGR: flue gas recirculation; SCA: staged combustion air; OFA: overflre air; RAP: reduced air preheat
NA: no data available
• To convert NOx to lblMMBtu divide by 740.
Note: a11 are short term test data

UNITS WITH NATURAL GAS CDFlRE

VANDER81l T UNVERSITY COAL SS 90 GAS CDFIRE 100 5.613.5 2-90-250/200 20-25 92



HOx EMISSIOllS DATA - COAL FIRED FBC BOILERS III1H COMBUSTION MODIFICATION NOx CONTROLS-------_ ----_ --- --_ --_ -- --_ ..--- -_ _ --_..- -_ --- .. -_ ---_ -- --------_ ..
HfAT STACK 02 UNCONTROLLED/CONTROLLED EMISSIONS AVERAGE

INPUT AVERAGE UNCONTROLLED/ ----------------------.----------- NOx
FUEl BOILER CAPACITY CONTROL LOAD CONTROllED FGR MOx CO UIfC REDUCTION

BOILER 10 TYPE TYPE (MMBTU/HR) TYPE (%) (%) (%) (ppmP3%02)* (ppmlt3%02) (ppmlt3%02) (%) REf. NO.--_ -- -----------_ -_ _ _--_ -_ -- -_ -- --_ -_ -_ -- -_ -_ -_ -- - - -_ ..----- _------_ ...
AHlSTROM CORP, BITUM CfBC 222 SCA (OFA) NAlSI-335 23

fiNLAND

AHLSTROM CORP BROlIN COAL CFBC 222 SCA (OfA) NAl103-155 23

BF GOODRICH BITUM CFBC 140 SCA (OFA) NAl280 NAl33 NA/Z 24

CHALMERS UNIV. 81TUM BFBC 16 Hl/e SCA (OFA) 23f22" 12517S 40 25
SIIEDEN

CONOCO, TX COAL/COKE CFBC 50 SCA (OFA) NMIOO 26

IOIIA BEEF 8ITUM/SUB DBFBC 88 ~CA (OFA) NMIOO NAIl DO NAl22 27

KERAVA ENERGY. COAL CFBC 102 SCA (OFA) NAl39-245 23
FINLAND

TNO AF88 RESEARCH 811"" BFBC 14 SCA (OFA) 210-331 f 381-500f 61 28
FACILITY. SWEDEN 61- I 35 550-1100

UNNAMED COAL CFBC 222 SCA & FGR NAl90- 116 23

t:C UNNAMED COAL CFBC 102 SCA & FGR NAIIOO-IIS 23•0\ YOSHIWARA II, COAL, PAPER BFBC 125 ASH REINJECT 100 90/30 61 29
JAPAN

.._-----------_ ..-------------- ...-------_... _- -- ....--------- -- ------------ ------- --- ----- - ------.. - - ------ -_. ------ - - - ------ -- -- ---- ---- -- ... _----- --... _-------------
CFBC: cIrculatIng fluidIzed bed combustor (FBC); BFBC: bubbling bed FBC; DBFBC: dual bed FBC
SCA: staged combustion aIr; DFA: overflre air; FGR: flue gas recIrculation
IIA: no data available
• To convert NOx to Ib/MH8tu dIvide by 140.
.. Total excess aIr
1I0te: all are short term test data



NO. EMISSIONS DATA - NATURAL GAS FIRED ICI BOILERS IIITH COMBUSTION MODIFICATION NOx CONTROLS----- __ _..-- --.._-- --_ _-----------_ ..-..-----------_ ----- -_ ---------- --_ -- -- -- -- .. -- --_ _ --- --- -- --_ -- --- -- -- ---_ ----_ _--- ..------- --_ ...
HEAT STACK 01 UNCONTROllED/CONTROLLED EMISSIONS AVERAGE

INPUT UNCONTROllEOI ------.--------.--------------.---.- NO"
fUEL BOILER CAPACITY CONTROL NEil (NJ OR LOAD CONTROLLEq FGR NO. CO UHC REDUCTION

BOILER 10 TYPE TYPE (MMBtu/HRJ TYPE RETROFIT (RJ (XJ (X) (XJ (ppmfl3X01J' (ppmfl3X01J (ppmfl3X011 (XI REF NO .
..... ---- - --- -- __..- ------ -------- ---_ --- ---_ -- ---- -- -_ -_ _ ---------- -------------- -- -_ ------------ -- ------_ -"''''-'''-----
IIITH flUE GAS RECIRCULATION (FGR)-- ...... --------------.... _- .....----_...._------ ..--
ADVANCED CARDID- NG lIT/PKG 6 FGR R NA 8ell2 205/62 le 30
VASCULAR SYSTEMS, CA

ALLIED SIGNAL, CA NG FT/PKG 12.5 FGR 100 NA NA/29 NAl30 3t

AllIED SIGNAL, CA NG FT/PKG 6.3 FGR 100 NA NA/2S NAl32 31

ANAHEIM MILLS, CA NG Fl/PKG 10. S FGR R 100 NA NAill NA/6 31

ARATEX, CA NG FT/PKG 2t fGR H 100 NA HA/21 NA/O.S 31

BAXTER HIGHLAND, CA NG FT/PKG 17 fGR N 100 NA NA/28 NAlSt 31

BAXTER HIGHLAND, CA NG FT/PKG 10.5 FGR N 100 NA NA/ZO 31

BEY HIll.S HIlTON HG fT/PKG 8.5 FGR R 73 NAle ZO NA/21 NAIS 32
FGR R 100 NAl4 ZO NA/2B NAIIO

.... CA DEPT OF NG FT/PKG 2S FGR N 95 NAl3. 7 NA NAilS NAl26 33
If" CORRECTIONS

-J CA MILK PROD HG IIT/PKG 60 FGR N NA NAl33 34

CAL COMPACK, CA HG Fl/PKG 10.5 FGR R 100 NA HA/29 NAill 31

CLAYTON INDUSTRIES HG lIT fGR 3.6/3.6 10-20 10·IOO(2~·35 65 35
TEST

CLEAVER BROOKS NG Fl/PKG B.S FGR 100 5 60/50 11 36
TEST f:R 100 10 60/38 31

fG~ 100 15 60117 55
Fr.': 100 20 60/20 67

CLEAVER BROOKS NG Fl/PKG 15 fGR 100 5 B8/19 10 31
TEST fGR 100 10 8B/61 31

FGR 100 15 88/eO 55
FGR 100 20 BB/28 6B

CLOUGHERTY PACKING, NG IIT/PKG IB FGR R 100 NA NAl28 HA/52 33
CA

ClOUGHERTY PACKIHG, HG IIT/PKG 36 FGR R 100 NA NA/30 HA/eB 33
CA .
COMMUNITY LINEN, CA HG fT/PKG 15 FGR R 100 NA NA/29 HA/33 31

COHMUNITY LINEN, CA HG fT/PKG B.4 FGR R 100 NA NA/23 NAIO 31

DISNEY STUDIOS. CA NG fTlPKG 12 6 FGR R NA B4/23 205/11 13 30



HOx EMISSIONS DATA - NATURAL GAS FIRED ICI BOILERS IIITH COMBUSTION MODIFICATION NOx CONTROLS

HEAT STACK 02 UNCONTROllED/CONTROLLED EMISSIONS AVERAGE
INPUT UNCONTROllEDI ------------------------------------ NOx

fUEL BOILER CAPACITY CONTROL NEil (NI OR LOAD CONTROLLED FGR NOx CO UHC REDUCTION
BOILER 10 TYPE TYPE 1M1\8tu/HRI TYPE RETROFIT IRI I:¥I I:¥I (:¥) Ippm@3:¥02)' Ippmlil3:¥02) '''''''''3:¥O2) 'X) REF. 110.--_..... -_ ...... __ .....---... _-_ ....._------_ ..-- .. __ ...-- ....--------------------------------------------------------------------------- ..._------- ..-------------- ..------------_...---------

ECCC IIG FT/PKG 12 FGR 50 4/4 30 79/25 68

KAISER HOSPITAL, CA IIG

KIRKHlll RUBBER, CA IIG

KIIOH'S BERRY NG
FARM. CA

LIBERTY VEG OIL, CA IIG

l.A. DYE & PRINT, CA IIG

FRllO LAY, CA IfG

GAF BUILDING NG
MATERIAlS. CA

GREEN FOODS CORP, CA IfG

HILL PET FOODS. CA NG

HUGHES AI RCRAFT 1 CA NG

HUGHES AI RCRAFT 2 CA NG

HUGHES AI RCRAFT, CA NG

INTEGRATED PROT£l1I IIG

txl
I

00

ECCC

fOLSOM PRISOII

fOUR SEASONS
HOTEL. CA

fRIEIIOLY HILLS
MEO CEIlTER. CA

FR/TO LAY. CA

FRIlO lAY, CA

KAISER HOSP, CA

l.A. HILTON

l. A. PAPER BOX, CA

LOCKHEED. CA

IIG

IIG

IIG

IIG

NG

"6

"G

IIG

IIG

IIG

IIT/PKG

IIT/PKG

FT/PKG

FT/PKG

II1/PKG

FT/PKG

FT/PKG

VT/PKG

FT/PKG

FT/PKG

FT/PKG

FT/PKG

FTfPKG

IIT/PKG

FT/PKG

FT/PKG

FT/PKG

FT/PKG

FT/PKG

FT/PKG

FT/PKG

IIT/PKG

FT/PKG

31

48

10.5

21

78

12 6

12.6

16.7

10

4.2

8

8

B.4

31

8

14.6

16.8

14

9.4

14.6

6

16 1

FGR
FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

FGR

R

R

N

R

R

If

If

R

R

R

II

N

R

If

R

If

R

II

39
30

100

100

100

100

100

100

100

100

100

100

100

100

95

100

100

100

100

3 1/2 6
3.5f1.2

NAIll 7

4/4 7

22
26

NA

NA

NA

NA

NA

NA

NA

12.7

NA

NA

NA

NA

NA

12.5

NA

NA

NA

NA

NA

NA

NA

NA

47/18
58/13

1IA/42

NA/l6

NA/35

NA/42

NA/24

NA/27

NA/23

NA/27

NA/27

NA/30

NA/30

IIA/30

NA/33

80/33

NA/30

NA/22

NA/V

NA/27

NA/19

NA/33

NA/V

84/24

20/20
IOf5S

NA/41

NA/194

NA/33

NA/32

NA/l24

NA/21

NA/13

NAf34

16/13

NA/46

NA/9

NA/O

NA/26

NAIll

205/192

NA/0.9

62
7B

59

71

38

34

31

31

34

31

31

31

33

31

33

33

31

34

89

31

31

31

31

31

34

31

30



NOx EMISSIONS DATA - NATURAL GAS FIRED ICI BOILERS WITH COMBUSTION MODIfiCATION NDx CONTROLS-----_ -..--_ _---_ ------ .._-- --_ - ..---- -_ -_ -_ .. -- -_ -- -_ -_ -_ -- -_ -------_ --------- - ..---_ -- -_ -_ ..
HEAT STACK 02 UNCDNTROLLED/CONTROLLEO EMISSIONS AVERAGE

INPUT UNCONTROLLED/ ---------------.------------.--.---- NOx
FUEL BOILER CAPACITY CONTROL NEW (NI DR LOAD CONTROLLED FGR NOx CO UHC REDUCTION

BOILER 10 TYPE TYPE (MMBtu/HRI TYPE RETROFIT (R) (XI (X) (X) (ppmfil3X021· (ppmfil3X021 (ppmfil3X021 (Xl REF. NO.
- ... _......-----------_ .... __ ...... _-_ .._---_ ...._----------------------------------------------------------------------------------------------- ....._- ....-------------------_ .. -------
MARTIN MARIETTA. CA NG WT/PKG 62 FGR N NA 84139 205/205 53 30

MATCHMASTERS, CA NG FT/PKG 21 FGR 100 NA NAI21 NA/32 31

MCCLELLAN AFB NG Wi/PKG 58 rGR N NA NA/42 34

NORTHROP CORP NG WT/PKG 22 FhR N M '"\/42 34

NWAY LINEN, CA NG FT/PKG 18 8 FGR IDa NA NAIZ8 NAIZI 31

OHIO UNIVERSITY NG FT/PKG "'.4 FGR N NA 84/30 205/103 64 30

PACIFIC COAST OYING NG FT/PKG 25 FGR N 100 NA NA/23 NAil 2 33
& FINISHING. CA

PACIFIC DYE. CA HG FT/PKG 16 7 FGR R 100 NA NAl21 NA/37 31

REINHOLD IND., CA NG FT/PKG 14.6 FGR R 100 IIA 11/\/28 IIAl7li 31

ROCKI/ELL INTNL, CA NG FT/PKG 9 FGR N 100 NAl9.4 NA NAl24 NAII40 33

t:l:l RDCKl/ElL INTNL, CA NG FT/PKG 14.6 FGR R 100 NA NA/2S NA/8 31

.a ROYALTY CARPET. CA NG FT/PKG 29 FGR N NA 84/22 205/84 14 30

ST. FRANCIS HaSP. CA NG FT/PKG 14.6 FGR 100 3.1/3.1 20 81129 23/3 61 89

ST. FRANCIS HOSP. CA NG FT/PKG 21 FGR 100 3.9/3 9 20 10119 105/1 13 89

ST. JOHN'S REGIONAL NG FT/PKG 10 5 FGR R 100 NA NAl31 NAl42 31
MEDICAL CENTER, CA

ST. JOSEPH MEDICAL NG FT/PKG 21 FGR N NA 84/20 205/61 16 30
CENTER, CA

ST. JUOE MEDICAL NG WT/PKG 10 5 FGR 100 NA NAl24 NAl33 31
CENTER. CA

SANTEE DAIRIES. CA NG FT/PKG 11.4 FGR R 100 NA NAl25 NAl44 31

SCHOOL FOR DEAF, CA NG FTIPKG 10.5 FGR R 100 NA NA/25 NA/15 31

SHARP HOSPITAL, CA NG FT/PKG 25 FGR R NA B4/26 205/49 69 30

SHERATON UNIVERSAL NG FT/PKG 12.5 FGR R 100 NA NA/21 NA/2 33
HOTEl, CA ,
STANISLAUS FOODS NG WT /PKG 162 FGR N NA NAl50 34

TRI VAllEY NG WTlPKG 175 FGR N NA NAl50 34
GROWER. CA

UNIVERSAL HILTON. CA NG FTIPKG 10 5 FGR 100 NA NAI31 NA/38 31



NOx EMISSIONS DATA - NATURAL GAS FIRED ICI BOILERS WITH COMBUSTION MOOIFICATION NOx CONTROLS..-_ ..--_ -- ----------_ ..-_ -..--- __ _ _ __ .. -_ -_ --_ - -_ ------ __ --_ ..------_.. -_ ---_ ---_ ...
HEAT STACK 02 UNCONTROLLED/CONTROllED EMISSIONS AVERAGE

INPUT UNCONTROLlEO/ -------------------.---------------- NOx
FUEL BOILER CAPACITY CONTROL NEW (N) OR LOAD CONTROLLED FGR NOx CO UHC REOUCTION

BOILER 10 TYPE TYPE (MMBtu/HR) TYPE RETROFIT (R) (X) (X) (X) (ppmfll3X02)* (Ppml!3X02) (ppml!3X02) (X) REF. NO •.. _-_... _--_ ...........------------_ .. _-_ ...._---_.....------------- ... ------------------------------ ... _------------------------------ ......-..------ .. _-_..........-...._----_ ....._----------- .._-----
lINNAHED 'I NG WT/PKG 5 FGR 100 NA 73/20 14/22 73 39

UNNAHEO fZ N6 WT/PKG 64 FGR 100 NA 84/31 132/11 S6 39

UNNAMED '3 NG Fl/PKG 12.6 FGR 100 NA NA/24 NA/2S 39

UNNAHED '4 NG FT/PKG 25 FGR 100 NA NA124 NA/49 39

UNNAMED'S NG Fl/PKG 33.5 FGR 100 NA 80/22 51/12 13 39

UNNAMED '6 NG WT /PKG 23 FGR N NA NAl67 34

VENTURA COASTAL, CA NG FT/PKG 30 FGR N 100 NA/3.9 NA NA/32 NA/I03 33

VERDUGO HILLS NG Fl/PKG 10.5 FGR R 100 NA NAl33 NAI2 31
HOSPITAL, CA

VITA-PAKT, CA NG FT/PKG 10.5 FGR R 100 NA NA/29 NA/27 31

VllA-PAKT, CA KG FT/PKG 6.3 FGR R 100 NA NA/32 NA/31 31

tjJ:l WILSON SPORlING NG FT/PKG 3 FGR N 100 NA/3.3 NA NA/22 NA/B NA/22 33
::; GOODS, CA

20TH CENT FOX, CA NG Fl/PKG 4.2 FGR 100 NA NA/26 NA/40 31---_ .._------ ---..-_ ...----_..... -----_ .._----- -------------- -_...... .

WITH LOW NOx BURNER (LNB).....----_ ---_ ---------
ALZETA TEST NG fT/PKG 0.B4 RADIANT LNB 16/10** 49/9 9/9 0/17 82 40

ARMSTRONG IND., CA NG WT/PKG 12 LNB R 100 HAl30 NA/O 41

B&W XCL-FM TEST NG WT/PKG SO LNB 100 NAl60-70 <SO 42

CA FATS & OILS NG WT /PKG 63 LNB N HAns 34

CA YEG COMPANY NG fT/PKG 9.5 LNB N 100 NA/4.5 NA/23 NA/I 33

CONMUNITY MEM NG fT/PKG 8 RAOIANT LNB R 17/12** 51/24 28/9 53 43
HOSPITAL, CA

ERL, TA1WAN NG IIT/PKG 10 INB 100 NAIlO-IB" NA/25-33 44

Fl. KNOX NG fT/PKG 8.5 lN8 R 95 2/1 j 100/68 39/8 32 4S

HALL CHEMICAL NG Fl/PKG 3 3 RAOIANT LNB R 7/13** 68/1S 856/30 78 40

HARVARO COGEN NG WT IPKG 225 LNB NA/92



NO. EMISSIONS DATA - NATURAL GAS FIRED ICI BOILERS WITH COMBUSTION MOOIFICATION NO. CONTROLS------------- --------_ ... ---------_ ...----- ------------ --- ~ ----- -- -- -- -----_ ...... -------- --- --- -- -- --- _... -- _...... --- -_... - - -- - ... ------ ------ -------_.- ......
HEAT STACI:: ot IJNCONTROLl£O/CONTROllEO EMISSIONS AVERAGE

INPUT UNCONTROLLED/ ------------------------------------ NO.
fUEL BOILER CAPACHY CONTROL NEW (Nl DR LOAD CONTROLl£O FGR NO. CO UHC REDUCTION

BOILER ID TYPE TYPE (HHBtu/HRI TYPE RETROFH (Rl (ll (ll (ll (p~3"OZ)' (p,"",3mZ) (ppme3"OZ) ("I REF. NO.-- _----- ---_ _------- ---------_ --- ------------ -_ -- _. - -- ---- -- --- -- --_ -_ --_ -_ - --- -- ------------------ __ ..------------------ ----- --_ ...
IBM '3 NG WT/PKG 45 If 3 R 93 NAl2.1 NAl84 NAlO 46

IBM '6 NG WT/PKG 45 LNB R 100 120/65 46 41

LUZ-5EGS II. CA NG WT/fE 3BO LNB R NAlBO 4B

METRO STATE NG WT/PKG LNB 20-80 NAl2-3 NAl40 49
HOSPITAL, CA

NABISCO fOODS. CA NG fT/PKG 12.5 LNB R 100 NAl3 0 NAl29 NAl3 NAil 6 33

"A8ISCO FOODS, CA NG fT/PKG 10 6 LNB R 100 NAl3.0 NA/30 NAIl NAl2.2 33

O.L.S ENERGY. CA MG IIT/PKG 31 LNB N 100 NAl3.5-4.9 NAl31-36 NA/64-111 NAI2.9-29 33

O. L.S ENERGY. CA NG IIT/PKG 31 LNB N 100 NAl4.0 NA/30 NAl204 NAl22 33

PETER PAUL CADBURY NG FT/PKG l RADIANT LNB R 20/7" NAil 7 34Z/30 40

PROCTOR Bo GAMBLE, \/1 NG WT/FE 365 LNB N NAl3.5 NAil 42 NAil 66 90····

t:C ROCIC\/ELL !NTNL. CA NG fl/PKG 5 LNB N 100 NA/7 9 NAl2~ NAil 5 NAIl. 8 33

.=.. SUNKlST. CA IIG IIT/PKG 51 LNB R 135/58 57 34.....
SAN JOAQUIM. CA NG IIT/PI::G 15 LNB . R NAl5B 34

UNNAMED 11 NG WT/PKG 15 LNB B6 NAl4.3 NAl58 "Al144 38

UNNAMED '8 NG WT/PKG 100 LNB R 38 221165 ••• 71 8

VANDENBURG AFB NG fTIPKG I 34 RAOIANT LNB N 55/10" 205/0 40

VA HOSPITAL. CA NG WT/PKG 55 LN8 R 100 NAl3 6 NAil 08 NA/39 50

YORK SHIPLEY TEST "G FT/PKG 2 RADIANT LNB 15/10" 9/9 43

DEUTSCHE-BA8COCK NG liT/FE 100 LNB " 2301140 39 56

DEUTSCHE-BABCOCI:: NG WT/FE 100 LNB 12 230/112 S2 56--------------------------------------------------_ ..... -- .... _------------------------------------_ ..------------------

COMBINED LNB & FGR-------------- ---------- - -- -- ---- -- --- ---
AMERICAN COGEN. CA NG WT/PI::G 136 LNB & FGR R 12 NA/29 51

BBoW XCL-FM TEST NG WT/PI::G 50 LNB & FGR 100 17 NAl30 42

BOISE CASCADE. AL NG WT/PI::G 205 lNA & rGR N NAl3 1 18 NA/H Nil/50 90 ..

CONTADINA FI''lDS. CA NG WT/PKG ISO LNA Bo FGR N NAl3 5 19 NA/32 NA/3 90 ..



1lOlt EMISSIONS DAlA - NAlUll.AL GAS fiRED ICI BOILERS IIITH COMBUSTION MODIFICATION NO. CONlROLS
_.._----------------------------------------------------------------------------------------------------------------_ ..._------------------------------ ..-..-------------

HEAl STACK OZ UNCONTROllEO/CONTROLLEO EMISSIONS AVERAGE
INPUT UNCONTROLlEOI ------------------------------------ NO.

rUEL 80lLER CAPACITY CONTROL NEil (N) OR LOAD CONTROllED rGR NO. CO UHC REDUCTION
80lLER 10 TYPE TYPE (MM8tu/HR) TYPE RETROrlT (R) (X) (X) (X) (ppm@3XOZ)· (ppm@3XOZ) (ppm@3XOZ) (X) REF. NO.--- ----- --_ -_ .. -- _- -----_ .. -- -_ -- --- -_ _ _ ---- -_ -_ -- -_ ~ .. -_ --_ -_ -- -_ .. -_ --- -_ .. -..------------ -_ .. ----- -_ .. ----

ERL, TAIIIAN NG IIT/PKG 10 LN8 & rGR 100 NAl4-8 S NAl15-19 44
LN8 & rGR 100 NAl5-9 10 NA/13-17

GANGI 8ROS, CA NG IIl/PKG 75 LN8 & rGR N NA/2. 0 27 NAIZO NAI40 90····

GANGI BROS, CA NG IIl/PKG ISO LN8 & rGR N NAl3 5 17 NAl24 NAl40 90····

GEN ELECTRIC, IN NG IIT/PKG 200 lNB & FGR N NAl3. 5 7 NA/75 NAl30 90..••

HANFORD CDGEN, CA NG IIl/PKG 70 lN8 & FGR N NA/2. 8 20 NAl24 NA/6 90····

HENKEL CORP, CA NG IIT/PKG 40 lN8 & FGR N NAl3.3 17 NAl22 NAIlS 90....

HUNtlNGlON HOSP, CA NG IIT/PKG 30 lN8 & FGR N NAlZ.8 NA NAl35 NA/21 90····

IBM '3 NG IIl/PKG 45 lNB & FGR R 80-95 NAl2. 1 It. 6-13 NAl30-36 NAlO-76 46

IBM '6 NG IIl/PKG 45 LNB & FGR R 100 12 9-14 120/22-27 79 47

I(\IIKSEl CORP, CA NG Fl/PKG 17.6 lNP \ FGR N 100 NA NAl29 33

ttl MIllER BREWERY NG IIl/PKG 60 LNB ~ FGR R 100 NA 50-60/25 60-125/2 55 52
IN MISSION LINEN, CA NG FT/PKG 10 lNB & rGR N 100 NAl6.6 NA NA/20 NA/B9 33

ORANGE COUNTY 11 NG IIl/PKG 55 lN8 & FGR R 100 19.5 150/24 NAl50 84 53

ORANGE COUNlY '2 NG IIl/PKG 55 LN8 & FGR R 100 IB 150/33 NAI5 78 53

ORANGE COUNlY '3 NG IIl/PKG 100 lN8 & FGR R 88 18 150/27 NA/97 82 53

QUALITY ASSURED NG liTIPKG 40 lNB & rGR R 4 NA/35 51
PACKING, CA

RAGU FOODS. CA NG liTIPKG 190 lNB & FGR R 12 NAI35 51

RICHARD SHAll FOODS, NG Fl/PKG 8 7 lN8 & rGR N 100 NA/4 1 NA NA/28 NA/125 NA/22 33
CA

SiJEDtllll INC., CA 1/6 FT/PK6 13.2 lN8 & FGR 100 NA NAl22 NAIll 33

UNNAMED. CIBO CASE 0 NG IIl/PKG 90 lNB & rGR R NA NA/28 54

US NAVY NC8C, CA NG Fl/PKG 27 7 lN8 & rGR N 100 NA NAI37 NAII35 33

VA HOSPITAl, CA NG liTIPKG 55 lN8 & rGR R 100 NAl3 5 13 3-13 NAl39 NAl33 50



NOx EMISSIONS DATA - NATURAL GAS FIRED ICI BOILERS IIITH COMBUSTION MODIFICATION NO. CONTROLs"

BOILER 10
FUEL
TYPE

BOILER
TYPE

HEAT
INPUT

CAPACITY
(MMBtu/HR)

CONTROL
TYPE

NEIl (N) OR
RETROFIT (R)

LOAO
I")

STACK OZ
UNCONTROLLEO/

CONTROllED. FGR
I") (")

UNCONTROllEO/CONTROLLED EHISSIONS AVERAGE
-- -- - ----- ---- ---- ------------------ NO.

NO. CO UHC REDUCTION
1ppm83%OZ) * (ppm@3"OZ) (ppmf3%OZ) (X) REF NO.

STAGED COMBUSTION AIR (SCA)-----_..........- ................-...... -_ ... -- -_ ......... -_ ....-- ..............
ECCC NG FT/PKG lZ SCA 71 I. 9/Z. 9 70/67

KVB SITE 19 NG lIT/PKG ZZ SCA R 83 3.ZlZ.S 92150 46

KVB SITE 38 NG IIT/PKG 56 SCA R 89 Z. S/Z 4 170/116 3Z

19-BC-1 NG liT 60 sr.A (RODS) n 3/3 7~01Z00 11

IZB-l NG liT 70 SCA (BOOS) 41 5.5/5.5 Z101111 44

'32-1 NG lIT 120 SCA (BOOS) SO 4.4/4.4 Z05l1S0 Z7

DEUTSCHE-BABCOCK NG lIT/FE 100 SCA (OfA) 230/119 37

55

55

56

OTHER COMBUSTION MOO COMBINATIONS

t'Jj
""Oo __ .... __ ....................... ____ .. ______ ... ___ ____ .......

I KV8 SITE 19 NG lIT/PKG 22 SCA & fGR R 83 3.21Z 5 20 92122 76 55

"'""" DEUTSCHE -BABCOCKW NG IITIfE 100 LNB #l & SCA 230/100 56 56

DEUTSCHE-BABCOCK NG lIT/FE 100 LNB '2 & SCA 230/BZ 64 56

GALLO. CA NG liT 140 lNB & SCA N NA/64 NAll00 48

TEMPLE INLAND NG lIT/FE 220 LNB. fGR & SCA NA NA/117
FOREST PRODUCTS lNB, FGR & SCA--- -_ .... --- -_ .. -.----------- ...-------------- _... ---_ ................. -_ ... ----
liT: watertube; FT: flretube; PKG: packaged; FE: field erected
NA: no data available
* To con~ert NOx to Ib/MMBtu di~tde by B35.
** total excess combustion air
*** long term te.t data. All others are short term
****Also tabulated in Coen Co. InstallatIon list, Appendix C.



NOx EM[SS[ONS DATA - OIL FIRED [C[ BO[LERS IIITH COMBUST[r,~ "ODIFICATION NOx CONTROLS
.... -_ ------_ _ ----_ -_................ --_ -- -_ -_ ---_ ---------_ ..---_ -- -- -_ _ ..

HEAT STACK 02 UNCONTROllED/CONTROLLED E14[SSIDNS AVERAGE
[NPUT UNCONTROLLED/ ---------------------------------- NOx

FUEL BD[LER CAPACITY CONTROL NEIl (N' DR LDAD CONTROLLED FGR NOx CO lJHC REDUCTION
BOILER [D TYPE TYPE (MHBTU/HR) TYPE RETRDFIT (R) (X, (X, (X, (ppml3X02'* (ppml3X02) (ppml3X02) (X) REF. NO .

...----_ -----.._----_ ---_ ..----_ ..--- ----_ _ -- ---- ..- ---.. -_ ---_ -_ _ -_ - ...

D[STlLLATE-FlRED UNITS IIITH FGR-- ...------- .._.._..._...------_..... -- ......--------- -----
All[ED S[GNAL. CA D[STlLLATE FT/PKG 12.5 FGR 100 NA NA/30 NA/74 31

AllIED S[GNAL, CA D[STILLATE FT/PKG 6.3 FGR 100 NA NAl33 NAl39 31

CA HILK PROD. DISTILLATE IIT/PKG 60 FGR N NA NAl119 34

FRIENDLY HIllS D[ST[LLATE FT/PKG 21 FGR R 100 NA NAl2B NAl60 31
HED[CAL CENTER. CA

GAF BU[LOING HATLS D[STIlLATE IIT/PKG 16 7 FGR 100 NA NAl28 NAlI86 31

HUGHES AIRCRAFT. CA D[STILLATE FT/PKG 8.4 FGR R 100 NA NAl34 NAlI07 31

KA[SER HOSPITAL D[S,TIlLATE FT/PKG 14.6 FGR R 100 NA NAl36 NAlG8 31

KA[SER HOSPITAL D[STILLATE FT/PKG 8 FGR N NA NA/126 34

KVB SITE 19 D[STILLATE IIT/PKG 22 FGR 83 3 2/3.1 28 110/35 4146 6B 55

~ LIBERTY VEG OIl, 'CA D[STILLATE FT/PKG 9.4 FGR 100 NA NAl36 NAl49 31.....
,j::o,. L.A. DYE AND PR[NT D[STILLATE FT/PKG 14.6 FGR 100 NA NAl30 31

L.A. PAPER BOX D[STILLATE IIT/PKG FGR R 100 NA NA/37 NAl30 31

ST. JUDE KED CTR,CA D[STILLATE IIT/PKG [0.5 FGR 100 NA NAl37 NAISI 31

SCHOOL FOR DEAF, CA D[ST[llATE FT/PKG [0 S FGR R 100 NA NA/41 NA/69 31

UN[VERSAL HIlTDN,CA D[STlllATE FT/PKG 10.S FGR 100 NA NA/38 NA/149 31

VERDUGD HILLS D[STlllATE FT/PKG 10.5 FGR R 100 NA NA/34 NA/13 31
HOSPITAL, CA

UNNAMED '5 D[ST[LLATE IIT/PKG 56 FGR 100 3.5/3 4 10 150/120 20/24 20 38
.. ---- -_ --- -_ -.

D[STlLLATE-FlRED UNITS IIITH LNB-- -----_ .. --- ------------------------- -- -----
B&II XCL-FM TEST OIST[LLATE IIT/PKG 50 lNB JOO NAl60-65 42

CA FATS & OILS DISTIllATE IIT/PKG 63 LNB N NAil 19 34

FT KNOX OISTILLATE FT/PKG 8 5 LN8 R 100 3 9/3 7 1421120 6/13 15 45

IBH '3 DIST[LLATE IIT/PKG 45 LNB R NA/99 46

IBM '6 DISTllL~T£ liT I PKG 45 LNB R NA/8S-t02 47



NOx EMISSIONS DATA - OIL fiRED ICI BOILERS IIITH COMBUSTION MODIFICATION NOx CONTROLS
.. ----- ..--_ - ---_ .. --_ .. -- --_ -_ _ -_ --_ -- -- - -- -- _ -_ .. -- --- --- -- --_ .. -- ---_ .. --- ..

HEAT STACK 02 UNCONTROLLEO/CONTROLLED EMISSIONS AVERAGE
INPUT UNCONTROLLEDI ---------------------------------- NOx

FUEL BOiLER CAPACITY CONTROL HEW (N) OR LOAD CONTROLLED FGR NOx CO UHe REDUCTION
BOILEr. ID TYPE lYPE (MHBTU/HR) TYPE RETROFIT (Rl (X) (X) (X) (ppmlf3X02)' (Ppmlf3X02) (ppmlil3X02) (X) REF. NO.-------_ ..--....------ .. __ .....-..----------... ----------------- ..----------------------------------------------------------------_ ...--------------_.._..---_.. -----------------_ ..

SAN JOAQUIN COUNTY DISTILLATE WTIPKG 75 LNB R NAl87 34

UNNAMED '3 DISTILLATE WT/PKG 75 LNB 84 NAIl 9 NAl87 NAl91 38

VA HOSPITAL, CA DISTILLATE WT/PKG 55 LNB R 100 NAl3.6 NAIIOO NAl35 50
.. ---- .. -_ ..... ---- .....------ ..---

DISTIllATE-FIRED UNITS IIITH LIlB I. FGR
.... -------- -_ ...-------- .._------------ - ... ---_ ... _-
B&W XCL-FM TEST DISTILLATE WT/PKG 50 LNB & FGR 100 17 NA/45 42

HENKEl CORP. CA DISTILLATE WT/PKG 40 ('.B I. FGR H NA/4 3 17 NAl20 MA/30 90'"

HUNTINGTON HOSP, CA DISTILLATE IIT/PKG 30 L~U & FGR N NAl2 6 NA NAl35 NA/37 90'"

IBM '3 DISTILLATE WT/PKG 45 LNB & FGR R 14-21 1IA/72-76 46

IBM '6 DISTILLATE WT/PKG 45 LNB & FGR R 25-40 NA/43-50 47

tp NORTHROP CORP DISTILLATE IIT/PKG 22 LN8 I. FGR N NA NA/103 34....
VI ORANGE COUNTY" DISTIllATE IIT/PKG 55 LNB & FGR R 83 20 6 NA/31 1IA/6.4 53

ORANGE COUNTY '2 DISTILLATE WT/PKG 55 LNB & FGR R 100 18 NAl35 NA/8 53

ORANGE COUNTY '3 DISTIllATE WT/PKG 100 LNB & FGR R 63 18 NA/36 MAlI75 53

VA HOSPITAL. CA DISTILLATE WT/PKG 55 LNB & FGR R 100 NAl3 5 13-15 6 NA/76-78 NA/31-33 50

DISTILLATE-FIRED UNITS IIITH SCA
...... -- -- ---_ --- --_ -------- - --_ -_ ...
KVB SITE 19 DISTILLATE IIT/PKG 22 SCA (OFA) 83 3.2/3.1 110/77 30 55

FGR & SCA B3 3.2/3.1 NA 110134 69
---------------------_...--------------------------------------------------------....._---------------------------------------------------------------------------_ ..... ---

RES I DUAL - FI RED UN ITS IIITH FGR-- ----_ ............... -- ----_ ... ------------------_ ... --_ ...
Ecce RESIDUAL WT/PKG 31 FGR 61 4 4/4 5 7 130/125 20/20 4 3B

FGR 61 4,4/2 0 19 130/91 10/145 30

KVB SITE 19 RESIDUAL WT/PKG 22 FGR 83 3 2/3 I NA 221/197 11 55



NOx EMISSIONS OATA - OIL FIRED ICI BOILERS WITH COMBUSTION MOOIFICATION NOx CONTROLS

BOILER 10
FUEL
TYPE

BOILER
TYPE

HEAT
INPUT

CAPACITY CONTROL NEW (N) OR
(MMBTU/HRI TYPE RETROFIT (R)

LOAD
(X)

STACK 02 UNCONTROllEO/CONTROllED EMISSIONS AVERAGE
UNCOjlTROllEO/ -----------------------------.---- NOx

CONTROLLED FGR NOx CO UHC REOUCTION
(X) (X) (ppm83X02)' (ppmll3X02) (ppmll3X02) (X) REF. NO

RESIlll/Al-FiRED lJIIlITS WITH lN8
__ ... ... w .. __ ...... __ ......... __ ... __ ....... _ .... __ ..... __ .. ~""''' _ ..

B&W XCl-FM TEST RESIOUAl WT/PKG

KOBE STEEL
(17 UNITS)

RESIDUAL Fl,WT

50

5-40

LN8

LNB

100 NA/200

138-286/
69-185

40
(30-60)

42

57

50 NA/4 4

12

74

41

41

55

55

8

42

55

51

19

19

53

NA/180

221/104

NAII15

111/90 49

221/151 29

270/157 42

235/181 •• 23

668/588 12

505/455 10

350/210 24

254/180 29

245/234

244/113 29

205/188 0/100 8

2941111 0120 35/35 40

17

NA

3.2/3.1

2 9/2.3

3 2/3 1

83

89

67

80

78

58

67 7 4/8 2

100

83

RESIDUAL-FIRED UNITS IIITH SCA
.... -_............ -_ ....---_ ..... ---------_ ......._..........-........
ECCC RESIDUAL FT/PKG 12 SCA (OFA)

KV8 SITE 19 RESIDUAL WT/PKG 22 SCA (OFA)

KVB SITE 38 RESIDUAL WT/PKG 56 seA (OFA)

UNNAMED SITE 2 RESIDUAL WT 110 SCA (8005)

txt
12-2 RESIDUAL WT 59 SCA (8005)

,
12-4 RESIDUAL WT 65 SCA (8005)....

0\ 17-3 RESIDUAL WT 85 SCA (800S)

118-2 RESIDUAL WT 90 SCA (8005)

118-3 RESIDUAL WT 105 SCA (8005)

I1B-4 RESIDUAL liT 160 SCA (800S)

128-1 RESIDUAL WT 70 SCA (8005)

129-5 RESIDUAL WT 150 SCA (8005)-- -_ ... --- --_ ........ ~ -- ---_................................ _... -_ ........

RESIDUAL-FIRED UIIITS WlTH COM8111m COMBUSTIDII MOOS
--------------------------------------------------------
8&W XCL-FM TEST RESIDUAL WT/PKG 50 LNB & FGR

KVB SITE 19 RESIDUAL liT/PKG 22 FGR & SCA

NY HOSPITAL. NY RESIDUAL liT/PKG 150 LNB & SCA
..... --_ ......... -_ .. -- -_ ....... ----- .. -- .... ---- .... -_ ............... -_ ..... -... - -_ .............. -_ ... - _........ -
liT: watertube; Fr: flretube; PKG: packaged
LN8: low NOx burner; FGR: flue 9as recirculation, SCA: staged combustion air
NA: no data avaIlable
• To convert NOx to Ib/MMBtu divide by 790.
•• Long term test data, All others are short term
... Also tabulated In Coen Co. Installation list, Append,. C.



NOx EMISSION DATA - GAS/OIL FIRED TEOR STEAM GENERATORS

HEAT CONTROL UNCONTROLLED/CONTROLLED EM[S5IDNS AVERAGE
INPUl HPE ... _.................................................................. --_ ...............-. NDx

FUEL BOILER CAPAC[TY NEIl (N) OR FGR NOx CO UHC REDUCTION
BO[LER [0 TYPE TYPE (MMBTU/HR) RETROFIT (R) (X) (ppm(il3X02)* (ppm(il3X02) (ppm(il3X02) (X, REF. NO.--_ .. ------_... -- -- .............._- ...----.._... _--_ ...-.. -_ ... -- .. -_ .. --- .................--- .......... -_ ......... --_ .. -- ...... --- ... --- ... ---_ ............ --_ ..................... ---- ---------------------- ...----

EPA TEST CRUDE D[L TEOR 62.5 lNB (R) 300/110 63 58

GETTY OIL CRUDE OIL TEOR 62.5 SCA IRI 3001155 NAl12-24 4B 59
UNIT HSGI72 SNCR R 300/B6 11

SCA " SNCR (R) 300/60 BO

STANDARD OIL CRUDE OIL TEOR 62.5 lNB 368/359 4 US 2 2 60. 61
UNIT 50-1

GRACE PETROLEUM N. GAS TEOR 25 FGR (R) NA 35-40/20-25 40 62

MOBil Oil N. GAS TEOR 62.5 LNB (R) 100/70-15 NAlO.3 NAl3 28 48
LNB " FGR (R) 10-12 100/30-35 NAlO.3 NAl3 68

MOBIL OIL N. GAS/ TEOR 62.5 lNB (R) NAl42 NAlO 3 NAIl 63
REF. GAS LNB " FGR IRI 3 NA/35 NAlO.3 NAil

LNB "fGR R B NA/25 NA/O 3 NAil

UNNAMED N. GAS TEDR 62.5 lNB 60/55 8 64
LNB " FGR NA 60/30 50

t;g TEDR: thermally enhanced all recovery
I SCA: staged cOlJ'bustlon air; SNCR: selective non-catalytic reduction; LNB: low NDx burner; FGR' flue gas reCirculatIon

.... NA: no data available
-.l * To convert NOx to lb/MMBtu, divide by 835 for natura' gas fuel, 190 for all fuel.

Hote: a11 are short term test data.

KERN COUNTY. CA APCD DATA (REf. NO. 65) - CRUDE OIL f[RED TEOR STEAM GENERATORS

....... --_ .... ---------- --_ .. -- -- ------ ..--_ .... ----- --- ----_ ... _......
NDx NUMBER OF MEAN NOx MEAN CO NUMBER OF MEAN HDx MEAN CO

CONTROL TESTS EM[SS[ONS EM[SS[ONS TESTS EM[SS[ONS EMISS[ONS
TYPE (ppm@3XD2)* (ppm(il3X02) (ppm(il3X02) * (ppm(il3X02)

.......... -------- --_ .. -_ ..... -- - ... --- -_ ...... -------- ............ -_ ...... ... --- .. -_ ........................ "'- ..
02 TR[M 71 280 326 250

39 60 245 23

FGR • 02 TR[M 4 188 32 125
23 26 44

lNB (SCA). 02 TR[M 0 134 122
0 113 25

SNCR. 02 TR[M 0 38 105
0 31 31

--------- ---- --- ----- ----- - - -- _. - - -- - --- - -------- ---_... -
fGR: f1 ue ga. recl rculot I on; tNB: low NOx burner: SCA.•taged combusti on aIf
SHCR. selectIve non-catalytIc reductlon
* To convert NOx to lb/MMBtu divide by 790.

UNITS < 35 MMBTU/HR INPUT: IUNITS 35 - 62.5 MMBTU/HR [NPUT:
...- .. -- -_ .... -_ ... - .... _... -------- -- ----



NOx EMISSIONS DATA - 1l0NFOSSIL FUEL FIRED ICI BOILERS WITH COMBUSTION MODIFICATION NOx CONTROL

HEAT CONTROL STACK 02 UNCONTROLLED/CONTROllED EMISSIONS AVERAGE
INPUT TYPE AVERAGE UNCONTROLLED/ ------------------------------------ NOx

FUEL BOILER CAPACITY NEW (N) DR LOAD CONTROLLED FGR NOx CD UHC REDUCTION
BOILER ID TYPE TYPE (MMBTU/HR) RETROFIT (R) (X) (X) (X) (ppm93X02)* (ppmll3X02) (ppm93X02) (X) REF. NO.--- .._---------------_ .. _-- ...------_...- ... -------------- ...------------------------------------------------------------------------ ..... -- ........ __ ........._-- ... __ ... _- .. _-_ ... ------

KVB SITE 10/1 WOODIN. GAS OFS 250 SCA-BOOS (R)""" 229/183 20 55

MSW FACILITY.
DLMSTEAD CDUNTY. MN

RI LEY/TAKUMA
MASS BURN PILOT

M5W

M5W

WT/OFS

OFS

45 FGR ONLY
FGR WITH

N. GAS RE8URN

FGR WITH
N GAS RE8URH

100

80

76/54"*

76/41*"

70/3'""

9.5

10

11

234/140

234/96

284/146

9Z!94

9Z!42

54/52 0/2

40

59

49

66

61. 68

c:l•....
00

OFS: overfeed stoker; WT: watertube; WF: wall fj red
5CA: staged combustion atr; FGR: flue gas rectrculation
MSW: municipal solid waste
" To convert HOx to Ib/MMBtu divide by 710 for wood fuel. lOS for HSW
** Total excess ccmbustton air
*** Combustion modiftcatton. to auxiliary gas burners only.
Note: a11 are short term test data.



NO. EMISSIONS DATA - ICI BOILERS IIITH FLUE GAS TREATMENT NO. CONTROLS: SNCR-_ ...... -_ ... ---_ .. _..........---------- ...---- ....... -------_........ -_ ... --- -- -- -_ .. -- .....--- -_ ...-......-.. -_ ......... -_ ..... -... -- ........... -- -_ ..... -_ ....... -- --- ..-------_ ... -- --------- ...---
HEAT CONTROL UNCONTROLLED/CONTROLLED AVERAGE

INPUT TYPE --------------------.----- NO. AMMONIA
FUEL BOILER CAPACITY NEil (N) OR NO. CO REDUCTION SUP

BOILER ID TYPE TYPE (HMBTU/HR) RETROFIT (R) (ppm@3X02)" (ppm@3X~2) (X) (ppmll3X02) REF. NO•
....... -- -_ ----_ _ - --_ -_ -_ -_ -_ ----_ .._ _ -_..---_ ..-
OIL/GAS-FIRED UNITS:..........................--- .._...._-_ ...... --_ .._....--_ .....-.. -_ ..........-
ESSO A.G. '5. GERMANY NG WAll B7 MIle SNCR AMMONIA (R) 394/160 60 69

EXXON, CII NG VERT cn 200 lNB & SNCR 90/25 72 70
FURNACE AMMONIA (N)

INDUSTRIAL UNIT, OIL 90 SNCR UREA (R) 120-140/60-70 50 71
JAPAN------- --_ .. ---------- --_ -- -- ---_ ------ .. ----_ ----_ -- -_ --_ -_ --- -- -----_ _ -- ..---_..----_ ..---_ -

COAL-FIRED UNITS:-_ .....-......... --- .... ---.------ ... __ ....----------_ ..-----
WEPCO VALLEY 14 COAL WT /WALl 800 SNCR UREA 984/300 69 77

UNNAMED 8ITUM IIT/SW 50 (MI/e) SNCR UREA 6S0/1I0 83 76

t::C N. AMERICAN CHEM CORP BITUM TANG 2.75 MIle SNCR UREA 200/140 30"" <5 74
:... TRONA, CA

\0 FORMOSA PLASTICS COAL IIT/I/All 331 SNCR UREA 200/80 60 91

UlTRASYSTEMS, VA COAL STKR 2x383 SNCR AMMONIA (N) 296/110 50-65 <20 99

UlTRASYSTEMS, VA COAL STKR 2x380 SNCR AMMONIA (N) 300/132 54-66 <20 99

COGENTRIX, VA COAL STKR B.28M1i. SNCR UREA 350/200 40 <I 91

TEKNISKAVERKEN COAL STKR 275 SNCR UREA 300-350/100-125 65 <15 91

UNNAMED CDAl CfBC I. 4 SNCR UREA 90-135/39 65 76

MICHIGAN ST UNIV COAL CFee 460 SNCR UREA 247/106 57""" <18 74

CORN PRODUCTS, CA BITUM CF8C 580 SNCR AMMONIA (N) 300/65 78 12

UNNAMED BITUM CFaC 12 (MIle) SNCR UREA 175/21 BB 76

JASMIN, eA COAL CFaC 500 SNCR AMMONIA (N) 150/30 80 73

PDSO BITUM CFaC 500 SNCR AMMONIA (N) 150/30 80 73

RIO BRAVO. CA COAL CfBC 394 SNCR AMMONIA (N) 220/53' 76 75

UNNAMED BITUM CFBe 2 6 SNCR UREA I SO/50 67 76



NO. EMiSSIONS DATA - ICI BOILERS WITH FLUE GAS TREATMENT NO. CONTROLS: SNCR
...................... ---------- -_ ......-....-...-... -_ ..................... -_ ... --_ ... --- -_ ......................... ---_ ......... -- -----_ .. -- .. -_ ...... -_ ......................................... --- _... -- .......... ---- ... ---_ ... ---_ ... --- ..

HEAT CONTROL UNCONTROLLED/CONTROLLED AVERAGE
INPUT TYPE ---- ---... ----_..--- ...... --_ ......... NO. AMMONIA

FUEL BOiLER CAPACITY NEW (N) OR NO. CO REDUCTION SLIP
BOILER 10 TYPE TYPE (MM8T1I{HR) R£lROf 11 (II) Ippm@3X02l' Ippm@3X021 (X) (ppm@3X02) REF. NO •
... -- ............-............... _....

WOOD(BIDHASS-F1RED UNITS:---_..... ---- --_ .. ---- ------.......................-----_ ... -------
AL TERNATIVE ENERGY, "I WOO STKR 500 SHCR UREA 128/64 50··· <40 74

BLACK & VEATCH, HI WOOD WASTE STKR 440 SNCR UREA 150(60 60·*- <27 74

BOiSE CASCADE, HN BARK/N. GAS STI(R 39S SNCR UREA 85-125(80 25*·· <20 74

BRAWLEY WOO STKR 315 SNCR AMMONIA (N) 400(160 60 73

BURNEY WOOD SlKR 300 SNCR AMMONIA (N) 116/56 52 7J

CHINESE SlAlION, CA WOOD BFBC 250 SNCR AMMONIA IN) 250/140 <--NH3/NO=2 I 44 78
250/50-90 <--NH3{NO.4 0 12

CHINESE 5U110N, CA WOOD 51KR 390 SNCR AMMONIA IN) 125/25 80 1J

FRESNO, CA • WOO CFBC 440 SNCR AMMONIA (N) 120/29 76 73

l'Jj GARDEN STAlE PAPER PAPER PKG WT 7Z SNCR UREA 355(178 50··'* <10 74

I
GARDEN STATE' PAPER FIBER WASTE 50"'·"tv PKG WT J72 SHeR UREA 374/187 <10 74

0
KENETECH ENERGY, MA WOO SlKR 225 SHCR UREA 210/111 47•• 11 <10 74

LFC, HI WOO STKR 190 SNCR UREA 1701110 35**· <20 74

LONG BEACH, CA WOOD STKR 270 SHCR AMMONIA (N) 325(130 60 13

MALAGA COGEN, CA WOOD WASTE CF8C 380 SNCR AMMONIA 126/43 10/10 66 7S

MENDOlA, CA WOOD CFBC 435 5HCR AMMONIA (N) 120/24 80 73

RYEGATE PCWER, Yl WOOD STKR 300 SNCR UREA 210(105 50*** <40 74

S.D. WARREN, ME OIl/BIOMASS STKR 900 SNCR UREA 235/118 50*·* <20 74

SACRAMENTO, CA WOOD STKR 220 SNCR AMMONIA (N) 220190 59 7J

SHAS1A. CA WOOD STKR 315 SNCR AMMONIA (R) 90/45 50 13

SIERRA PACIFIC, CA WOOD WASTE CELL 2. 130 SNCR UREA 200/96 52**· <20 14

SUSANVILLE, CA WOOD STKR 480 SNCR UREA 140/61 52**· <30 74

SUSANV I LLE, CA WOOD STKR 625 SHCR AMMONIA (N) 130/55 58 73

TERRA BElLA, CA 1/000 STKR 210 SNCR AMMONIA (R) 100/50 50 13

TR~CY. CA \/000 5TKR 350 SNeR ~MM()NI~ IN) 310/18 15 13

uLTRA SYS T[MS, CA 1/000 CFBC 2BO SNeR UREA 150/45 70"'''' <10 74



AMMONIA
SLIP

(ppm@3l1:021 REF. NO.
80lLER

TYPE
FUEL
TYPE80ILER 10

NOx EMISSIONS DATA - ICI 80lLERS IIITII FLUE GAS TREATMENT NOx CONTROLS: SHCR
._------~ .._... _-_ ..----------_ ..-- ... -- ..-----_ ..------------------ ... ------------..-------------------------..--------- ..-----..----.......-----....._---_ .....

IIEAT CONTROL UNCONTROLLEO/CONTROLLED AVERAGE
INPUT TYPE -------------------------- HOx

CAPACITY NEW (NI OR NOx CO REDUCTION
(MMBtU/IIRI RETROFIT (R) (ppm@3l1:02)* (ppm@3l1:02) (lI:)

UNNAMED

I/OOOLANO

1/000

1/000

CF8C

CF8C

3.4

415

SNCR UREA

5NCR AMMONIA {N)

125/50

120/29

60

76

76

73

MSII-FIRED UNITS:
.. ----- -----..-- ..------ -_ ..------ .. -- ------_ .. -_ .........
8ASEL, SWITZERLAND MSII 148 125 STAGED SNCR 290/58-142 9-18 ABOVE 66 79

UREA IR) BASELINE

BERLIN (7 UNITS). MSI/ STKR SNCR UREA 160/50 69··· <25 74
GERMANY

8REMERIIAVEN. GERMANY MSI/ MB SNCR AMMONIA (R) 225/48 79 80

OJ COMMERCE. CA MSII MB/OFS 190 SNCR AMMONIA (N) 225/116 HAl20 48 81I
tv...... EMMENSPITZ, SIIITZERLANO MSW STKR 121 5NCR UREA 200/64 68*·· <10 74

FOSTER WHEELER. SC MSII STKR 138 SNCR UREA 110/44 60··· <10 74

FRANKFURT, GERMANY MSII M8/0FS 115 SNeR UREA (R) 362/90 9 ABOVE BASE 15 22··** 82

FRANKFURT (4 UNITS), MSW STKR 660 SNCR UREA 170/51 70*"· 11 14
GERMANY

HAM (4 UNITS), GERMANY MSW STKR 526 SNCR UREA 170/100 41 u * <5 74

HERTEN (2 UNITS). MSW STKR 242 SNCR UREA 165/14 60··· <1 14
GERMAHY

lOHG BEACH • CA MSW MB SNCR AMMONIA. HA/l20 60
FGR (H)

MIllBURY. MA MSW MB/OFS 325 SNCR UREA (RI 310/125 12 ABOVE BASE 60 12 82

HEll IIAHOVER COUNTY. NC M511 MB 108 SNCR UREA 300/120 60<H* <IS 14

SEMASS, MA MSW STKR 37S SNCR UREA 220/110 50**· <20 74

STANISLAUS, CA " MSW SNCR AMMONIA (H) 380/120 66 60

STANISLAUS, CA 12 M511 SHeR AMMOHIA IH) 390/145 63 60

swnZERlAMO MSII OFS 80 SNCR UREA (R) 500/210 9 ABOVE 8ASE 58 22·**· 82

UMNAM[\) MSII OFS 15 (Mile) SNeR UREA ZOO/64 68 76



NO. EMISSIONS OATA - ICI BOILERS WITH flUE GAS TREATMENT NO. CONTROLS: SNCR

BOllER 10
FUEL
TYPE

BOILER
TYPE

HEAT
INPUT

CAPACITY
(MMBTU/HRI

CONTROL
TYPE

NEW (NI OR
RETROFIT (RI

UNCONTROLLED/CONTROLLED AVERAGE
------------------- ---- -- - NO.

NO. •CO REDUCTION
(ppm83XOZ)· (ppmll3XOZ) (XI

AMMONIA
SLIP

(ppm83XOZI REI'. HO.

OJ
I

IV
IV

W'T: watertube: PKG: packaged: SW: sIngle wall-flr.d; CFBC: cIrculating FBC: BFBC: bubbling FBC; STKR: stok.r; MB: mass burn; OFS: overfeed stoker
SHCR: s.lecttve non-catalytic reduction (amoonla bas.d unl.ss noted as urea); lHB: low NO. burn.r; SCA: stag.d combustion air; FGR: flue gas rectrculatlon
HA: no data avatlable
• To convert NO. to Ib/MMBtu dlvid. by the following: coal-740. gas-B35; otl-740; wood-7IO; MSW-705 .
•• Total e.c.ss combustIon air
••• According to vendor. reduction to .....t unit's permitted ""'Ission l.v.l, not n.c.ssarily low.st achi.vabl •
•••• Chemical enhanc.rs us.d to r.duc. amoon!a slip to l.v.ls indlcat.d
Note: All are short t.rm test data.



NOx EMISSIONS OATA - ICI OOILERS IIITH FLUE GAS TREATMENT NOx CONTROLS: SCR

HEAT CONTROL UNCONTROLLED/CONTROLLED AVERAGE
INPUT TYPE ------------------------ NOx

FUEL 001 LER CAPACITY N£\I (N) OR NDx CO REDUCT! ON
OOiLER 10 TYPE TYPE (MM8TU/HR) RETROFIT (R) (ppm(l3X02)· (ppm@3%02) (X) REF. NO ...----_ -- .._ ---- ---_ ---- -----_ -_ -_ -_ -_ ..-_ -_ -_ ...

CHEMICAL CO·· OIL 750 SCR (RI 250/25 90 83

CI\EHICAl CO·· Oil 240 SCR (R) 167/17 90 83

PETROlEUM CO·· Oil 125 SCR (R) 160/24 85 83

PETROLEUM CO·· Oil 240 seR (R) 188118.8 90 83

PETROLEUM CO·· Oil 240 seR (R) 188118.8 90 83

PETROLEUM CO·· Oil 300 seR (R) 188/18.8 90 83

AleHI REFINERY. PULV COAL 270 seR (N) 265/110 58 84
JAPAN

IIAKAMATSU DEMO COAL "A" OF8C 300 SCR 206/96 53 85
PLANT, JAPAN COAL "0" 210/80 62

,COAL "C" 194/72 63
COAL "0" 167/73 56

Toseo REFINERY,' eA NG VERT cn 160 seR (N) 85/40 53 10

OJ FURNACE

• WESTINGHOUSE. CA NG \IT/PKG 330 seA. FGR. 02 NAl40 NAl67tv 86
W

SCA, FGR, 02 NAil 0 87
WIseR (N)

IIlllAHETTE IND., NG \IT 75 seR (N) 228/46 80 83
CA

CHEMICAL CO·· REF. GAS 75 SCR (R) 70/10 86 83

CHEVRON El SEGUNDO REF. GAS 310 seR (N) 100/9 91 88

IWATSUKI. JAPAN HSII seR (N) 77/36 53 80
...--- -_ .... -- ...... -- ..... ------------ -- ......-- .... __ .. _- --_ .. -- ----_ .... -- --- --- -- .... -- .... -_ ............ ---_ .. --_ ...... -- --- ..............-- .... -- -_ .... -_ ..
8FBe: bubblIng fluidized bed combustor; \IT: watertube; PKG: packaged
SCR: selectIve catalytIc reductIon; seA: staged combustion a1r; FGR' flue gas recirculatIon; 02. 02 trim
NA: no data avalloble
• To convert NOx to Ib/HHOtu divIde by the follOWing factors: coal-740; gas-835; 011-790 .
•• Not located In the U.S.
Note : 011 are short term test data.
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APPENDIX C. LOW-NOx INSTALLATION LISTS,

COEN COMPANY AND TAMPELLA POWER CORP.

(Note: NOx levels reported in the Coen list are not
necessarily those achieved with the eoen low-NOx
burner, but often represent NOx guarantees. Actual
levels may be lower.)
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01'1 26, 1993 coEN COIlPANY INCORPORATED Page 1
LOW NOx INSTALLATION LIST

GUARAHTEEO NO. OF COEN
(NO. OF UNITS) AND/OR AClOI.L BURNERS/ IIETHOD Of

JOB NO. INSTI.LLATION TYPE OF BOILER CAPAClTY FUEL TYPE NOx LEVELS !2!ill... NOX REpUCTION

0-2023-1 Bergan lIercy lied. NBC (1) 40,000 PPH Natural Gas 40 PPII DAF-22
O':l!:na, HE NS-C-53 No.2011 56 PPII II/FGR

No. 6 oll 271 PPII

0-2019-1 Rancho Los AII,gos Nebraska (3) 24,000 1'1'1'1 Natural Gas 25 PI'li SOAF-17
0-2019-2 Downey, CI. NS-B-38-ECON l.o\/ N,t. OlL 40 PPII II/FGR
0-2019-3

0-2009-1 Stillwater lItil. Er;e (1) 150,000 PPH Natural Gas 0.1 LaS/MBTO 4 OAF-2B
Stillwater, 01< No. 2 oll W/fGR

0-2008-1 Wright Patterson AF8 IBII (2) 80,000 PPH Natural Gas .10 LBS/IIIIBTO OAF-28
Deyton, 01'1 O-Type No. 1 oll .12 LBS/IIIIBTU W/FGR

0-2007-1 Neenah Paper Nebraska (1 ) 120,000 PPH Haturat Gas .16 LaS/III1BTO OAF-34
Jolee""l!n, "I! NS-G-80-ECON No. 2 01l .20 LBS/IIIIBT\)

D-2oo5-1 SlIlurfit 8&1/ (1 ) 150 ,COO 1'1'1'1 Natural Cas .20 LaS/III1BTO OAF-36
\I~.,ezuel. FII117-97 No. 6 Oll .52 LaS/IIIIBTO

0-2003-1 lIerck & Co. 8&W (1 ) 140,000 PPH Natural Gas .05 LaS/III1BT\) OAF-39
Welt Point, PI. FII120-97 No. 2 01l .52 LBS/IIIIBTO

'-1999-1 James River C. E. (8) 100,000 1'1'1'1 No. 6 01l .28 LBS/III1BTO OAF-30
)-1999-2 Berl'in, 1'11'1 VU W/FGR
'-,99$-3

;9!-1 Challlpion Int'l CE (1) 350,000 PPH Natural Gas .048 LaS/MBTU 2 DAF-45
Cantoument, FL 34VP18/60 (1) 385,000 PPH W/FGR

~-199~-1 Sithe Energies C.E. (1) 200,000 1'1'1'1 Natural Gas .20 LBS/III1BTO 2 OAF-42
Scribe, NY 381.14148 (1) 210,000 1'1'1'1 No. 2 0" II/FGR

0-1987-1 Nationwide 8&11 (2) 150,000 PPH Natural Gas 30 1'1'11 OAF-36
)-.... C;!7-2 Fremon't, CA FII 227-97 NO.20,l II/FGR

No. 601(

0-1982-1 lIarion lIerrell Nebra.ka (1 ) 60,000 PPH Natural Gas .012 LaS/III1BTO OAF-28
Cincinnati ,01'1 N2S-4A-67 No. 20h .17 LaS/MBTO

'·~967-1 Centadine foods Nebraska (2) 100,000 PPH Natural Gas 30 PPII OAf-32
Kanford, CA NS-f-84-ECON No. 2 oil IIIfGR

>-1966-1 CI160 Zurn (2) 250,000 PPH Refinery Gas .06 LBS/IIIIBTU DAf-36
Lake Charles, LA Keystone lI/fGR

'..,960-2 Cargill B&W (1) 165,000 PPH Natural Gas .10 LaS/IIIIBlO DAf-39
Lake Charles, LA fll 120-97 lI/fGR

0-'960-1 CargilL 8&11 (1) 150,000 PPH Natural :::.s .07 LaS/MBTU OAf-36
EddyVille, 11. FII 120-97 lI/fGR

'-'954-1 Heubl in lIines Nebraksa (Z) 100,000 PPH Natural Ga. 30 PPII OAf-32
lieder., CA NS-f-81-ECON Propane/AH lI/fGR

0-1945-1 Chevron USA NebraSka (1) 62,300 PPH Natural Gas .05 LaS/III1BTO OAf-30
0-'945-2 Perth AUoy, NJ IIS-E-67 (1) 68,500 PPH Ref,nery Gas .05 LBS/IIIIBTO l//fGR

'-1942-' So. Peru Copper CE (2) 400,000 PPH No. 601\ .50 LaS/MBlO DI.f-45
Ito, Peru 39VPZ2/54 "

J37-' lIabesh Nebraska (1) 250,000 PPH No. 201; .20 LaS/M8TO OAF-48
IIheel,ng, lL N2S-8/S-116SH No. 6 oj ~ .40 LBS/MBTO II/FGR
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'H 26, 1993 COEN COIIPANY INCORPORATEO Pege 2
LOll NOx INSTALLATION LIST

GUARANTEED NO. OF COEN
(NO. OF UNITS) ANO/OR ACTUAL BURNERS 1 NETHOO CF

~ INSTALLATION TYPE OF BOllER CAPAqTY FUEL TY.~ NOx LEVELS BOILER NOli REDUCTION

:>-'930-1 l1;aa; Un;vera1ty Nebraska (1 ) 100,000 PPH Natural Gas .1 LBS/HNBTU OAF-34
OA~ol"d.l OH N2S-7-93-ECON No, 2 ell W/FGR

'-"923-"! Henkel Cerp. B&w (1) 60,000 PPH Naturll Gas 30 PPN OAF-28
les Angeles, CA F1'I1O-79B Ne. 2 ell W/FGR

'-'~~9-1 Appleton Peper CE (1) 200,000 PPH Netural GIS •OS LBS/l'Il'IBTU OAF-4S
COllb,ned Locks, WI 401.16/48 He. 2 01L .10 LBS/Nl'IBTU W/FGR

'-19"5-1 Central SOya Beiler Eng (1 ) 112,000 PPH Natural Gas .18 LBS/Nl'IBTU OAF-30
!lellevue, OH OS35-1'2R Waste 0' l

'-1891-' Ci'ty cf Vi .-glnla Zurn (1) 200,000 PPH Hatural GIS .10 LBS/l'II\BTU OAF-4S
V1rg,n,a, NN Keystene W/FGR

'-1889-1 Indeck Zurn (1 ) 100,000 PPH Ne. 2 ell .12 LBS/NNBTU OAF-32
~-1B!9-2 IIneel ;ng, IL 16H Hatural GIS .055 LBS/NHBTU U/FGR

~_ .. e!~-" rndeck Zurn l1 I 250,000 FPH Natura, Gu .15 LBS/HMBTU OAF-45
tJheet ,n9.1 IL Keystene 2505 He. 2 ell W/FGR

Ne. 6 e"

0-1867-1 Ch;et Ethene l fuels fester Wheeler (1) 200,000 PPH Hatural Gas .20 LBS/Hl'IBTU OAF-42
;-"!67-2 Hut,ngs, HE AG-S17SB No.2 OH

>'854-, Occ;denta 1 Ch.... NebraSKa (1 ) 150,000 PPH Natural Ges .05 LBS/Hl'IBTU OAf-39
?esadena, TX N2S-8/S-103SH W/FGR

.51-1 Weyerhaeuser Ce. ZlIrn (1) 250,000 PPH Natural Ges .146 LBS/Nl'IBTU OAF-45
Eugene, OR Keystene Ho. 601~ .35 LBS/Hl'IBTU W/fGR

0-1830-1 Genera l Heters RIley (1 ) 200,000 PPH Hatural GIS .098 LBS/HHBTu OAF-42
~'t Wayne, IN HH Ho. 2 0" .13 LBS/Hl'IBTU W/FGR

'-'823-1 Passaic Valley Sewer B&W (4) 50,000 PPH Hatural GIS .05 LBS/Nl'IBTU OAF-26
!'levark, HJ FH 10-70 W1fGR

'-'815-2 Kansas Ci ty POl/er ASCO (' ) 184,000 PPH Ho. 2 0" .20 LBS/MBTU OAF-42
Kansas City, KS O-Type W/FGR

~-'815-1 Kansas C; 'ty POI/er ABCO (2) 208,000 PPH Ho. Z 0' ~ .20 LBS/Ml'IBTU DAf-42
Kansas C;'ty, KS O-Type W/FGR

0-1812-1 Ultra SynIU Volcano (1) 20,000 PPH Ho. 2 oil .10 LBS/MBTU OAF-18
Weldon, HC O-Type W/fGR

D-1803-1 Texaco Inc. B&W (1 ) 16,000 PPH Natural GIS 30 PPH OAF-16.5
Montebellc, CA fll-D-9-34 Syn Gas II/fGR

~-~796-' ALCOA Nebraska (1) 70,000 PPH Natural GIS .13 LBS/PlHSTU OAF-28
Lafayette, IN NS-E-63 W/FGR

:>-1778-1 Nlt;onwide Beiler B&1I (2) 120,000 PPH Natural GAS 30 PPH OAF-34
Fremont, CA FII 117-B8C No. 2 c" W/FGR

Nc. 6 cil

'-1m-1 Hercule. Aerospace Nebr..ka (1) 35,000 PPH Natural Ges .048 LBS/PlIIBTU OAF-22
llaggnl, UT NS-C-48-ECOH Nc. 2 0" .075 LBS/M8TU U/fGR

~-1m-1 RCII Labs Nebr..ke (1) 80;000 PPH Naturll ::u .10 LBS/IIHBTU OAF-28
ColUllbus, OH NS-F-65·ECON Nc. 2 oi, .165 LBS/NIISTU

62-1 Tcray Industr;es Nebrlskl 0) 33,000' PPH Natural Gas .08 LBS/IIH8TU OAF-20
NC. KilllJ.town, RI NS-C-46-ECON Nc. 2 Cll .11 LBS/MBTU
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'CH 26, 1993 COEN COMPANY INCORPORATE; P'ge 3
LOll NO. INSTALLATION LIS7

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND lOR ACTUAL BURNERSI METHOD OF

;OB NO. INSTALLATION TYPE OF BOILER ,APACITY fUEL TYP5 NO. bEVELS §2!ill.. NOX REDUCTION

;-1757-2 eohe C••cede Iurn (~) 200,000 PPH No. 6 0" .34 LBS/MMBTU 3 DAF-30
~ullford, ME 2~Drull II/fGR

;-1755-1 Morton S.lt Iurn (1) 70,000 PPH N.tur.l GIS •10 LBS/MMBTU DAf-30
;-1755-2 Hutchinson, KS Keystone No. ~ O'H .20 LBS/III1BTU

NO. 60'. .34 LBs/MMBTU

;-'754-5 K.l ....zoo Psy. ,,,ekes (" 125,000 PPH Natural Gas .14 LBS/MMBTU DAf-26
2-Drum

;-'754-4 Kala...zoo Psy. Ene City (1 ) 125,000 PPH N.tural ':IS .14 LBS/MMBTU DAF-26
2-D rum

;-'754-3 Ka l ....zoo Psy. lI;cks C',) 50,000 PPH N.tur.l G!S · '4 LBS/MMBTU DAF-26
3-Dru..

;-'754-2 K. l ....zoo Psy. lI,cks (~ ) 50,000 PPH Natur.l ~es .'4 LBS/MMBTU DAF-26
3-Drum

;-'754-1 O(&l....zoo Poy. ~;clcs (,) 50,000 PPH Nlt\.lral ~!S .14 LBS/MMBTU DAF-26
3-Drum

:-1746-' e.rrick Goldstrike foster IIheeler (1 ) 100,000 PPH Prop.ne G.. · '34 LBS/MMBTU DAF-34
=!.~l in, NV AG-5'10B II/FGR

;-'740-' U. S. P.per 8&11 (1' 165,000 PPH Naturll ~!S .'2 LBS/MMBTU DAF-39
Menasha, III fM'20-97 Prop.-AlrtGu .20 LBS IHMBTU II/FGR

.739-' U.S. Borax Nebr.sk• (1) 21,500 PPH Natur.l Gas 30 PPM DAF-'S
IIi llllington, CA NS-B-35-ECON \//FGR

;-'729-1 Doug las Energy Iurn (j; 69,000 PPH Landf, l t ::'$ 1S PPM DAF-30
Pl.cent,., CA N.tur.l G.. 30 PPM II/FGR

;-'726-' Mi les Research 8&11 (.. 60,000 PPH Natur.l ... .046 LBS/HHBTU OAF-28.,
lIest Naven, CT fM10-79 No. 2 0" •07~ LBSIHHBTU II/FGR

No.6 0" .~B I SS/MMBTU

;-1721-1 Gr.in Proc.."ng ABB C.E. (2) 300,000 PPH Natural Gas O. 'S7 LBS/HHBTU DAF-36
Eddyv' LLe, 1A '2F40A16

~-'7'9-2 ARCO Econotherll (1) 65 MHBTU Spec. G.. · OS LBS/MHBTU OAF-24
Alask. ,0nB

;-'719-1 ARCO Econotherll (1) BO MMBTU Spec. GIS •OS LBS/III1BTU DAF-26
Al.ska ,0nB

;-'715-' Indeck Ium (1) 65,000 PPH Natur.l Gas 30 PPM DAF-30
1411 II/FGR

;-1712-1 CF Industries ABCO (1) 75,000 Na'tu,..l ::•• .090 LBS/MMBTU DAF-30
Donaldsonv, LLe, LA o-Type II/FGR

;-1708-' Centr.l Ne.t,ng Plt VOIJt (21 90,000 "-tllr.L GIS .07 LBS/III1BTU 2 DAF-30
lIasn;ngton, DC

;-1704-1 MiMeSOtl COrn Proc. NBC (11 120,000 Natur.l GIS ()., LBS/MMBTU DAF-34
~.rahall, MN NS-f-B6 No. 6 01. .4 LBS/III1BTU II/FGR

;-1703-1 Latter D.y S.ints Hos NBC (2) 3S,000 PPH "-tllr.l Gas .10 LBs/MMBTU OAF-22
S.lt Lake City, Ut.h Ns-C-59 No. 20'. .20 LBS/Ill1BTU
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···CH 26, 1993 COEN COIIPANY INCORPORATED Page 4
LOll NO. INSTALLATION LIST

GUAJLAHTEED NO. OF COEN
CNO. OF UNITS) AND lOR ACTUAL BURNERSI IIETHOD OF

~ 'NSTALLATlON TYPE OF BOILER CAPACITY FUEL TYPE NO>< LEyELS §Q1ill.. NOX REDUCTION

:-1?02-1 united /listilers NBC (1) 100,000 PPH Natural Gas .15 LSS/IIIIBTU DAF-32
!.Cuisville, ICY NS-F-n No.2 oil .20 LSS/IIIIBTU

No.6 olL .37 LSS/IIIIBTU

0-1701-1 Ford Notor Co. Wicks (1) 120,000 PPH Natural Gas .14 LSSIIINBTU DAF-ZB
Sterl ing He,ghts, III ROP No.2 o,l .14 LSS/IIIIBTU W/FGR

~-1694-1 Ross Labs NBC (1) 80,000 PPH Natural Gas . 10 LSS/""BTU DAF-28
Chicago, IL NS-F-65 No.2 0' l .165 LSS/IIIIBTU

0-1680-1 311 COGIpany Nebraksa (2) 40,000 PPH Natural Gas n PPII DAF-Z2
lIiddleway, WV NS-C-54 No.2 oil 92 PPII W/FGR

>16]<;-1 General lI,ll. Nebraska (1 ) 40,000 PPH Natural Gas DAF-22
Cedar Rap,os, IA NS-C-53 No.2 o,l

:-1675-1 Challbers Work. Volcano (1) .72,000 PPH No.2 0' l •nLSS/IIIIBTU DAF-30
Carneys Point, NJ WH-700 WIFGR

0-1674-1 Monitor 'ugar Nebraska (2) 150,000 PPM Natural Gas 0.10 LSS/IIIIBTU OAF-36
Eay cay, HI NS-G-96-ECON No.2 oil .155 LSS/IIIIBTU W/FGR

)-1670-1 General lIill. Nebraska (1) 60,000 PPM Natural Gas 0.10 LSS/IIIIBTU OAF-26
so. Chicago, IL NS-E-57 No.2 olL 0.155 LSS/IIHBTU W/FGR

NO.60,l 0.41 LSS/IIIIBTU

0-1663-1 Shintech Nebraska (2) 60,000 PPM Natural Gas 0.06 LSS/IIIIBTU DAF-26
Freeport, TX NS-£-57-£CON No.2 o,l .13 LSS/lllfBTU WIFGR

. .061-3 Univ of Calif . Tr.ne C1 ) 30,300 PPM Natural Gas 40 PPIf DAF-20
Irvine, CA. IfCF2-38 Propane-A1r W/FGR

)-1661-2 univ of Calif. Nebraska (1) 28,100 PPM Natural Gas 40 PPII OAF-20
Irvine, CA NS-C-51 Propane-A1r

)-1661-1 univ of Calif. B&W (2) 26,500 PPM Natural GIS 40 PPII DAF-18
Irvine, CA FIf-9-57 Propane-A1r W/FGR

_-1fJO-1 Oh,o SUte Univ. Keeler (1' 70,000 PPM Natural Gas OAF-28
Athens, Ohio

0-1659-1 Gang' Brothe.. Nebraska C", ) 150,000 PPM Natural Gas .on LSS/lllfBTU OAF-39
Rivarbank, CA N2S-7-9S-ECON Propane-A1r W/FGR

,-1632-2 wayside Honor Rancho Keeler C1 ) 50,000 PPM Natural Gas 30 PPIf DAF-Z6
saugus, CA OS-10-13 No.2 oil W/FGR

'-1632-1 lIayside Honor Rancho Keeler C1 ) SO,ooo PPH Natural GIS 30 PPI! OAF-Z6
Saugus, CA DS-10-13 No.2 oil II/FGR

!>-1631-1 LA COlmty liens Jail lIunay C1 ) 30,600 PPH Natural Gil 40 PPII OAF-20
LOS AnVele., CA IIt'1-59 No. 2 oil W/FGR

!>-1630-2 LA COlmty liens Jail lIurray (1) 27,500 PPH Natural Gas 40 PPIf DAF-20
LOl AnVelel, CA C-1B No.2 oh II/FGR

0-1630-1 LA COlmty lIenl Jai l lIurray (1) 27,500 PPH Natural GIS 40 PPII OAF-20
Los AnVele., CA C-18 No. Z all II/FGR

!>-1623-1 lIa..thon Petralaua Zurn (1) 250,000 PPH Natural GI. .123 LSS/""BTU 2 DAF-36
Garyville, LA Sp*cial Keyltone Refinery Gas W/FGR

19-1 Dupont Erie tity (1) 130,000 PPH Natural GIS 0.06 LSS/IIIIBTU OAF-36
Corpus Chrini, TX Kernane 2011 II/FGR
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°H 26, 1993 COEN COKPANY INCORPORATED Page
LO~ NOx INSTALLATION LIST

GUARANTEEO NO. OF COEN
CNC. OF UNITS) AND/OR ACTUAL BURNERS/ KETHOD OF

JOB NO. INSTALLATION TYPE OF BOILER CAPACITY FUEL TYP~ NOx LEVELS I2lW.... NOX REOUCTION

'-1615-1 !lASF B&~ Ci) 50,000 PPH Natural Gall 0.10 LSS/KKBTU OAF-24
(;!'"eenv, ill', OH FK 10-66 No.2 on cr 0.10 LSS/KKBTU II/FGR

lIute Gasl
No.6 on

~ .."I6~L-' Un;v. ot North Oakota Nebraska (2) 60,000 PPH Natural Gas 0.12 LSS/KKBTU OAF-26
Grand Forks, NO NS-E-57 No.2 oll 0.16 LSS/KKBTU

~-'6n-1 Indeck Zurn Ci) 150,000 PPH Natural Gas 0.1 LSS/KKBTU OAF-36
IIheel '",g, IL N2S-7-95 No.2 oll II/FGR

~-'612-1 Indeck Zurn ,,) 140,000 PPH Natural Gas 0.10 LSS/KKBTU OAF-36
lI~eel ins, IL Keystone 23K Hydrogeo II/FGR

~-'6'1-1 Indeck Zurn (~ ) 150,000 PPH Natural ~as 0.1 LSS/KKBTU DAF-36
IIheel ing, IL Keystone 22K No. 2 cH II/FGR

:'-~6~C-1 !!"!aeclr:: Zurn .., 95,000 PPH Natural G.s 0.1 LBS/KKBTU OAF-32,.,
\JheeL 'rl9/1~ Keystone 16K No. 2 cll 0.16 LSS/KKBTU II/FGR

No.6 on

0-'609-1 IndecK Zurn (1) 95,000 PPH Natural Gas 0.1 LSS/KKBTU OAF-32
IIheel 'ng, IL Keynone 16K No.2 OH 0.16 LSS/IIKBTU II/FGR

NO.60,l

~'6O!!-1 Indeck Zurn (1) 95,000 PPH Natural Gas 0.1 LSS/IIIIBTU OAF-32
IIheel 'ng, IL Keystone 1611 No.2 OH 0.16 LSS/IIIIBTU II/FGR

NO.60,l

'-1607-1 Indeck 2urn (1) 95,000 PPH Natural Gas 0.1 LBS/IIIIBTU OAF-32
IIheel1ng, IL Keystone 16 No.2 01l 0.147 LS/IIIIBTU II/FGR

:-1598-1 Camllbe II Soue Co. Keeler C1 ) 100,000 PPH Natural Gn 0.30 LSS/IIIIBTU OAF-32
~axten, He 0510-22 No. 6 01l 0.10 LSS/III1BTU

'-1596-1 LcckJIeed Nebruk. C,) 75,000 PPH Natural G.. .048 LSS/III1BTU OAF-32
Palllaale, CA NS-E-6~ -EC';N No .. 2 o,t .076 LSS/IIIIBTU II/FGR

0-1585-1 lIar;ne Corp. IBII (3) 25,000 PPH Natural G.. 40 PPII OAF-2O
Legi sn cs Base TJII-C-25 No.2 OH 200 PPK II/FGR
earncw, CA

0-1584-1 Contadina Foods Nebraska (1) 150,000 PPH Natural Gas 40 PPII OAF-39
Wood land, CA NS2-7-95-ECON Propane-A' r 55 PPII II/FGR

8utane-A,r

0-1572-' 'atton State Kospital Nebruka (1) 30,000 PPH Natural GIS 39.4 PPII OAF-20
Sa" e......rdll>O, CA HSe 102 II/FGR

0-1577-' Boise Cascade C.E. (2) 250,000 PPH Natural elS 0.05 LSS/""BTU 2 OAF-36
Internatl0nal Falls, liN 12F48o\16 II/FGR

0-1571-1 GIIF !WIford Coc;en Hebr.ske (1) 68,000 PPH Natural Gas 30 PPII OAF-!8
Hanford, CA NS-E-65-ECON II/FGR

0-1563-1 Indeck Power Zurn (1) 250,000 PPH Natural Gas 0.10 LSS/II1I8TU OAF-45
Wheeling, IL 2411 No. 2 o,l 0.28 LSS/IIIIBTU II/FGR

Ho. 60,l 0.40 LSS/IIIIBTU

0-1562-1 1ndeck Power Zurn (1) 250,000 PPH Natural Gas 0.10 LSS/II1I8TU OAF-45
Wheel ing, IL 2411 No.2011 0.28 LSS//IIIBTU II/FGR

No.60H 0.40 LSS/""BTU
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~O\I NOx INSTA~UTIOH usr

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND/OR ACTUA~ BURNERS/ HEnlOD OF

~ !NSTAWTION TYPE OF BO!~ER CAPACITY FUE~ TYP; NOx ~EVE~S BOl~ER NOX REDUCTION

D-1559-1 31'1 Nebraska (1) 180,000 PPH Natural Gas O. 05 ~8S /IIHBTU DAF-42
S:. PauL, liN N2S-8/S-93-ECON No.2 Oil 0.11 ~S/HHBTU II/FGR SCRO~~

(.017% F=~)

!)-1545-1 8YU Volcano (2) 150,000 HKB Natural Gas O. 11 ~S/HHBTU DAF-39
/trovo, UT TJII-C-150 No.2 0'. 0.20 ~S/KIlBTU

(0.024 F=~)

'-1545-2 BYU VOlcano (1) 50,000 HKB Natural G!S o.09 ~BS /HHBTU DAF-24
Provo, UT TJII-C-50 No.2 oil O. 16 ~S/HHBTU

(0.024 FE~)

0-1544-1 Newark Bay Cogen B&II (1) 140,000 PPH Natura l Gas 45 PPII OAF-39
Newark, NJ NO. 2 OH II/FGR

'-1540-1 Sprecklel Sugar UllI (1) 120,000 PPH Natura1. ~as . 0829 ~BS/HIIBTU OAF-42
".n1:ee8, (A HH No.2 O'l O. 30 ~BS /HIIBTU II/FGR

NO.6 01. O.75 ~S/IIHBTU

0-1540-2 Sprecklel Sugar CE (1) 1CO,000 PPH Natural G!S .082 ~S/IIIIBTU DAF-39
lIantaca, CA 2SVP12 No. 2 Oll 0.30 ~S/1I1I8TU II/FGR

No.6oH O. 75 ~S/IIH8TU

~-'539-1 A&P Tea Company II1Cks (1) 65,000 PPH Natural Gss .11 ~BS/IIIIBTU DAF-26
Columbus, OH RB Landl1elc ~IS

0-1538-1 Union Co. Court HOUle 8&11 (1) 30,000 PPH NaturaL Ges OAF-18
H; zabeth, NJ FH~43 No.6 OIL

0-1538-2 Union Co. Court HOUle 8&\1 (1) 26,000 PPH Natural Gas DAF-18
st ~z.be~h, NJ FII~39 No.6oH

0-1527-1 E.!. Dupont CE (1) 360,000 PPH Natura l GIS 0.23 ~S/HHBTU OAF-32
Sabine, TX VU60

D-1525-1 UCU Iurn (1) 160,000 PPH Natur,." :1':5 0.055 ~S/HIIBTU OAF-4S
We.~wood, CA Keystone No. ~ "':I, 0.084 lBSIHIIBTU II/FGR

:oo1סס.> FEN)

'-1522-1 lIash;ngton Un;v. Iurn (1) 70,000 PPH Natural Gu 0.15 LBS/HHBTU OAF-28
St. LOu;s, 11O Keystone No. 2 0" O. 2 ~S/HHBTU

D-1520-1 Ok"lante Sugar 8&11 (1) 150,000 PPH/ No.2 Oil O. 21 ~S/IIHBTU DAF-42
South Bay, F~ F1I128-97 100,000 PPH (0.14 FE,) II/FGR

0-1508-1 Savannah Electr; c ASB Combustion (2) 200,000 PPH Natural Gu 0.07 ~S/HHBTU OAF-4S
FOIIer Co. 4OAF16/42 II/FGR

Savannah, GA

0-1498-1 Cedar Sinai Iledical Ctr HIli (3) 50,000 PPH Natural .a. 40 PPII DAF-26
Los Angales, CA HCF 4-49 NO. 20;. 400 PPH II/FGR

<0.0014 F=~)

0-1496-1 LI:!lCUIy-Thagard Co. 8&11 (1) 48,000 PPH Natural Gas 39.9 'PPH DAF-22
South Gate, CA FII10618 No. 20" 30 PPH II/FGR

Propane/Air 33 PPH
(0.003% FaN)

:>-1478-1 Henke l Corporat i on 8&11 (1) 40,000 PPH Natural Ga. 30 PPH DAF-24
Los Angeles, CA FH 1061A No.2 01 ~ 400 PPM II/FGR

(0.0014 ;EN)

e-8
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LOll NOx INSTALLATION LIS7

GUARANTEED NO. OF COEN
(NO. OF UNITS) ANO/OR ACTUAL BURNERSI METHOD OF

&..!!Q.. INSTALLATION TYPE OF BOILER CAPACITY FUn TYPE NOx LEVELS WllB.. NOX REDUCTION

'-1469-1 Santa flOni ca Hosll1tal Murray (2) 30,000 PPH Natural GIS 40 PPM DAF-22
Santa lIOni ca, CA MCF-2-42 No.2 OIL 40 PPM W/FGR

(0.001:: f:',;

)-1463-1 CallpbeII SOUll COlD08ny Un,on SO, ler (1) 100,000 PPH Natural Gas DAF-32
lIa.ton, NC "A" MH NO.60,l

;-1452-1 Stlell lIestern Hol..n (1) 85,000 PPH Natural GIS 83.5 PPM DAF-34
N. Teerebone, LA MH W/FGR

)-1437-1 BP Oil CE (1) 225,000 PPH Refinery ~IS .1 LBSlIIMBTU 2 DAF-36
Lilllll, OH 12F4OA16/54 Future 0'. W/FGR

;-1436-1 lIetrotlealth lied Center Nebras.s (1) 50,000 PPH Natural Gas 0.1 LBS/IIMBTU DAF-24
Cleveland, OH NS-E-51-ECON No.2 OIL 0.2 LBS/MMBTU

)-1434-1 Huntington lie... HO'll. Bros (3) 28,000 PPH Natural Gu 40 PPM DAF-20
P..adene, CA W3-35 No.2 O,l W/FGR

(0.001:: F:'\)

)-1425-1 Univ. of Cincinnati NBC (2) 150,000 PPH Natural Gu 0.20 LBS/MMBTU DAF-36
Cincinnat', OH N2S-7-107 ECON No.2 O,l <.02X FBN)

H420-1 lIa~stl Power Equi ll. CE (4) 150,000 PPH Natural Gas 0.19 LBS/MMBTU DAF-42
'-1419-1 Rental Unit 35-A-14 (3) No.2 O,l 0.20 LBS/MMBTU
'-1399-1 (OX FBN)
'-1398-1 NO.60,l 0.39 LBS/MMBTU

<.25X FBN;

.03-1 lIabe.tI Powe r Equ i ll • NBC (2) 150,000 PPH Natural Gu 0.19 LBS/IlIlBTU DAF-42
'-1402-1 Rental Unit N2S-7-89 No.2 Oil 0.20 LBS/IlIIBTU

(OX FeN)
NO.60,l 0.39 LBS/IlIlBTU
<'25% FE';

J-1384-1 Old Ooainion Eleculc CE (1) 140,000 PPH NO.20,l 0.23 LB/IIIlBTU DAF-42
Clover, VA 34A13

'-1376-1 IlcDoMell Douglas IBW (2) 32,000 PPH Natural Gas 0.048 LB/ItIlBTU DAF-2':
Long Beach, CA LFW-20 W/FGR

'-1373-1 Hoectl.t Celane.. NBC (1) 60,000 PPH Natural GIS 0.10 LB/IIIIBTU DAF-26
carlble, CA NS-E-57 No. 6 Oll 0.35 LB/IIIIBTU

(0.2B WT % FBN)

;-13n-1 Glo~ l Octane Abeo (1) 25,000 PPH Natural Gas 0.08 LB/IIMBTU DAF-20
Deer Park, TX o Type W/FGR

J-1365-1 Hol.." lIoiler lklrks Zurn (1) 200,000 PPH Natural Gas 0.19 LBS'"IlBTU DAF-45
Rental Unit Keystone No.20i, 0.20 LBS/MMBTU W/FGR

(OX FBN)
No. 6 Oil 0.39 LBS/MMBTU
(.25X FBN:

'-1366-1 Hol.." 110; ler lklrks CE (5) 155,000 PPH IUtural GIS 0.19 LBS/IlIlBTU DAF-39
J-1364-1 Rental Unit 33A14 No. 2 Oll 0.20 LBS/MMBTU W/FGR
J-1363-1 OX FBN)
)-1362-1 No. 6 Oil 0.39 LBS/MMBTU
)-1361-1 (,25% FE':

)-1354-1 CaMers Steaa CC\IIpany UIW (2) 100,000 PPH Hatural Gu 0.048 LB/IIIlBTU 4 OAF-20
Terainal lIlalld, CA Type H No. 601. (Up to BD,ooo PPH)

e-9
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LOll NOx INSTALUlION LIST

GUARANTEED NO. OF COEN
(NO. OF UNITS) ANO/OR ACTUAL BURNERSI "EnlOO OF

~ INSTALLATION TYPE OF BOILER CAPACITY FUEL TYPE NOx LEVELS ~ NeX REDUCTION

'-1351-1 Procter & Gallble 8&W (1l 80,000 PPH Natural Ga. 0.05 LS/MSTU OAF-32
Oxnard, CA F"0-103-88 No. 2 OIL W/FGR

,-135C-1 "onsanto Coapany 8&W (1 ) 25,000 PPH Natural G.. 0.048 L8/""BTU OAF-2S
Long Beach, CA F"9-52 No.2 OIL IIIFGR

'-1344-1 St. "ary's Hospinl NBC m so,ooo PPH Natural G.. 0.10 L8/""BTU OAF-32
Rochener, "N NS-F-86 No.201l (0.01% FBN) II/FGR

0-1343-1 Hobi le Refinery CLeaver Brooks (2l 40,000 PPH Reflnery Ga. 0.15 L8/MBTU OAF-24
0-1343-2 Sa raland, AL OL-52

'-133S-1 Aniuc Cogeneratl0n Abco (1) 104,000 PPH Natural G.. O. OS LB/""BTU OAF-34
!inghallton, NY o Type No. 2 Oil 0.14 LB/MBTU II/FGR

(0.048r. FBNl

'-'336-1 Oixie Chemicals NBC (1 ) 60,000 PPH Natural G.. 0.06 LB/""BTU OAF-26
Pasadena, TX NS-E-57 II/fGR

0-1333-1 General Electrlc Zurn (1l 250,000 PPH Natural Gas 0.10 LB/""BTU OAF-45
Waterford, NY Keystene No.2 01l 0.15 LB/""BTU II/FGR

No.601l 0.30 L8/I11lSTU

~-"!!:2-2 Orange Ceunty Keeler (1) 38,000 PPH Natural G.. 0.04 LB/MBTU OAF-22
Santa Ana, CA 05-10-10 No.2 01l 0.05 LB/MBTU II/FGR

(0.0011: FaN)

332-1 Orange County NSC (1l 70,000 PPH "atural G.. 0.04 LB/""BTU OAF-30
Sinn Ana, CA NS-<;-70 No.2 Oll 0.05 LB/""STU II/FGR

(0.001% FBN)

~1331-1 E.I. DuPont NSe (1l 40,000 PPH Natural G.. 0.10 L8/MSTU OAF-24
Newark, DE NTC-61

'-1325-1 Cape Industrie. 8&W (1 ) 205,000 PPH Natural G.. 0.20 L8/MBTU 2 OAF-32
I/i llllngton, Ne F" 220 Ne. 601l

:>-1320-1 Witco Chelical Iurn (1l 80,000 PPH Natural Ga. 0.10 L8/""BTU OAf-30
Oi ldale, CA 1SH Propane/A,. 0.2S L8/MSTU

'-"316-1 Rchl & Ha.. C. E. (2) 1S0,000 PPH Natural Ga. 0.20 L8/""BTU OAF-42
Loui.ville, KY 351.14 1/2 Oil 0.20 L8/MSTU II/FGR

lIane 01 l

0-1310-1 Luz Engineering G. C. Broach (12) 53.00 MBTUH Natural Ga. 0.03 LB/MBTU OAF-30
Soron, CA Heater W/FGR

0-1305-1 Geneva Steel Iurn (2) 100,000 PPH Natural G.. 0.1 LB/MBTU OAf-32
Or.., UT 21" No.6 Oil 0.43 LB/MBTU

tOke OVen GIS 0.50 LB/MBTU

""303-' MoIIaw1t Rubber AlltO (1) 65,000 PPH Natural G.. 0.20 L8/""BTU 01oF-26
Sal.., VA o Type Ho. 2 O,l 0.30 LB/MBTU

0-1295-1 !ndeck P_r Rental ZURN (3) 250,000 PPH Natural G.. 0.15 LB/MBTU OAF-45
0-1294-' 24 H
0-1293-1

0-1288-1 Ford Notor COIiplIny NBC (1) .30,000 PPH Natural Ga. 0.08 LB/MBTU OAF-20
lIiXOll, HI NS-C-43

1286-1 Rancho Los MillO. H.C. Hurray (2) 30,000 PPH Natural Gas 0.05 L8/MBTU OAF-22
286-2 DOllnay, CA 11-64£275 No. 2 Oil 0.05 L8/MBTU W/FGR

(o.O(m: FBNl

C-I0
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lOll NOx INSTALLATION LIST

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND/OR ACTlJAl BURNERS/ "ETHOD OF

~ INSTALLATION TYPE OF BOllER CAPACITY FUEL TYPE NO>< kEVElS IQ!W.. NOX REDUCTION

:>-1284-1 Un i verlny of Iowa R, ley (2) 150,000 PPH Natural Gil 0.10 LB/"MBTlJ DAF~42

Iowa City, 1-' "HII No.2 O,l 0.20 LB/"MBTlJ
<'02% FBN)

~-1265-2 Ashland Oil Nil (1) 100,000 PPH Rehnery Gal °.14 LB/"MBTlJ DAF~34

Cat lettlburg, r:Y F"-117-88

~-~26~-1 Ashland Oi l B&II (1) 200,000 PPH Rehnery Gas O. 14 LB/"MTBU 4 DAF-26
:l!tlettsburg, ICY FH-26

:>-~255-1 Ashland Oi l Petrochem (1) 54 ""BTU Rehnery Ga. 0.14 LB/IlMBTU DAF-22
S:. Paul, P!.N 5-37-B1 Heater

0-1254-1 Alhland 0' l Petrochem (1) 110 IlIlBTU Ref1net"'y Gas 0.14 LB/IlMBTU OAF-28
Cat lensburg, r:Y 2-121-B3

0-1253-1 Ashland 0; l Petrochem (1) 31 IlIlBTU Ret ,nery Ga. 0.14 lB/"MBTU OAF~16.5

s! ~ Paul, !'\N 5-37-82

0-1252-1 Alhland Oil Petrochem (2) 54 ""BTU Ref ,..ery Gas 0.14 LB/""BTU DAF~22

Catlettsburg, ,;v 2-121-82 Heater

~1251-1 AlIloco Perfor.."ce NBC (1) 60,000 PPH Naturll Gas 0.10 LB/IlIIBTU DAF-24
AU9usta, GA NS-E-57ECON No.2 Oll 0.20 LB/"MBTU

:>-1227-1 lIabash Mob' le un1t NBC (3) 60,000 PPH Natural Gas 0.10 LB/"MBTU OAF-26
0-1226-1 NOS-lA-58 No. 2 Oil 0.20 LB/MIIBTU

'~5-~ No. 60';

" .211-1 Morgantown Energy Iurn (2) 101,000 PPH Natural Ga. 0.10 LB/"MBTU OAF-32
0-1211-2 Morgantown, IIV 20"

0-1210-1 Sterl in9 Power Iurn (1) 98,500 PPH Natural Gas 0.09 LB/"MBTU OAF~32

0lleida, NY 17M No. 2 Oil 0.20 LB/MIlBTU II/FGR

0-1200-1 Tennessee Elstan CE (1) 150,000 PPH Natural Gas 0.10 LB/"1I8TU OAF-39
Kingsport, TN 35A14 "ethanol 0.23 LB/"MBTU

'-1197-' Frankl in Heat".; Riley (1) 93,000 PPH Natural Gas 0.13 lB/""8TU OAF~36

Rochester, IlN No.2 0' l 0.33 LB/M8TU

:>-1194-1 H.E. Mi,sou., State NBC (2) 40,000 PPH Natural Gas 0.20 LB/MMBTU OAF~20

Univer,ity NS-C-53ECON No.2 Oil 0.30 LB/""BTUl
Ki rksvil le, 110

0-1183-1 Tennesaee East.." CE (2) 150,000 PPH Natural GIS 0.10 LB/""BTU OAF-39
0-1183-2 King,port, TN 35A14 "ethanol 0.23 LB/"MBTU

D-1179-1 Ultra Iysteu NBC (1) 65,000 PPH Natural GIS O. 07 LB/MBTU OAF-26
Hopewall, VA NS-e-56 No. 2 01l 0.10 LB/MIlBTU II/FGR

<'02% FBN)

0-1178-1 Ultra Sylteu NBC (1) 55,000 PPH Natural Gas .065 LB/MBTU OAF-24
Buena Vista, VA NS-E-50 No. 2 Oil O. 10 LB/MBTU II/FGR

<'02% FBN)

0-1173-1 Indlck Power Iurn (6) 70,000 PPH Natural GIS 0.10 LB/MBTU OAF-28
0-1172-1 ("obile Unit) '13"S No. 2 01l 0.20 LB/IlIlBTlJ
0-1171-1 (0.01% FBN)
0-1170-1
•. ·169-1

61l-1

C-ll
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LOll NOx INSTALLATION LIST

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND lOR ACTUAL BURNERSI NETHOD OF

~ INSTALLATION TYPE OF BOllER CAPAqTY FUEL TYPE NOx LEVELS AQ!ill.. NOX REpUCTION

~11'3-1 Indeck Power NBC (4) 75,000 PPH Natural GI. 0.10 LB/I'lIIBTU oAF-28
~-1142-1 (HobHe Unit) NOS-2-52(S) No.2 Oil 0.20 LB/NNBTU
~-11'1-1 (0.01% FeN)
~-1140-1

~-1139-1 Nabisco Food. B&W (1) 60,000 PPH Natural Gas O. OS lBINNBTU oAF-26
Oxnard,CA FN 10-79 No. 2 O,l W/FGR

NO. 6 OlL

!>-1131-1 1/N I(Qte NBC (1) 5B,400 PPH Natural Ga. 0.046 LB/NHBTU DAF-2B
Nev Carl iae, IN NS-e-57 W/FGR

~1121-1 Un;v. of ",nnesota NBC (1) 79,000 PPH Natural Gas 0.075 LB/NNBTU DAF-28
S:. Paul NN NS-F-n No. 2 01L O.l' LB/NNBTU

(0.01%)

'-'113-1 San FranC1$CO Int 0 l IBW (1 ). SO NNBTUH Natural Gas 0.05 LB/NNBTU DAF-24
A"port TJW-C-50 No.2 01L W/FGR
San Fraoc1$co, CA

'-1112-1 Ultra Sy.te=s NBC (1) 122,000 PPH Natural Gas 0.065 LB/NNBTU DAF-34
Alta Vata, VA N5-G-BB No. 2 01L 0.20 lB/NNBTU W/FGR

'-~'11-1 Ultra Sy.tea. NBC (1) 72,000 PPH Tall O,l 0.65 LB/NNBTU oAF-30
Southaapton, VA N5-e-59 No.2 O,l 0.10 LB/NNBTU W/FGR

(0.4% FIlN)

• '109-1 Ashland Oi l NBC (1) 150,000 PPH Ref ,-,~ery Ga. 0.1' LB/NNBTU DAF-36
Cat lettsburg, ICY N5-G-B5-ECON

:>-1107-1 Ross leborator> es NBC (1 ) 80,000 PPH Natural Gas 0.10 LB/NNBTU OAF-28
Colulllbus, OH N5-F-85-ECON No.2 Oil 0.165 Ul/HHBTU

(0.01% FBN)

:>-'100-1 Fulton Cogen Zu,.n (2) 62,000 PPH Natural Ga. 0.168 Ul/NNBTU DAF-26
Fulton, NY 13M 1'10. 2 Oll 0.1B3 lB/HNBTU W/FGR

~-1099-1 Rockwel lInt 0 l Ke~ler (1) 20,000 PPH Natural Gas O. OS LB/NNBTU DAF-16.S
Rocketdyne Dwi S1 on 05-20 No.2 O,l 0.05 LB/NNBTU W/FGR
canoga Park, CA (0.001% FBN)

:-1090-1 Nl cn...ical. ABCO ( ) 75,000 PPH Natural Ga. 0.10 LB/HHBTU oAF-30
Lake Charle., LA o Type

'-1085-4 Bunker Hill IBW (1) 30 HNBTUH N8tural Ga. O.OS LB/NHBTU DAF-20
Los Angeles, CA HTUG NO. 2 Oil 0.05 LB/NHBTU W/FGR

(0.001% FeN)

~1085-3 HcDonneII Doug las NIW (1) 25,000 PPH N8tural Ga. O.OS La/NNBTU oAF-22
Huntington Beach, CA o Type No. 2 Oil O. OS La/NNBTU W/FGR

(0.001% FBK)

:>-1085-2 Century ci ty NIU (1' 112,000 PPH N8tural GIS 0.04 La/NHBTU OAF-36
Los Angeles, CA o Type No. 20H 0.04 La/IlIlIITU U/FGR

(0.001% FBK)

~1085-1 Bunklr Hill IBU (1) 30 NHBTU/HR N8tural GI. O.OS La/NHBTU OAF-18
Los Anglle., CA HTUG No. 2 01L O.OS La/NHBTU W/FGR

(0.001% FeN)

83-1 Boeing CoIllPlll1Y Un,on Riley (1) 140,000 PPH N8tural GIS 0.10 La/NHBTU OAF-36
AUDUrn, UA A Type

C-12
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LOll NOll INSTALLATION LIST

GUARAIITEEO NO. OF COEN
(NO, OF UHITSI AHO/OIl ACT\ll.L BURNERS! IIETKOO Of

JOB NO, INSTALUTIOH TYPE OF SOl LER CI.PACITY fUEL TYPE NOx LEyELS I21W.. NOX REpUCTION

0-10r.H lIetl"Opol itan Airport BROS C31 40,000 PPN Il.cural Gas 0.08 LB/IIIISTlI OAF-22
'-1072-2 lI,nneaoolis, lIN 1'2-60 Mo. 6 Oil 0.60 LB/IIIISTlI
;-'"::'1-;

'-1069-" Chevron CE C31 150,000 PPH Na~ural Gas 0.06 LB/IIIISTlI OAF-39
"S't. James, U 251.15 lIaste Oi l 0.10 LB/IIIISTlI II/FGR

0-"064-1 NASA Johnson Center NBC (11 80,000 PPH Na~ural Gas 0.10 LB/IIIISTlI OAF-28
~ou.'ton, Tex•• HS-E-68

;-1059-1 "onltor Sugar NBC (1) 120,000 P,PH Natural Gu 0.10 LB/MBTlI OAF-3~

Bay City, III HS-F-88 Mo. 2 Oil 0.20 LB/IIIlBTlI
L028% FBNl

'-1057-1 General Tire I Rubber lIurray (1) 125,000 PPH Natural Gas 0.10 LB/IlIlBTlI 0l.F-36
!la)'fleld, ICY IICF6X-94 No. 2 01l 0.24 LB/II!lBTlI

(0.01% FBN)

>'~55-1 Ciba Ge,gy Corp, NBC CTl 70,000 PPH Natural GIS 0.10 LS/"!lBTlI 0l.F-2B
IIclntosh, I.L NS-E-63 ECON Mo. 2 OIL 0.17 LS/IINBTU

L01% FBNl

~-'054-1 Indeek Power Iurn Cl) 90,000 PPH Na~ural Gil 40 1'1'11 OAF-30
Uennl Unn) 1711

'-1019-1 Shell Offshore Inc. HBC C21 40,000 PPH Natural Gil O. 10 LS/IlIlBTlI O1.F-22
'-'~9-2 "on LOIns, AL HS-c-53

08-1 Chrysler corporation IBII (3) 87,500 PPH Natural Gas 40 PPII 0l.F-28
No. Jefferson, III TJII-C-75 Mo. 2 Oil II/FGR

,-1007-1 lIellesley College NBC Cl ) 45,000 PPH Natural Gas 0.10 LS/""BTlI O1.F-24
Yellesley, 111. NS-C-56 Mo. 6 Oil II/NOx Ports

;-~006-1 Norenco Corporetl0n NBC C1 ) 36,000 PPH Naturll Gas 0.10 LS/IIIIBTU O1.F-20
Ilinneaool is, !IN NOS-1A-53S

,-'005-1 Norenco t,,·~r.t;on 11111 (1) 115,000 PPH Natural Gas 0.10 LS/""BTlI O1.F-3~

lIinneapolis, liN IlCF-5-B5

D-10ClC>-1 J.II. Huber NBC Cl I 88,000 'PH Naturll GIS 0.2ll LS/""BTlI O1.F-28
Etowah, TN IIS-F-69 Mo. 2 OIL

D-0998-1 Incleck Power lurn (6) 150,000 PPH Naturel GIS 0.10 LS/IIIlSTlI DAF-36
)-0997-1 (!lobile Units) 2311 Mo. 6 Oil
0-0996-1
Hl995-1
0-0994-1
~-,

0-099'1-1 Occidental CIleIlical lurn (1) 190,000 PPH Natural GIS 0.12 LS/MBTlI O1.F-45
Corpua Chri It;, TX II)I'drogen & NG 0.12 LS/MBTlI II/FGR

0-0987-1 Certaintoed COrp. l/;ckes (1) 35,000 PPH Natural GIS 0.05 IVlBTU 1 OAF-22
R1varaide, CA A Type IIethanol 100 ".. II 30 IUl8TU 111/FGR

0-0985-1 Genaral Elactr;c Riley Stoker (1) 150,000 PPH NI~ral Gas 0.10 LS/llIIBTU OAF-39
lit. Vernon, IN IlH Mo. 6 Oil 0.39 LS/IIIISTU

<'15% FBN)

'-"'984-2 Glendale AdVentist IlIlI (1) 23,500 ,PPH NI~ral GIS 0.05 ""BTlI OAF-18
lied; ca l Center fllG-39 Mo. 2 OIL l//FGR
Glenaale, CA

C-13



M'.~CH 26, 1993 COEN COIIPAHY INCORPORATEC pege 12
LOW NO. INSTAUoATlON LIST

GUAIlAHTEEC NO. OF COEN
lNO. OF UNITS) AND/OR ACTUAL BURNERS/ IIETlIOD OF

JOB NO. INSIAUoATIOH TYPE OF BOILER CAPACITY WUlli NO. LEVELS IlQ1W... NOX REDUCTION

0-<>980-1 _l i ty Assured Paek;ng NBC 11 ) 75,000 PPH Natura l Ga. 40 PPII DAF-28
Stoekton, CA NSE-65

0-0979-1 leal lean C8 11 ) 50,000 PPH Natural Ga. 0.065 18/11118TU DAF-24
Co lUllbus, OIl DL-68E

D-0978-1 Ialteda Chell,cal CB I1l 13,500 PPH .2 Oi l 85 Ton./Year DAF-15
Wilaington, NC D-34 .6 D,l 1.35% FBN) W/HOx Portl

D-()971H Shintech N8C (3) 60,000 PPH Nnural Gas 0.09 18/MBTU DAF-26
1Hl969-1 Freeoort, IX NS-E-57
!Hl968-1

c-<l963-1 Great Lakes Steel lurn 11 ) 135,000 PPH Natural Ge. 0.10 LB/IIIIBTU CAF-36
lug Is land, III 2311

D-0962-1 Graat Lalte. Sue l lurn (1) 115,000 PPH Nnural Gas 0.10 18/MBTU DAF-34
lug Island, III 2111

!Hl96O-1 Indaclt Power l~rn (6) 150,000 PPH Natural Ge. 0.10 LB/MBTU DAF-36
D-0959-1 (Rental Units) Keystone
0-0958-1
D-0957-1
!Hl956-1
C-0955-1

o-095lH Consolidated Paper B&W (3) 60,000 PPH Natural Ge. 0.10 LB/PlIIBTU DAF-28
Biron, WI Stirl,ng

. .1948-3 E. R. Squibb B&W (2) 70,000 PPH Ktr'"Osene 0.11 LB/PlIIBTU DAF-28
D-0948-4 Lawrencav,lla, NJ Fit 103-70 Natural Gas 0.068 18/IIIIBTU

c-0941-1 eridgenone Ti re B&W 11 ) 65,000 PPH Nnural Gos 0.10 18/IIIIBTU DAF-26
La Vergne, TN FII-10-57 No.2 0' l

D-0940-1 SCII Cheaicals NBC (1) 1(1(;,~"O PPH Natural GIS 0.03 LB/IIIIBTU DAF-34
AShtabula, OH NS-F-77 No.2 O,l 0.25 LB/PlIIBTU W/FGR

(,03% FBt;)

C-0931-1 Pacific Coast Pro. B&W (1) 120,000 PPH Nnural Ga. 0.05 18/HIIBTU DAF-36
Lodi, CA Fll106-88 No.6 Oil 0.29 18/MIIBTU W/FGR

(.15% FBt;)

0-0926-1 Gaylord Container B&w (1) 165,000 PPH Natural Gas 0.12 18/HIIBTU DAF-39
Bogalusa, LA FII 130-97

0-0924-1 1811 IBW (1) 62.5 MeTU Natural Gas BACT DAF-26
IlanUaas, VA IJII-C-62.5

D-091B-l RHay Stoltar Riley (1) 200,000 _TU Natural Gas 0.20 18/MBTU DAF-42
Stoclt Unit IIHW No. 2 ca

!Hl9'l6-1 Siapson Paper Riley (2) 300 MeTU Ga. No. 6 Oil 0.10 18/MBTU 2 DAF-39
Ia_, WA 2 DruII; 290 MeTU O,l

fi ald Erected

D-0902-1 wash P_r Equip. CE (2) 150,000 PPH Natural Gas 0.19 18S/IIIIBTU DAF-42
D-09O'1-1 Rental Unit 35A14 No. 2 O,l 0.20 18S/MBTU

COX fBH)
No. 6 0, ~ 0.39 LBS/MBTU
L2SX fDN)
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LOll NOx INSTALLATION LIST

GUAlANTEEO NO. OF COEN
(NO. OF UNITS) AND/OR ACTUAL IURNERS/ HETHOO OF

~ INSTALLATION TYPE OF BOILER CAPACITY FUEL TYPE NOx LEVELS IQlliL HOX REDUCTION

1Hl9O<>-1 Oeaert IIoIll,taL Trane/Hurray (1 ) 30,000 PPH NaturaL Gas 40 PPH OAF-20
PaL. springs, CA O-Type OiL \//FGR

~92-1 E.R. Squibb & Sona NIC (2) 95,000 PPN NaturaL Gas 0.10 LB/MITU OAF-30
New lrunav, ck, NJ NS F 13-ECON No.2 Oll 0.30 LB/MBTU

No. 60,l (.1% FBN)

~1 HiMeaota PCIlIOr Corp. CE (2) 250,000 PPH NeturaL Gas O. 05 LB/HHBTU Z OAF-36
12F40A16

O-OS74-1 Louiaiana State Univ. NBC (1) 100,000 PPH NaturaL Gas 0.12 LB/HIlBTU OAF-32
Beton Rouge, LA NS-F-77-ECON

~7-1 Gangi B~s. NBC (2) 75,000 PPH NaturaL Gas 30 PPH OAF-2S
Riverbank, CA NSE-65 W/FGR

0-0866-1 HoLun 80' Ler \lorks CE (2) 150,000 PPH Natural Gas 0.20 LB/HIlBTU OAF-39
~5-1 Rental Un,t 35A14 No.2 O,l 0.20 LBIHIlBTU

(0.01% FBN)
NO.60,l 0.40 LB/HHBTU

(0.25% FIN)

~-0B62-1 Prito Lay NBC (1 ) 25,000 PPH NaturaL Gas 40 PPH OAF-1S
!lodeato, CA N5B-41

o-OS57-1 Nel<ooaa Paoer CE (1) 520,000 PPH Natural Gas 0.10 LB/HI1BTU 4 OAF-36
Aahdown, U 113 Berk/Gas Power

80i ler

• ..649-1 SpreckeLa Sugar CE (1) 250,000 PPH Gas 0.085 LB/IlIlBTU 4 OAF-30
l1endote, CA VU60 No.20ll 0.25 LB/HI1BTU W/FGR

No.6 O,L 0.55 LB/IlI1BTU

1Hl846-1 Wabash POwttr NBC (1) 150,000 PPH NaturaL Gas 0.20 LBS/,,"BfoJ OAF-42
0-0841-1 RentaL Unit N25-7-B9 NO.20,L 0.20 LBS/"I:~;'\J

(0.01% FBN)
NO.60,l 0.4 LBS/IlIlBTU

(0.2% fIN)

!Hl84O-1 Indeck Powr NBC (4) 40,000 PPH NaturaL Gas 0.10 LBS/IlIlBTU OAF-22
D-OB39-1 R...taL Unit NOS-1A-535 No. 20ll 0.20 LBS/IlHBTU
~8-1 (0.01% FIN)
D-OB37-1 1I0.60ll 0.40 LB5/MlTU

(0.20% FIN)

0-<1836-1 Indeck PCIlIOr Zurn (3) 150,000 PPH NaturaL Gas O.OS LB/MBTU OAF-36
~-1 R...taL Unit Keyatone Derated 110. 6 Oll W/FGR
D-OB31-1

0-0829-1 Collaia Nit~en Zurn (1) 150,000 'PH NaturaL Gas OAF-36
Augusta, IiA Keyatone 23H No. 6 Oll

lHllI2S-1 Holun lIOiler NBC (1) 150,000 PPII Natural Gas 0.20 LB/NIlBTU OAF-39
Rental Unit 1125-7-95 110. 2 0, l 0.20 LB/MBTU Front WaLL

No. 60ll 0.30 LB/NNITU !lOX Porta
(0.2% FIN)

"-"'120-1 Soltex 'oL~ra NBC (1) 100,000 "II NaturaL Gas 0.10 LBS/NNITU OAF-32
Oftr 'ark, TX NS-F-77
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LOll NOll INSTALLATlON LIST

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND lOR ACTUAL BURNERSI NETHOD Of

4.!!2.. INSTALLATION TYPE OF BOILER CAPAqTY MUlli NO. LEVELS IQill!.. !!OX REDUCTlON

~-1 CUb~ia Cogen. Fac. NSC (1) 78,000 PPH "-tural G.. 0.10 L8/1l1l8TU DAF-28
Ellenabul'9, PA NsE-65

~-o799-1 san Diego 6.. & Elect. S&W (2) 50,000 PPH Natural G.. 0.10 L8S/IIMBTU DAF-24
san Di ego, CA FM10-708 No.2 Oil

!Hl791-' Areo ALI.ka, Inc. Broach (1) 35,000 NNBTU Gas 0.08 L8/MBTU DAF-22
Prudhoe Illy, AI< Heater

!Hl785-' A.E. Staley Riley (1) 125,000 PPH Natural Gas 0.10 L8S/IIIIBTU DAF-32
Decatur, IL RX

!)-Om-, 3H Coapeny NBC (1) 80,000 PPH Natural Gas 0.20 LB/IIIIBTU DAF-30
Hutchinson, liN NS-E-68 No.6 0' l 0.40 L8/I1I1BTU

(.3% FBN)

!Hl768-2 Ogden lIartin Sy.te..s B&W (1) 100,000 PPH Natural Ga. BACT DAF-36
Lawrence, III. F~ SPLAN15 No.6 e,l

;-0768-1 Ogden Mart,n Syste..s CE (1) 115,000 PPH Natural Gos BACT DAF-36
Lawrence, III. 30VP-12 NO.60,l

!Hl766-1 Holman Be; ler CE (3) 150,000 PPH Natural Gos 0.20 L8S/III1BTU DAF-39
'"""765-1 351.14 No.2 Oil 0.20 L8S/IIIIBTU
!Hl764-' (0.01% FBN)

NO.60,l 0.30 L8S/IIHBTU
(0.2% FBN)

'52-1 Indeck Power Iurn :2) 250,000 PPH "-tural Gas 0.'0 L8S/III1BTU DAF-45S
, .1751-1 2"" No.2 O,l 0.28 L8S/IIIIBTU

(0.01% FBN)
NO.60,l 0.40 L8S/MIIBTU

(0.14% FBH)

V-C748-1 E.!. Dupont B&W (1) 150,000 PPH Natural Gu 0.08 L8/I1I1BTU DAF-39
NIIII Johnsonv, (Le, TH FII120-97 No.2 Oil 0.20 L8/MBTU

<.01X FBN)

0-0747-" O'Brien Energy Syste..s ABCO (1) 177,000 PPH Natural Gas 0.20 L8S/IIIIBTU DAF-39
Parlin, NJ Spec,al No.2 O,l 0.20 L8S/IIHBTU

(0.01% FBN)

0-0745-' Amoco Ch..i ca L OPF (1) 30.41111 BTU/HR Natural Gas 0.08 L8/MBTU DAF-18
Clute, TX Cabin Heater

0-0721-1 Indeck Power Iurn :~) 150,000 PPH Natural Gu 0.10 L8fIlIlBTU DAF-36
2311 NO.20,l 0.20 L8fMBTU

(0.01% FBN)
No.6 Oil 0.40 L8fMBTU

(0.30% FBN)

!Hl715-1 Boi.a eaacacla COrp. Iurn . (2) 180,000 PPH "-tural Gas O. OS L8S/MBTU DAF-42
Int. falls, lIN ~tone IIIfGR

D-07OO-1 Union Texu 'atrol_ V~ (1) 100,000 PPH Natural Gas 0.08 L8S/MBTU DAF-34
DT-1'3-1QS Off Gas 0.12 L8/MBTU

lIixture 0.10 L8S/MBTU

D-07OO-2 Union Texu Patrol_ CE (1) 150,000 PPH Natural Gas 0.08 L8S/MBTU DAF-39
27'VP14 Off Gas 0.12 L8/MBTU

IlIXtur. 0.10 L8S/M8TU
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~O~ NO. INSTA~LATlON ~:s-

GUARANTEED NO. OF COEN
(NO. CF UNITS) AND/OR AeTUA~ SURNERS/ METHOD OF

1QL!!Q,. INSTA~TlON TYPE OF SOILE~ :APACITY fUE~ -v,, NO. ~EVEkS eol~ER NOX REDUCTION

0-069S-1 Soeing - Plant II es (2) B~,ooo PPM Natura. ':15 0.10 LS/MIlSTU OAF-30
SeattLe, IIA OL094E Me. 6 ':" .. 0.30 Lll/llHlllll

(0.15% fBN)

D-068S-1 ICe l ICen ll&~ (1 ) 7;,000 PPM Na~url ~ .:as 0.05 I.BS/MMBTU OAf-26
Vernon, CA f1l101-88 Propa~<e ~!S 0.07 LBS/IIMBTU ~/fGR

0-Q6ll7-1 Viekab~rg Che.,eal f~ (0) ~;~,Ooo PPM Nature .. ~!S 0.20 I.BS/IIMBTU OAf-42
Vi eksburg, H5 AG5150S

0-0681-1 Indeek Power Nebraska (1) 7: ,000 PPM Nature ~ ':;as 0.10 LSS/I1MBTU OAf-28
NOS-Z-67 NO. -. 0.20 LllS/I1MBTU

(0.017. fBN)

0-<>679-1 White..an AfB N8e (1) ~O,Ooo PPM No. . 0.1Z ~BS/MMBTU OAF-Z6
Knob Noster, Me NS-E-58 (0.017. FBN)

Nat.url .. ::as 0.14 LllS I1IlBTIl

0-<>674-1 !ndeek Power NebraSka :~) ;;,000 PPM Nature .. ~!S o 10 LSS/MMSTU OAf-28
0-<>673-1 NOS-Z-67 No.2:" .. O.ZO LBS/HIlSTU
0-<>672-1 (0.017. fBN)
0-<>671-1

0-0668-1 Un10n Texas Petroleum Zurn (,) ,,:0,000 PPH Naturl. ~!S 0.10 LB/IlIlBTU OAF-45
Geis..r, LA Keystone 011 Gu 0.10 LB/IIHBTU

D-0661-1 I/i lla..ette Industrles eE (1 ) <23,500 PPM Nature .. ~!S O. ZO LB/IIHBTIl OAf-34
Bennett.ville, se 1Zf33A/B

..658-1 Salinas Supply Corp. NBC (1) 6:,000 PPM H"ture ~ ':as 0.065 LB/HMBTU OAf-Z8
Sal inas, CA NS-E-68-SM

0-<>657-1 folgera Coffee Co. CE m 75,000 PPM Natura ~ ~!S 0.10 LSS/MMBTU OAf-Z8
Sher..n, TX Z5-A-'Z

0-<>639-1 lIabash CE m ~:OfOOO PPH Natura ~ ~!S O. 19 ~SS/1l118TU OAF-42
0-<>638-1 35A14 No. 2 ::- .. 0.20 LBS/HIlBTIl

(0.0,% feN)
No. ~ C'. 0.40 LBS/IIHBTIl

(0.257. FSN)

0-<>637-1 Indeek Power Nebreska (3) 75,000 PPM Natura .. ':2:5 0.10 LBS/IIIlBTlJ OAF-Ze
0-<>636-1 NOS-Z-5Z(S) NO. " C'. 0.20 LBS/HIlBTIl
0-<>635-1 (0.01% FeN)

0-0634-1 Darling Delaware Nebraska ,,, BO,Ooo PPM Natura. ':!S 40 PPH OAF-30
Vernon, calif. N2S-t,-69

0-<>631-1 Shell Sarn,a CE (1) 150,000 PPM Nature .. ':es 0.20 I.BS/HHBTU DAF-4Z
Ontario, Canada 35A14 No. " o~ .. 0.20 I.BS/IIMBTU

(0.01% FBN)
No. 6 Co: .. 0.40 I.BS/HI'IBTlJ

(0.25% FBN)

0-<>630-1 Indeek Power Nebraska (1) 75,000 PPM Natura:. ':11 0.10 LBS/MSTU DAF-2B
NOS-2-52(S) No. 2 C'. 0.20 I.BS/HHeTU

(O.-o1X FaN)

D-06Z7-1 Chevron CE (1) 230,000 PPH Nature. ~!S 0.099 I.B/IIKBTU Z DAF-!6
St. Ja..s, LA 12F35A16/4Z" Process ::es II/FGR

D-0626-1 Honsallto Envi r. Chea e&~ (1) 120,000 PPM Natura. ~u 0.05 LBS/HKBTlJ DAF-39
8radenton, FL FK117-8B No. 2 C'. 0.10 LBS/"MeTU

<.05% FBN)
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LOll NO. INSTALLATION L:S-

GUARANTEED NO. OF COEN
(NO. OF UNITS) I.ND/OR ACTUAL BURNERSI METHOD OF

JOB NO. INSTALLATION TYPE OF BOILER CAPACITY FUEL no; NO. LEVELS BOILER NOX REDUCTION

1Hl620-1 E. I. Dupont B&W (1) 180,000 PPH NaturaL ';;15. 0.086 LB/HHBTU DAF-4Z
D~l isl~, HS FM 120-97 No. 2 0'. 0.20 LB/HHBTU

(.005% FBN)

)-()615-1 Arizona Chelli ca l Co. CE (1) 125,000 PPH Natural ~!! DAF-36
?ana.. City, fL 3SA14 P1ten Te":!'"'es

:Hl603-1 Dow Chelli cal NBC (2) 60,000 PPH Hatura, .:!! 0.07 LB/HHBTU DAF-Z4
Hid land, HI NS-E-Sa

D-0599-1 P~ru Hunicipal Utll. Zurn (1) 105,000 PPH Hatural ~H 0.10 LB/HHBTU DAF-Z6
P~ru, IL F1 ELD ERECTED No. ~ C'. 0.20 LS/MMBTU

'-0595-1 Royal Tallow NBC (1) 50,000 PPH N.atural ~!S 40 PPII DAF-Z6
San FranClsco, CA NS-E-52 No. ;, C'. u/FGR

'-0591-1 Ash land P~trol~u.. V~rt1eal (1) 1Z0 HIIBTU HZ Westo VarlOI.:$ DAF-3Z
St. PauL, HN H~.t~r L'ght/k....

Oll

J-0589-1 Ci ty of Huntsv, ll~ NBC (Z) 100,000 PPH Natural ~!! 0.10 LB/HHBTU DAF-36
Huntsv, ll~, AL NSF-~4SH No. 2 0'. 0.10 LB/MHBTU u/FGR

(0.01% FBN)

0-05S9-2 City of HuntsvHl~ NBC (Z) 100,000 PPH Natura ~ ..:~ i 0.10 LB/IlIlBTU DAF-36
HuntsvH l~, AL NS-F-B4SH Lana1, l ~ ~!1 0.10 LB/MHBTU u/FGR

No.2 0'. 0.10 LB/IIIIBTU
(0.01% FBN)

.-05S8-1 Hopew~ll Cog~n~ration B&W (2) 180,000 PPH Natural ':15 0.10 LB/MMBTU DAF-42
~-05B8-2 Hopew~ll, VA Sp~c,al FM No. 2 ~,. 0.10 LB/HHBflJ W/FGR

(0.02% FB~)

'-05S5-1 New England Subu"n~ law (1) 84,150 PPH Ho. 0' . 0.20 LB/MHBTU Z DAF-22
B..~ VSG 36.5 (0.3% FBN) u/Front lIall
Groton, CT NO. Ports

0-05S1-1 S.D. lIarr~ B&1I (1) 60,000 PPH No.2 0'. 0.148 LB/IlHBTU DAF-Z4
Hinkl~y, HE FM 10-79 <'04% FaN)

0-0577-1 Consol idated Pap~r CE (1) 140,000 PPH Natura, ~!! 0.10 LB/MIIBTU DAF-36
Stevens Pei"t, WI 33A13/48"

0-0573-1 McCl~llan AFB NBC (3) 25,000 PPH Natural ':!J 40 PPM DAF-1a
sacras~te, CA NS-B-44 No. 2 0·. 115 PPII II/FGR

No. S 0'. (0.10% FBN)

~-0571-1 Harter Pack,ng NBC (1) 80,000 PPH Naturll ~!1 40 PPH DAF-30
Yuba City, CA NSE 68 No. 6 0'. U/FGR

O-OS69-1 McDonnell Douglas NBC (1) 150,000 PPH Naturll ~15. 0.20 LB/MHBTU DAF-"2
ontario, canada NZS-7-S9 He. 2 0'. 0.20 LB/HHBTU

(0.01% FBN)

O-OS66-1 QuantUil Ethylen~ CE (2) 160,000 PPH Natural :;11 0.10 LB/HHBTU OAF-loS
O..rpark, TX 34VP14/48"

0-0564-' U.S. ArTY K"l~r (2) 200,000 PPH He. 60'. 0.30 LB/HHBTU 4 DAZ-Z5 WI
0-0564-2 Military Aced...,. (0.35% FBN) Flocr NO.

lIest point, NY Perts

·62-1 Occidental Chesical Zurn (1) 245 MBTU HIItu"a" ~I! 0.10 LB/HHBTU OAF-loS
Lake Charl~s, LA Tail gas 0.10 LB/MBTU u/FGR
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~O\l NOx INSTA~I.ATlON ~IS-

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND lOR ACTUA~ BURNERSI I1ETlIOD OF

)OB NO. INSTALl.ATION TYPE OF BOI~ER CAPACITY fUE~ -.y.; NO. bEVE~S Will... NOX REDUCTION

'-0560-1 Stauffer ellHcial Zurn (1) 40 PPH Natura", ':!S 70 PPI1 DAf-24
Dominguez, CA

:-0557-1 RallU foods NBC 0) 150,000 PPH "atural ~!S 40 PPI1 DAf-36
Stoclctcn, CA N2S-7-B9-ECON II/fGR

H)550-1 eaMers Ste.. Cc.pany Union Iron (1 ) 100 K PPH Natural ~.IS 40 PP" 4. DAF-20
Ter.,nal Is land, CA 1I0rks No. e C'. III fGR

'-0530-1 Standard Renderlng NBC 0) 50,000 PPH Natural, ':!S 0.12 ~I/II1BTU DAf-25
Houston, TX N5-D-54 NO. 2 ~~_ O. 16 ~B/I!I1BTU

(0.01% fSN)

:-0521-1 General Electrl e NBC (1) 200,000 PPH Natural. ~!S O. ZO ~/I!I1BTU DAF-4Z
I'!t. Ve"""", IN N25-5-114

'-0513-1 L.A. County LandfH l Zurn 0) 110 I!IIBTU ~ancl1, ~, ;; .. Z4 PP/I DAf-36
SPADRA pr'OJeet Keystone II/fGR

;-047B-1 Simpson Papaer Zurn (Z) 150,000 PPH Nature ~ ~!S 0. 10 ~/"IIBTU DAF-36
:-0478-2 Pa..oena, TX 23/1

'-0475-1 Jalles Rwer Paper NBC (1) 120,000 PPH Natura", :i!1 33.3 PPII DAf-36
lIiLfol"C, NJ N2S-7-975H NO. " :'. 31.9 PPI'!

(0.04% f8N)

;-0437-1 Areo lIick.. (2) 100,000 PPH Natural ~!.s 0.20 ~//l/lBTU DAf-36
Crane, j)( 9O-3K-8

..423-1 Luz-SEG5 II CE/lliuubish, (1) 190 IIIIBTU Natural ~es BO PPII 2 DAF-39
Oaggett, CA P~r Burntr lIaste 0'.

(0. O~·; r:'f)

'-0397-1 San JoaOll1n IIi lk Prod. NBC (2) 50,000 PPH Natura, ;;os 70 PPII DAF-24
'Turlock, CA NSC-61 ECON Ho. c C',. B4 PPI'!

No. ~ 0,. (0.045% FBN)

:-()3B9-1 /lobiL Oil Corp. Struthers (1) 62.5 IIHBTU Naturel ~!S DAF-24
/lcKittrict, CA TherlllOflood Htr. II/fGR

'-0384-1 Indiana Unwersity UIII (1) 75,000 PPH Nat:ura. :i,1! 0.10 LB/IIIIBTU DAF-28
alooa,ngton, IN Field Erected No.2:' . 0.10 LB/Il1'lBTU

(.05% FBN)

)-9376-1 eolUllbia university 8&11 (3) 88,000 PPH Natura l ':!J 0.10 LB/IIIIBTU DAF-26
'-0375-1 New York, NY fll103-88 NO. " :'. 0.30 LB/HHBTU II/front lIall
)-0374-1 (0.3% FSN) NOx Ports

)-0367-2 In lanG Stee l £RIINBC (1) 124.3 /lllBTU H,turll :iIS 0.05 LB/IlI!BTU DAF-32
Hew carlisle, IN lIaste Heat Blr.

:-0367-1 Inland Steel NBC (1) 5B,4OO PPH .N.tur.~ J!! 40 PPII DAf-2B
New carlisle, IN N5E-57

:-0358-2 H.rri aon Radiator e.E. "A" Type (1) 200,000 PPH Nature, ... 0.20 LB/IIIlBTU DAf-39
Omon, Ott 3!-71CT-10 No. ~ C·. 0.30 LB/IlIfBTU

CO.05% "IIN>
~-o35B-1 HIlrr;aon Radiator e.E. "A" Type (2) 120,000 PPH Hatura, 'u 0.20 LB//lIIBTU DAF-36

Omon, Ott 96-4KT-5 No. , ~. 0.30 LB//lHSTU
(0.05:: fBN)

'46-1 Gener.l Electrlc Nebr.ska (1) 200,000 PPH N.tur.~ ~!S 0.20 LB/II/lBTU DAf-42
BurkvH le, AL _ N2S-109
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LO~ NOx INSTALLATION LIS"

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND/OR ACTUAL 8URNERSI "ETHOO OF

JOB NO. INSTALLATION TYPE OF BOILER CAPACITY FUEL T~o: NOx LEVELS §2!ill.. NOX REDUCTION

0-0345-1 General Eleetr; e Nebras'a (~) B5,500 PPH Natura" ~IS 0.20 LB/""BTU OAF-30
Bur'ville, AL NS-E-68 No.2 0'. 0.20 LB/""BTU

(0.01% FBN)

0-0342-1 lIeat;ngnouse eleetr, e Zurn (n 300,000 PPH Natural ~as 40 "11 2 OAF-39
Surmyvale, CA Field Erected ~/FGR

Bo; ler

0-0332-1 E & J Gallo ~,nery Nebra"a (1 ) 115,000 PPH Natural ::as 0.10 LB/II"BTU OAF-30
lIodeno, CA NSF-84 No. 60,. 0.20 LB/""BTU ~/Front ~all

(0.2% FBN) NOx Ports

0-0324-4 Sun 0; l COlllllllny Zurn (1 ) 115,000 PPH Refinery ::as OAF-34
Yabucca, Puerto Rleo 2011 P,tch 0.43 LB/"118TU ~/Front ~al,

(1.08X F8N) NOx poru

0-0324-3 Sun 0; l CelOllany 8&~ (1) 150,000 PPH Refinerv ~!S OAF-36
Yabuc:oa, '"erte Rlce FI1 117-97 Plteh 0.43 LB/1I1I8TU ~/Front lIaU

(1.08% F8N) NOx Poru

~-0324-2 Sun Oil COlllllllny 8&~ (1) 100,000 PPH Refine!""" ~!S OAf-30
Yabuc08, Pl.:ertc Rice FI1 106-79 PHeh 0.43 L8/"118TU ~/Front ~all

(1.08% F8N) NOx ports

0-0324-1 Sun 0; l COlllllllny Nebr...a (1) 100,000 PPH Reflnery ':!S OAF-30
Ya!luc:oa, Puerto RlCO NSf-82 P,teh 0.43 LB/""8TU ~/Front ~all

l1.08% F8N) NOx ports

!94-1 SOHIO 0; l COIIP8ny 8&~ (1) 450,000 PPH R-e1"'lery ~.s 0.10 LB/""8TU 6 OAF-30
Toledo, OH co Bo; ler 18O'F ... ,. Rei,nery :;..1 0.157 LB/""8TU

No. 60'. (0.35% F8N)

0-0286-2 lIobit Oil Co. ECI~ (1) 200,000 PPH Natural, 0.095 LB/M8TU 4 OAf-28
Torrance, CA S65'f Au Rei,nery :;..

0-0286-1 110bil Oil Co. 8&~ (1) 220,000 PPH Natura II 0.12 LB/"118TU OAf-26
Torrance, CAo PFI-3161 460'F A;r R-eflnery ":2.1

0-0284-1 Hol...n Bo, ler ~or's 2urn (1) 100,000 PPH Natural ~!S 0.20 L/""8TU OAF-32
Oall.., TX 1911 No.2 0'. 0.20 L8/"I1BTU ~/Front ~all

(Rental) Ho. 60,. 0.30 LB/""BTU NOx Ports
lO.2% FBN)

1>-0283-1 Hol.." Boiler ~or" UI~ (1) 100,000 PPH Natural ':e:s 0.20 LB/"I1BTU OAF-36
(Rental) "A" No.2 0'. 0.20 LB/"I1BTU II/Front lIall

Ho. 60',. 0.30 LB/""BTU /lOx 'oru
lO.2% fBN)

0-0282-1 Hol..., Bo; ler IIor" Nebra"a (1) 150,000 'PH Natural ~!S 0.20 LB/MBTU OAf-39
(Rental) N2S-7-113SH No. 2 0'. 0.20 LB/II"BTU II/Front lIall

No. 60'. 0.30 LB/IIIIIlTU HOx 'oru
(0.2% fBN)

0-0281-1 Hol..., Bo; ler 1I0r" Hebra.ka (2) 150,000 "H Natural ;;.. 0.20 LB/III1BTU DAf-39
0-0280-1 (Rental) N2S-7-95 No. 20:. 0.20 LB/II"BTU II/front lIall

NO.60'. 0.30 LB/MBTU HOx ,oru
(0.2% fBN)

0-0274-1 Ponderay lIWspr;nt Nebr"'a (1) 180,000 'PH Propane 0.20 LBS/M8TU DAf-36
Uak, IIA 1125-7-112
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~'~CH 26, ,993 COEN COMPANY INCORPORA7E: Page '9
LO~ NO. INSTALLATION L:S-

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND lOR ACTUAL BURNERSI METHOD OF

~ INSTAbLATION TYPE 0' SOlLER :APACITY FUEL "'V=': NOx LEVEhS BOlLE, NOX R:~UCTION

'-0268-, Qua lay ASiured B&~ (1) ;0,000 PPH Natura L ':=S$ 40 PPM DAF-20
Packing FM ,0-521. NO.2::" 70 PPM
StOCkton, CA (0.0" FBN)

0-0267-2 Hoffman La Roche B&~ (,) 142,000 PPH Natural ~as 0.68 LB/"MBTU DAF-36
Selv'dere, NJ FM ,,7-976 6CO', Alr Oll 0.90 LB/"NBTU

(0.3% FBN)

'-0267-1 Hoffman La Roche CE e,) 70,000 PPH Natura l Gas 0.28 LB/IIMBTU DAF-,8
Belvidere, NJ A Type 350'F Alr No. 6 01~ 0.52 LB/IINBTU

(0.3% FBN»)

~-0243-2 Ne-WSDr' nt South 8&u FN-117-88 (1' '35,000 PPH Natura L ~.:s 0.20 LBIMMBTU DAF-36
Grenloa, MS

:-0243-, Newsor,nt South Kee\.e" " . ,CO,OOO PPH Natura ~ ~.:s 0.20 LBS IMNBTU DAF-36
Grenada, HS MMerU Steam at ,35,000 PPH

Generator

'-0226-1 Takeaa Chenneal CQ. Nebra$K,a ,-. '3,5eO PPH NO.6 C' . 85 Tons/Year OAF-,S. ,
w1 im,ngton, NC NS-S-,5 oased upon

average load of
85 MNBTU/HR,
~th bo' lers
operat1ng
cont1nuously

,. "225-1 Takeda Che",eal Co. Nebrl'lll (1 ) 90,000 PPM NO.6 C', 85 Tons/Year DAF-25
~'lmington, NC NS-F-67 based upon u/Fro"t uall

average loao of NO. ports
85 M"8TU/HR,
beth be; lers
operat1ng
cont1nuOU$ Ly

0-0207-1 Holman Bo, lar ~orks IlJrT'l (1) 150,000 PPH Natura l ':':5 0.20 L8/MBTU DAF-42
Dallas, TX 23-N #21#6 C'. 0.40 LBIMMBTU

(0.25. FBN)

0-0161-1 Georg,a PacHie C.E. (1) ,50,000 PPH Natural Ge5 0.,0 LBs/NNBTU DAF-39
Port Hudson, LA 351.,4 U/FGR

0-0123-, Amer. 1 Co-Gen ProJact Nebr.sKa (2) ,36.5 M"BTU Natura l ~!S 40 PPN OAF-34
K,ng City, CA NSF-57 '32.2 NNB1U No.2 OJ .. 69 PPN u/FGR

:-012,-, CnobeII Soup Company NebraSKa (1} '50,000 PPH NI~urIL ~u; 0.20 LB/"IIBTU OAF-34
P!axton, NC No. 2 0'- 0.20 LB/"IIBTU u/S,oe \lall

No. c C:. 0.40 LB/"MBTU NOx PC","

~-Q064-1 Raynolds "etals F~ (1 ) 360,000 PPH T.E.G. 0.06 LBS/IlNBTU 6 OAF-3'
Gregory, TX (50 PPM)

~-0036-1 Union Oil CCltopany Zurn (1) 150,000 PPH Ref1nery ~IS 0.10 LBS/IlNBTU FGR
\/i llli"!lton, CA

'-9995-1 Oetroi~ Ed,~ B&~ (1 ) "50,000 PPH NaturaL ~!S 0.10 LBs/""BTU OAF-4"
Detroit, "I F" 120-97L

'-9961-2 Panux Power Plant B&u (2) 25,000 PPH Gas ano 0.12 LBS/Il"BTU OAF-'8
AmarillO, TX fN 9-39 No. 2 C'.

:-1l961 -1 "."ux Power Plant B&~ :2l :0,000 PPM Gas ano 0.12 LBS/Il"BTU OAF-24
Amar1 l Lo, TX FN 10-66 NO. 2 0'.
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HARCH 26, 1993 COEN COHPANY INCORPORATE~ Page 20
1.0~ NOx INSTAl.loATION l.l ST

GUARANTEED NO. OF COEN
(NO. OF UNITS) AND lOR ACTUAl. BURNERSI HETHOO OF

JOB NO. INSTAl.loATION TYPE OF SOlLER CAPACITY FUEl. TVP: NOx LEVELS BOII.ER NOX REDUCTION

0-9958-1 New York Holp,tal 8&~ (1) 125,000 PPH NO. 60,. 0.40 LBS/HHBTU OAf-30
New York, NY FH 117-97S (0.5X FBN) II/S,de lIall

NOx Poru

0-9915-1 Ca.rillo Holpital 8&1/ (2) 25,000 PPH Natural :ias 40 PPH OAF-18
0-9915-2 CaUrl llo, CA FHlo-52 No. < 01. 115 PPH

(O.06X FBN)

0-9912-1 Chfno Cogeneratfon 8&~ (2) 25,COO PPH Nature L ~as 40 PPH OAf-18
0-9912-2 Chfno, CA FH1o-52 No. 2 01l 115 PPH

eO.06X FSH)

0-9911-1 V.A. Hospftal C. E. (2) 19,500 PPH Natura L .::as 0.10 I.SS/HHBTU FGR
Kanlas Cfty, 110 6 (VU10116A Ne. , 0'\ .. 0.30 LBS/HHSTU

0-9879-1 Union 0' l Company C. E. (1) '200, CCO PPH Ref,nerv Gas 0.12 I.SS'HHBTU FGR
Of CaUforn,a 35A15 No. e 0' ~ 0.35 I.BS/HHSTU
I/f lll'ngt~n, CA CO.25X FBN)

0-9851-1 V.A. lI~fcal Center T1tusv, lle 0) 24,000 PPH Natyra l :::" 0.10 I.BS/HHBTU FGR
Cincinnatl, OM 3 Oru~ NO. , O~ ~ 0.3 LBS'HMBTU

0-9834-1 Hfnnelota Power and Zurn el) 120 HHBTU Gas 0.20 LBS/HHBTU 4 OAF-34
Lf ght COlllpany Fald Ereet~

Duluth, HN

0-9821-1 Chevron U.S.A. C.E. el) 381.2 tltIBTU Natura L Gas 0.10 LBS/HHBTU 2 FGR
El Segundo, CA 12F40A16 RefH,ery Gn

,798-1 Tfnker Afr Force Bue Hebraska (1) 114,000 PPH Gas ,nc 0.10 LBS/HHBTU FGR
Oltlaho.... Cfty, OK H2T-7-93 No.2 01,

0-9792-1 Coyote Canyon Zurn el) 255. S6 IIt1BTU Land1, l L :':!S 48 PPM (Vel. 2 FGR
I.FG Project Dry Ref. 3X 02)
Or.nge County, CA

0-9728-1 Shell lIestern Iurn e1 ) 150,000 PPH Natural Gn 0.10 LBS/l\l\BTU FGR
Sher.don, TX 23H Keystene

0-9716-1 Newport Nava l Nebraska (1) 90,000 PPH Gas anc 0.10 LBS/tlHBTU FGR
Newport, RI NS-F-87-SHeS) Ne. 5 0" 0.30 LBS/HHBTU

(0.23% FBN)

0-9706-1 Gf lrey Feeds Nebraska (2) 86,890 PPH Natura l Gas 40 PPH (Vel. FGR
Gflrey, CA NSE-68 Ne. 2 01' Dry Ref. 3X 02)

0-9697-1 L.A. County 8&1/ (1) 44,000 PPH Gas 45 PPH (Vel. FGR
Senftatfon OlStr,ct FH-1O-57 eO'l Sa«.:. 'ry Ref. 3X 02)
Carson, CA

0-9645-3 u.e. Berkeley Un,on Iron werks 65 HHSTUI G•• anc C'. ilACT 2 OAF-26
Berkeley, CA (1) Per Bumer

0-9645-2 U.C. Berkeley Iurn (1) 43.3 H"BTUI Ga. and 0'. BACT 3 OAF-22
0-9645-1 Berkeley, CA Per Burner

0-9591-2 Shepard Ofl Nebralk. So, ler (1 ) 150,000 PPH NO. 60'. 0.10 LBS/HIIBTU OAF-36
Jennfngl, loA N25789 No.2 Oil No Requ,.etIellu II/FGR

0-9570-1 CollllOtlllea l th Edf $on Nebraska Bo, ler (1) '10,000 PP~ Natural €u 79 PPH (Vel. FGR
Chicago, IL HS-F-8Z Dry Ref. 3% 02)

61-1 Bof Ie C••cade Babcock & ~; l cox (2) 165,000 PP~ Natural €u 83 PPH (Vol. FGR
Derfdder, loA FIl-120-97 Dry Ref. 3X 02)
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LOll NO. INSTALLATION LH7

GUARANTEED NO. OF COE~

(NO. OF UNITS; ANO'OR ACTUAL BURNERS' HETHOD OF
:!Q!..!!Q.. INSTALLATION ·v,~ OF BOILER :~PAC!T" FUEL ;VD:: 1<0. LEVELS BOILER NOX REDUCTION

D-9425-1 Los Angeles lanitat,on Z"rn Keystone (2) 264,000 PPH Land Fll.~ ilS 60 PPH (Vol. 2 FGR
District Type ·0' (330 "MS:'J) (420BTU/17 . Dry Reference 3% 02)--IJp To 220 HKBTU

~-9351-1 Occidental Petroleull :. E. (2) 180,000 rYH Natural ;:!$ 75 PPH (vol. 2 FGR
lake Charles, LA 33-A-16 1268 HHSTlll Dry (Ret. 3% 02)

0-9293-1 Integrated Prota,n ~ebr..k. (2) 30,000 "H Natural ~a$ 30 PPH (Vel. FGR
Corona, CA ~S-C-42 (36 HHB:'~) No. 2 c,~ Dry Raf. 3% 02)

'-9279-1 PaLmale A.F.B. :SlJ TJU (2) 23 HH8T'~ Natural Gu 65 PPH (Vol. FGR
Palawiale, CA (HTHW) (Input) No. 2 Oll Dry Ref. 3% 02)

'-9252-1 Fr1to Lay :;aocock & w, Lco. (1) 62,000 ". Natura l ~as 40 PPH (Vol. FGR
Sakersf,.Ld, CA '~-10-79 (78 HH87.; Future ;;2 ::- ~ 'ry Ref. 31. 02)

'-9203-1 !=~ ~ ~eaver BroOks (1) ;6,000 F'· Natura l (;.e:s 40 PPII (Vol. FGil
San Jose, CA 0-60 (45 HHBTL) No. Z 0'. Dry Re1. 31. 02)

'-9140-1 StanlSLlul FOOds -Jeoraslca (1 ) "00,000 ". Natura l ~!s 65 PPII (Vol. 1 FGR
Modesto, CA NS-G-101 (162 H"S" JJ N->. 6 0" Dry Re1. 31. 02'-Gu Only

~-9002-1 Union Oi l 'leoraska (1) 100,000 F'· Nature l Gas 0.12 LBS'"HBTU S,de lIaLL
Santi Harla, CA NSF-91 :127 IIHBTU) No.2 0,. 0.12 LBS'"HBTU NO. Ports

;-8943 Pfizer S.bcock & W, lco. (1 ) "95,000 ,'H NO. o 0'. 0.30 LBS'HHBTU S,oe Wall
Groton, CT '~-140-97 '250 M~E!n.J) NO. Ports

'-8879 Lectromelt '~eoraska (1 ) 30,000 PH NaturaL .u 0.12 LB/HIIBTU S,de lIaLL
Longv,aw, TX NS-C-49 (39 HHBTU) No. 2 Oli. 0.12 LBS/HIIBTU NO. ports

'-8811 City of Hope ~;eor..ka (1 ) 55,000 ~:Io! Natur.l Gas 0.09 LBS'HIlBTU Front lIall
Durante, CA ';S-E-75SH (70 HHSTU) No.2 C, t 0.09 LBS/HIlBTU NOx Ports

0-8795 Hurphy Oil ·4rbr-lske (1 ) 80,000 ~'" Ret, nery ~as 0.15 LBS/HMBTU S,d. walL
"".raux, LA :~S-E-84 ,,00 HHS",,) Nltural Gas 0.15 LBS/HMBTU NOx Por::s

0-8523 Hobi L 0; l C. E. VU-60 (1) 400,000 PO" Refiner,:, ":es 0.20 LBS/IIIIBTU 4 S,de walL
JoLiet, !~ ~Itertube (576 IIMBr,,) No.6 a,. 0.20 LBS'HMBTU NOx Ports

1>-8'39 Arco ::. c. Broach (2) 13.7 HHSTU Natura l Gas 0.08 LBS'MMBTU Front wall
North Slope, AI( C:: Lyeo l Heeter) NOx Ports

'-8365 W; lla"ette Industr,es 'jobrlSka (1) 68,200 po. Natural au 75 PPIl (Vol. Front WaLL
Porat Hueneme, CA ~S-E-955H (99 IIHBT'~) No.2 a,. Dry Ref. 3% 02) NOx ports

0-B327 Ind. Villey Energy Co. Saocock & II, lco. (1) 20,000 P~" Ref,nery ~!.S 70 PPH (Vol. Front lIaLl
Bakersf,.ld, CA F~-9-57B (26 IIHBTU) Natural G!S Dry Raf. 3% 02) Nex Ports

~-8233 Shell Oil ~; Ley Stokar (1) 250,000 PPH Ref,nery ::as 0.14 LBS/MIIBTU 4 Side lIalL
wcodriver, IL F,eLd Erected (384 IlIlBTU) No.6 0'. 0.23 LaS'IIMBTU ttOx ~ortS

• atertube Ref • =. ::~ 0.28 LBS'HHBTU

0-7829 Un;verlity of IIyCllling :s~ Cro•• OrUil (3) Natural 6as 0.20 LBS/IIIlBTU 2 Front uaLL
Lara.;e, WY water-tube (nIlHBTU) 0, l 0.30 LBS'"MBTU HOx portfl

:>-6348 Taxa. A Ind M Vcqt CL-VS-P (1) 300,000 PPH Refinery .as 0.20 LBS'M"BTU 4 Biased Fir;ng
College Stltion, TX ~atertube (425 ""BTU) No.2 0,. 0.30 LaS'MHBTU

0-4935 Phill ;PI Patroleu. vogt CL-VS-P (1) 300,000 PPH Refinerv liS 0.20 LaSfM"BTU 4 B'.'ed Firing
Kan.l. City, KS watertube (425 IIHBTU) Ref. p"-::" 0.30 LBS'M"BTU

:XPORT El.ctrici fa De France Eabcock & wi lcox (1) 528,000 P~H No.6 01. 12 FGR
Pari., France lo'itertube
(6eMevH l i •• Station)

TO!A~ '.~OUHT OF JOBS: 444
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FABER BURNER - LOW-NOx BURNER PROJECTS

40 ppm OR LESS - FIRING NATURAL GAS

Boiler
Ouantity capacity Boiler manufacturer

Tampella Power 1 17,500 pph TP -Package
Williamsport, PA
International Business Machines 1 36,000 pph TP -Package
San Jose, CA
Formosa Plastics Co. 2 35,000 pph TP -Package
Point Comfort, TX 3 55,000 pph
Miller Brewing Co. 4 50,000 pph TP-Package
lIwindale, CA
Veterans Administration Medical Center 1 12,500 pph TP-CP
Sheridan, WY

Veterans Administration Medical Center 1 45,000 pph B&W - Package
Los Angeles, CA

Veterans Administration Medical Center 1 20,000 pph B&W - Package
Des Moines, IA 2 15,000 pph
General Motors Proving Grounds 2 50,000 pph (1) B&W - Package
Milford, MI (1) TP - Package
Armstrong World Industrie~ 1 9,000 pph TP-CP
South Gate, CA
Nationwide Boiler Co. 2 75,000 pph Nebraska - Package
Fremont, CA
Canadian Forces Base 1 60,000 pph TP - Package
Halifax, Nova Scotia (No.6 oil)
Hershey Chocolate 3 40,000 pph TP - Package
Hershey, PA
Kimberly Clark 1 40,000 pph B&W - Package
Fullerton, CA
Farmer John 3 23,000 pph (1) CE - Marine
Vernon, CA 12,000 pph (2) B&W - Package
3M Corporation 2 30,000 pph Nebraska - Package
Camarillo, CA 22,000 pph Trane - Package
Georgia Pacific 1 30,000 pph TP -Package
Buena Park, CA

Medical Center Co. 1 100,000 pph Nebraska - Package
Cleveland,OH

Sunkist Growers 1 40,000 pph B&W - Package
Ontario, CA

Luzerne County 3 17,500 pph TP - Package
Wilkes-Barre, PA
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APPENDIX D. SCALED COST EFFECTIVENESS VALVES

The following tables present cost effectiveness figures for the cost cases analyzed in

Chapter 6 and listed in Table 6-4. These costs are based on the annual costs calculated in

Appendices E, F, and G for 46 different boiler, fuel, and NOx control combinations. To estimate

cost effectiveness for the boiler capacities listed in this appendix, which in most cases differ from

the actual capacities of the 42 boilers cases, the logarithmic relationship known as the "six-tenths"

power rule was used (Reference 5 of Chapter 6). Cost estimates for distillate- and residual

oil-firing were based on the annual costs of natural gas-fired boilers calculated in Appendix E, using

appropriate baseline NOx emission values and fuel prices.

This appendix contains the following tables.:

Cost Case Page

Natural-gas-fired:
Packaged watertube, 45 MMBtu/hr, with WI and 02 trim 0-3
Packaged firetube, 10.5 MMBtu/hr, with WI and 02 trim 0-3
Packaged watertube, 51, 75, and 265 MMBtu/hr, with LNB 0-4
Packaged watertube, 265 MMBtu/hr, with LNB and CEM 0-5
Packaged watertube, 17.7 and 41.3 MMBtu/hr, with LNB and FGR 0-5
Packaged watertube, 45, 55, and 265 MMBtu/hr, with LNB and FGR 0-6
Packaged watertube, 81.3, 91, and 265 MMBtu/hr, with LNB, FGR, and CEM 0-7
Packaged firetube, 2.9-33.5 MMBtu/hr, with FOR and 02 trim 0-8
Packaged watertube, 50-250 and 100 MMBtu/hr, with SCR 0-9
Field-erected wall-fired, 75 MMBtu/hr, with BOOS and 02 trim 0-10
Field-erected wall-fired, 75 MMBtu/hr, with BOOS, WI, and 0;. trim 0-10
Field-erected wall-fired, 590 and 1,300 MMBtu/hr, with LNB 0-11

.Distillate-oil-fired:
Packaged watertube, 51, 75, and 265 MMBtu/hr, with LNB 0-12
Packaged watertube, 265 MMBtu/hr, with LNB and CEM 0-13
Packaged watertube, 17.7 and 41.3 MMBtu/hr, with LNB and FGR 0-13
Packaged watertube, 45, 55, and 265 MMBtu/hr, with LNB and FGR 0-14
Packaged watertube, 81.3, 91, and 265 MMBtu/hr, with LNB, FGR, and CEM 0-15
Packaged watertube, 50-250 and 100 MMBtu/hr, with SCR 0-16
Packaged firetube, 2.9-335 MMBtu/hr, with FGR and 02 trim 0-17
Field-erected wall-fired, 590 and 1,300 MMBtu/hr, with LNB' 0-17
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Cost Case Page

Residual-ail-fired:
Packaged watertube, 51, 75, and 265 MMBtu/hr, with LNB 0-18
Packaged watertube, 265 MMBtu/hr, with LNB and CEM 0-19
Packaged watertube, 17.7 and 41.3 MMBtu/hr, with LNB and FGR 0-19
Packaged watertube, 45, 55, and 265 MMBtu/hr, with LNB and FGR 0-20
Packaged watertube, 81.3, 91, and 265 MMBtu/hr, with LNB, FGR, and CEM 0-21
Packaged watertube, 50-250 and 100 MMBtu/hr, with SCR 0-22
Packaged firetube, 2.9-33.5 MMBtu/hr, with FGR and 02 trim 0-23
Field-erected wall-fired, 590 and 1,300 MMBtu/hr, with LNB 0-23

Coal-fired:
Field-erected wall-fired, 766 MMBtu/hr, with LNB D-24
Circulating FBC, 460 MMBtu/hr, with urea-based SNCR D-24
Tangentially-fired, with SCR 0-25
Field-erected wall-fired, 800 MMBtu/hr, with ammonia-based SNCR D-25
Wall-fired, 400 MMBtu/hr, with SNCR D-26
Spreader stoker, 303 MMBtu/hr, with urea-based SNCR D-26

Wood-fired:
Stoker, 190, 225, and 300 MMBtu/hr, with urea-based SNCR D-27
Stoker, 395 and 500 MMBtu/hr, with urea-based SNCR 0-28
Bubbling FBC, 250 MMBtu/hr, with ammonia-based SNCR 0-28

Paper-fired:
Packaged watertube, 72 and 172 MMBtu/hr, with urea-based SNCR D-29

MSW-fired:
Stoker, 108, 121, and 325 MMBtu/hr, with urea-based SNCR D-30
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.•.~.....•.•..•.....•..•..~•.~.=•....•....s._....=••••••a==_••============
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••s ••••=.==
FUEL: natural gas IBOILER: packaged watertube(single burner)
_.----------------------------------------------------.-.------.--------NOx CONTROL: WATER INJECTION WITH OXYGEN TRIM
------------------------------------------------------------------------REFERENCE COST BASE: COLANNINO, 1993; 45 MMBtu/hr
------------------------------------------------------------------------

cR~At~¥y --.--.. --.----~~~~~!!~-~~~!~~--------------------------
MMBtuihr 0.8 0.66 0.5 0.33---------------- ------------- ------------- ------------- -------------10 $855 $963 $1,161 $1,581

25 $718 S797 $941 $1,247
50 $642 S705 $820 $1,064

100 $520 $565 $648 $823

150 $496 $536 $610 $765
250 $354 $380 $427 $529==.=••••••s.c•••s••===~.c=~=============.===~============================:

•••••••••••••••••====••••=================================c_==============
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

••==•••••••••••==========================================c==============
FUEL: natural gas 180ILER: packaged firetube
-----.---.-.--.------.------------.------------------------------~._----

NOx CONTROL: WATER INJECTION WITH OXYGEN TRIM
.-.---------------------------------------------------------------------REFERENCE COST BASE: COLANNINO, 1993; 10.5MMBtu/hr
------------------------------------------------------------------------BOILER CAPACITY FACTOR

~~~t~j~~ -----0:8----------0:66-----------0:5---------·6:33-----
---------------- ------------- ------------- ------------- -------~-----2.9 $3,620 $4,192 $5,238 S7,461

5.2 $3,130 $3,598 $4,454 $6,274
10.5 $2,674 $3,045 $3,724 $5,168
20.9 ~Z,)35 $2,635 $3,183 $4,348
33.5 $2,152 $2,413 $2,889 $3,903

===••c ••••=.===.======~.===============================~==================
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·········scALED-COST·EFFEcTivENEss:·iiTON·No~-REHOVE5·_.__ _ .
•...•...•••••••.••............•....••..........•••..•••••••...•...•.••s.
FUEL: natural gas IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB
------------------------------------------------------------------------REFERENCE COST BASE: Cal;forn;a ARB, 1987; 51 MHBtu/hr
---------------------------------------------------------.--------.---.-

~Gtt}i~ -----O:8------~~~~~~~~-~~~!~~----O:5----------0:33-----
---------------- -------.----- ------------- ------------- -----------.-

10 $816 $989 $1,306 $1,978

25 $594 $720 $950 $1,440

50 $473 $573 $756 $1,146

100 $338 $410 $541 $820

150 $300 $364 $480 $727

250 $195 $236 $312 $472
••=.KD•••==••••===.=================.*•••=.====•••a••••_._a===.====_._:_==

SCALED COST EFFECTIVENESS; S/TON NOx REMOVED
••===_••••:===============:====================-====_.======-===========
FUEL: natural gas IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB .
--------------------------------------------.---------------------------
REFERENCE COST BASE: California ARB, 1987; 75 MMBtu/hr
--------------------------------------------.---------------------------

BOILER CAPACITY FACTOR
CAPACITY .------------------------------------------------------HHBtu/hr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------
10 $2,126 $2,577 $3,402 $5,154

25 $1,538 $1,865 $2,461 $3,729

50 $1,217 $1,475 $1,947 $2,950

100 $865 $1,048 $1,384 $2,097

150 $763 $925 )1,221 $1,851

250 $493 $597 $788 $1,194
se:::==:::=====::===::=:::::::=::::===::==:=::==:_=:=:c=======e=======ce::

SCALED COST EFFECTIVENESS, $/TON NOx REMOVED
--====.====================================-============================
FUEL: natural gas \BOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB
--------------------------------------------.---------------------------REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
------------------------------------------------------------------------

ci~l~~~y --------------~~~~~!:~-~~~:~~--------------------------MMBtu/hr 0.8 0.66 0.5 0.33
---------------- ------------- ------------- ------------- -------------

10 S2,690 S3,261 $4,304 $6,522

25 $1,916 $2,322 $3,066 $4,645

50 $1,493 $1,809 $2,388 $3,618

100 $1,041 $1,262 $1,666 $2,525

150 S908 Sl,100 $1,452 S2,201

250 $576 $698 $921 $1,395
_._sa=_==_=====:==:=:====================:=============~==================
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·_·······SCALE5·cOST·EFFECTivENESS:·iiTON·NO~·REHOVE5·.....=-=•••••••_-===
•••••••••••••••••••••••••••••••••••••••••••••a •••••••••••••••••••••••_:=
FUEL: natural gas IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB w;th CEM system
------------------------------------------------------------------------
REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
------------------------------------------------------------------.-----

cIRl~~~y --------------~~~~~!~~-~~~~~~--------------------------MHBtuihr 0.8 0.66 0.5 0.33---------------- ------------- .------------ ------------- -------------10 $4,462 $5,408 $7,139 $10,816
25 $3,178 $3,852 $5,084 $7,703
50 $2,475 $3,000 $3,961 $6,001

100 $1,727 $2,094 $2,764 $4,187
150 $1,506 $1,825 $2,409 $3,650
250 $955 $1,157 $1,527 $2,314

•••••••••••••••••••••==.s======z.==••==.==.======.====._.================:
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED•••••••••••••••_•••••=•••=•••===========.=====••=~••••=••==c============

FUEL: natural gas IBOILER: packaged watertube
-----------------------------------------~------------------------~-----NOx CONTROL: LNB and FGR
------------------------------------------------------ ------------~-----REFERENCE COST BASE: CIBO, 1992; 17.7 MMBtu/hr
------------------------------------------------------------------------

~Gtfi}~~ -----O:8------~~~~~~~~-~~~!?~----O:5----------0:33-----
---------------- ------------- ---------~--- ------------- -------------10 $2,101 $2,625 $3,582 $5,617

25 $1,523 Sl,925 $2,658 S4,217
50 $1,208 $1,542 $2,153 $3,451

100 $861 S1,112 $1,573 $2,552
150 $761 $992 $1,413 $2,310
250 $492 $649 $934 $1,542

••••••••••••••=====•••••=.===.=========••••===.======.===-=-==============
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

••••••••••__••••••=•••••••===.=====.=====••=.======c===••===============
FUEL: natural gas IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB and FGR
------------------------------------------------------------------------REFERENCE COST BASE: Impell Corp., 1989; 41.3 MMBtu/hr
------------------------------------------------------------------------

~GtS}i~ -----O:8------:~~~~~~~-~~~~~~----O:5----------0:33-----
----_.---------- ------------- .------------ ------------- -------------

10 $4,624 $5,686 $7,627 $11,752
25 $3,302 $4,083 $5,511 $8,546
50 52,575 53,206 $4,354 $6,792

100 $1,805 $2,259 $3,090 $4,856
150 $1,576 $1,982 52,725 $4,302
250 $1,002 $1,269 $1,756 $2,791

••••••••••••••••=cz•••••••••=.=============••====•••••• =••=====.==~=======
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••&_======-==========
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••=.==•••:

FUEL: natural gas (BOILER: packaged watertube
------------------------.--------------------------------.--------------NOx CONTROL: LNB and FGR
-----.------------------------------------------------------------------REFERENCE COST BASE: California ARB, 1987; 45 MMBtu/hr
------------------------------------------------------------------------

cV~l~~~y --------------~~~~~!!!-~~~!~~--------------------------
HMBtu)hr 0.8 0.66 0.5 0.33

--------------.- ------------- -------.----- -------.----- -------------10 $2,895 $3,586 $4,852 $7,541
25 $2,041 S2,552 S3,486 $5,471
50 $1,574 $1,986 $2,739 $4,339

100 $1,085 $1,384 $1,931 $3,095
150 $937 $1,205 $1,696 $2,737
250 $587 $763 S1,086 S1,772

=••••••••••••_=.~==.=~••===.==••~•••••=.=•••a=.===========================
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED

FUEL7·~:i~;~i=gi~==·==========iBoiLER7=p~~k;g;d=;~t;~t~b;===============

-----.----.------- ..-------------------------------------.------------.-NOx CONTROL: LNB and FGR
.----.---------------------------------------------------------_ ..._----REFERENCE COST BASE:· California ARB, 1987; 55 MMBtu/hr
-------------------------------._---------------------------------------

c~~l~~~y --------------~~~~~!!!-~~~!~~--------------------------
MMBtu/hr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- --.---------- -------------10 $4,560 S5,605 $7,516 $11,577
25 S3,238 S4,003 $5,402 $8,374
50 S2,516 $3,127 $4,246 $6,622

100 $1,749 $2,190 $2,995 $4,706
150 $1,521 $1,913 $2,630 S4,153
250 I S961 $1,217 Sl,685 $2,680

•••==••-.==._=.====.============~==.======================~===============
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED••=•••_••••••••••===.=~===•••z••==•••••••••••===.====~==================

FUEL: natural gas IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB and FGR
-------------------------------------------------------------------.----REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
----------------------------------------------------------------------"--

~&~~}i~ -----O:8------~~~~~~~~-~~~!?~----O:s----------O:33-----
---------------- ------------- ------------- ------------- -------------10 S2,985 S3,696 $4,996 $7,759

25 $2,024 S2,531 $3,459 $5,431
50 $1,499 $1,895 $2,619 $4,157

100 S978 Sl,255 $1,761 $2,837
150 S812 Sl,054 $1,496 $2,435
250 $479 $632 S913 $1,510

s••c••••••~•••==••=m.==••========•••=========.============================
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••••••••••••••••••••••••••••••••c ••••••••••••••••••=••=•••================
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••=.~====.==••=

FUEL: natural gas IBOIlER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB and FGR with CEM system
------------------------------------------------------------------------REFERENCE COST BASE: Impell Corp., 1989; 81.3 MMBtu/hr
------------------------------------------------------------------------

c~~l~~~y -.--------.---~~~~~!!~-~~~!~~-----------.------------.-
~Btuihr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------10 $5,455 $6,692 $8,953 $13,758
25 $3,852 S4,748 S6,387 $9,870
50 $2,975 $3,685 $4,984 $7,743

100 $2,053 $2,559 $3,484 S5,451
150 S1,776 S2 r 223 $3,041 S4,779
250 S1,114 Sl,403 Sl,932 S3,056

~==•••••••=======.======K=================================================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

==__••_•••• zc_======_====_===========_=============_:============:===
FUEL: natural gas IBOILER: packaged watertube
------------------------------------------------------------------------
~~~-~~~!~~~:_----~~~-~~~-~~~-~!!~-~~~-~~~~~~---------------------~------
REFERENCE COST BASE: CIBO, 1992; 91 MMBtu/hr
------------------------------------------------------------------------

~GtfiJ~~ -----O:8------~~~~~~~i-~~~!~~----O:5----------0:33-----
---------------- ------------- ------------- ------------- -------------

10 Sll,804 S14,386 S19,107 $29,139
25 S8,515 S10,400 $13,845 $21,167
50 S6,717 S8,219 S10,967 S16,807

100 S4,759 S5,837 $7,810 $12,002
150 S4,191 S5,14~ $6,902 S10,625
250 S2,696 $3,320 I $4,461 S6,886

=_==•••==a_=••==========================s=================================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

.-•••••••••••••••••••=.====-=======-==.=--=••-=-========-=-=============
FUEL: natural gas IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB and FGR with CEM system
------------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
------------------------------------------------------------------------

~GtfiJi~ -----O:8------~~~~~~~~·~~~!~~----O:5----------0:33-----
-----.---------- ----------.-- ------------- ------------- -------------

10 $4,459 $5,483 $7,355 $11,334
25 S3,074 $3,804 $5,140 S7,977
50 $2,317 $2,886 $3,928 S6,140

100 $1,549 $1,947 $2,675 $4,221
150 Sl,310 $1,657 $2,292 $3,641
250 $794 Sl,015 $1,418 $2,275••••••••••••••••••••==•••••==sc••========.===.=======.zzzc================
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•.•..••••••••••z····=··•••..••.•.....•.•.••s••••••......===_==============
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED

••••••••••••••••••••••••••••••••••••••••••: ••••••••••••-.===-====_.=====
FUEL: natural gas \BOILER: packaged firetube
------------------------------------------------------------------------NOx CONTROL: FGR with oxygen trim
------------------------------------------------------------------------REFERENCE COST BASE: Hugh Dean, 1988; 2.9-33.5 MMBtu/hr
----------------------------------------------------------------.-------

cl~l~¥~y ----.-----.---~~~~~!!~-~~~!~~-----------.--------------MMBtu)hr 0.8 0.66 0.5 0.33----.----------- ------------- ------------- ------------- -------------2.9 $21,741 $26,572 $35,406 $54,179
5.2 $12,304 $15,159 $20,380 $31,475

10.5 $6,410 $7,974 $10,834 $16,912
20.9 $3,651 $4,518 $6,103 $9,471
33.5 $2,404 $2,998 $4,083 $6,390

=.===••••••=================s==============:==============================
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••caC=SE==.C.=.C=~=
SCALED COST EFFECTIVENESS, SITON NOx REMOVED

••••••••••••••••••••••••••••c ••s •••••••••••••••••••••••••••••••••••••===
FUEL: natural gas IBOILER: packaged watertube
-------------------------~---~------------------------------------------NOx CONTROL: SCR
--------------------------------------------------------.---------------REFERENCE COST BASE: Peerless, 1992; 50-250 MMBtu/hr------------------------------------------------------------------------

c~~l~f~y --------------~~~~~!!!-~~~!~~--------------------------MHBtu)hr 0.8 0.66 0.5 0.33---------------- ------------- ------------- -----.------- -------------10 $6,112 $7,396 $9,744 $14,734
25 $4,741 $5,734 $7,551 $11,410
50 $3,991 $4,825 $6,351 $9,592

100 $2,516 $3,040 $3,999 $6,037
150 $2,223 $2,686 S3,531 $5,329
200 $1,563 $1,888 $2,483 $3,746
250 SI,498 SI,810 $2,380 S3,590

••••••••••••••==_=•••=======.=============.==c============================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

c.==••=••====z.=~••===============================================c=====
FUEL: natural gas IBOILER: packaged watertube
------------------------------------------------------------------.-----NOx CONTROL: SCR
-----------.-------------------.--.-------------------------------------REFERENCE COST BASE: Damon, 1987; 100 MMBtu/hr
-----------------------------------------.------------.-----------------

BOILER CAPACITY FACTOR
CAPACITY -------------------------------------------------------MMBtu/hr 0.8 0.66 0.5 0.33--.------------. ------------- .---------.-- ------.------ -------------

10 $6,303 $7,640 S10,085 $15,280
25 $5,007 $6,070 $8,012 $12,139
SO $4,299 $5,210 $6,878 S10,421

100 S3,344 $4,053 $5,350 $8,105
150 $3,120 S3,782 $4,992 $7,563
250 $2,164 $2,623 $3,462 $5,245

••_ •••••c ••••••••••••••c ••===============••=~=.=====E========c=======c_===
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=•••=.=••z_.========================c••=======.=========._=:=========:====
SCALED COST EFFECTIVENESS. SITON NOx REMOVED•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••=••••=.

FUEL: natural gas IBOILER: field erected wall fired
------------------------------------------------------------------------NOx CONTROL: BOOS WITH OXYGEN TRIM
------------------------------------------------------------------------REFERENCE COST BASE: COLANNINO. 1993; 75 MMBtu/hr

----~~!tJ!i-----~~~~~~~~~~~~~~~~~~~!!~~~~~!~~~~~~~~~~~~~~~~~~~~~~~~~~~~
---------------- ------------- ------------- ------------- -------------100 $394 $435 $510 $670

250 $260 S284 S327 S418
400 S197 S214 $244 $308
500 $193 S209 $237 $297
750 S139 S150 $169 S210

•••=•••••••=================.====:========-===.===================.-======

••••••••••••=====:•••••=============••==========================-======_.-
SCALED COST EFFECTIVENES~. S/TON NOx REMOVED

=====••=••••===============a=======_===============================c==_=
FUEL: natural gas IBOILER: field erected wall fired
-------~------------------------~---------------------------------------NOx CONTROL: BOOS AND WATER INJECTION WITH OXYGEN TRIM
------------------------------------------------------------------------
REfERENCE COST BASE: COLANNINO. 1993; 75 MMBtu/hr
------------------------------------------------------------------------

ci~l~y~Y -----~--------~~~~~~:~-~~~:~~--------------------------MMBtu/hr 0.8 0.66 0.5 0.33---------------- ------------- ------------- ------------- -------------
100 $714 $753 $823 $972
250 $503 $525 $565 $650
400 $392 $408 $436 $495
500 $388 S403 $429 $485
750 S286 S296 S314 $352

=======-==============================-===================================
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.=••zz••••==.~=~c===cc.===z=========c••=•••==c••=•••==m====_======:=======
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

••=•••••••••••: •••••••=:===.=.====••••••••••••••••••••••••••••z•••====.=
FUEL: natural gas IBOILER: field erected wall fired
-------------------------------_.---------------------------------------
NOx CONTROL: LNB
------------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 590 HMBtu/hr
------------------------------------------------------------------------

~~&~~}i~ -----O:8------~~~~~~!~O~~~!~~----O:5----------0:33-----
---------------- ------------- ------------- ------------- -------------250 S2,498 S3,028 $3,996 $6,055

400 $1,707 $2,069 $2,730 $4,137
500 S1,586 $1,923 $2,538 $3,845
750 S1,393 $1,689 $2,229 $3,377

.=====•••==_====:=:==:===========:=_=:====_.===:=:====_=c.====:=====:==_==

===••==========================================s==========================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

=====••=~===========================================z===================
FUEL: natural gas IBOIlER: field erected wall fired
-------------------------------------------------------------.----------
NOx CONTROL: LNB
------.-----------------------------------------------------------------
REFERENCE COST BASE: CIBO, 1992; 1300 MMBtu/hr
_______________ • J _

BOILER CAPACITY FACTOR
~A&t~>~~ ----~O:8--------------0:66-------0:5----------0:33-----

---------------- ------------- ------------- ------------- -------------
250 $3,880 $4,703 $6,208 $9,406
400 S2,632 S3,190 $4,211 $6,381
500 S2,437 S2,954 $3,899 $5,908
750 $2,125 S2,575 $3,399 $5,151

==================================================================:=======
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·········SCALED·COST·EFFECTivENESS:·iiTON·NO~·REHOVED· =.====
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••_••••z========
FUEL: distillate oil IBOILER: packaged watertube
------------------------------------------------------------------.-----NOx CONTROL: LNB
------------------------------------------------------------------------
REFERENCE COST BASE: California ARB, 1987; 51 MMBtu/hr
------------------------------------------------------------------------

~Gtt}f~ -----0:8------~~~~~:~~-~~~!~~----0:5----------0:33-----
---------------- ------------- ------------- ------------- -------------10 $653 $791 $1,044 $1,582

25 $475 $576 $760 $1,152
50 $378 $458 $605 S917

100 $304 S369 S457 S738
150 $270 $327 $432 $655
250 S234 S283 S374 S567

=•••=~.==.==.===.==.========••===========================================:
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

c===••••••••============s=====.==================================:======
FUEL: distillate oil IBOILER: packaged watertube
------------------------------------------------------.-----------------
NOx CONTROL: LNB
------------------------------------------------------.-----------------
REFERENCE COST BASE:· California ARB, 1987; 75 MMBtu/hr
-----------------------------------------------------------------.------BOILER CAPACITY FACTOR

~A&~~7~~ -----0:8----------0:66-----------0:5----------0:33-----
---------------- ------------- ------------- ------------- -------------

10 SI,701 S2,062 S2,721 S4,123
25 SI,231 Sl,492 Sl,969 $2,983
50 S973 SI,180 Sl,557 $2,360

100 S778 S944 Sl,245 S1,887
150 S687 S833 $1,099 $1,666
250 S591 S717 S946 $1,433

=======.a.=======================================~==.= ====================

SCALED COST EFFECTIVENESS, S/TON NOx REMOVED
FUE[7·di;tiii;t;=~ii==·=··=·==iBoiLER7·p;~k;g;d=;;t;;t~b;===============
------------------------------------------------------------------------
NOx CONTROL: LNB
------------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
------------------------------------------------------------------------

~Gt~}f~ -----0:8------~~~~~~~~-~~~!~~----0:5----------0:33-----
.--------------- ------------- ------------- ------------- -------------

10 S2,152 $2,609 S3,443 $5,217
25 Sl,533 Sl,858 S2,452 $3,716
50 Sl,194 S1,447 S1,910 $2,895

100 $937 Sl,136 SI,500 $2,272
150 $817 $990 $1,307 $1,981
250 S691 S837 S1,105 $1,674

••••••••••••=====•••••=ac.=c==========.a=••==================:_===========
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••••••••••••••••s ••••••••••••••••••••••••••••••••e •••••••=••~=============
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••==.s••••=

FUEL: distillate oil IBOIlER: packaged watertube
-----------------------------------------------------------------------.NOx CONTROL: LNB with CEM system
-----------------------------------------------------------------------.REFERENCE COST BASE: ClBO, 1992; 265 MMBtu/hr------------------------------------------------------------------------

cVRl~~~y --.---.-----.-~~~~~!!~-~~~!~~ ._. .__ . . _
MMStuihr 0.8 0.66 0.5 0.33---------------- ---_.--._----- ------------- ------------- -------------10 $3,569 $4,326 $5,711 S8,653

25 $2,542 $3,081 $4,067 S6,163
50 $1,980 $2,400 $3,168 $4,801

100 $1,554 $1,884 $2,487 $3,768
ISO S1,355 $~,642 $2,168 $3,285
250 $1,146 $1,389 $1,833 $2,777=_===._.a.=••=.=.=••==E#===_===========~===============c===============:==

SCALED COST EFFECTIVENESS, S/TON NOx REMOVED.s =••••=•••==•••••==__======================_==:=:============
FUEL: distillate oil IBOILER: packaged watertube
------------------------------.-----------------------------------------
NOx CONTROL: LNB and FGR
----------------------------------------------.------- -----------~------
REFERENCE COST BASE: CIBO, 1992; 17.7 MMBtu/hr .
-.----------------------------------------------------------------------

cR~l~I~y --------------~~~~~!!~-~~~!~~--------------------------MMBtu/hr 0.8 0.66 0.5 0.33
---------------- ------------- ------------- ------------- -------------

10 Sl,481 $1,900 $2,666 $4,294
25 Sl,019 Sl,340 $1,927 $3,174
50 $766 $1,033 51,522 52,561

100 S574 $801 $1,216 $2,097
150 S48S $692 $1,072 $1,879
250 S391 $578 $921 $1,651

••••••••••••=••==••z.=•••==============.===============_==================
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED••••••••••••••••••==_••••_.====&.====~.=.&=====.==~==.=c================

FUEL: distillate oil . I._.--.----- .. _--------------.--.-----_.--------.------------------------
NOx CONTROL: lNB and FGR
------------------------------------------------------------------------REFERENCE COST BASE: Impell Corp, 1989; 41.3 MMBtu/hr
----------------------------------------------------------------.-------BOILER

~Gt~}~~ -----0:8---------·0:66-----------0:5----------0:33-----
.-.--.------.--- -----------.- .------------ ------.-----. -----.-------

10 $3,500 $4,349 S5,902 59,202
25 S2,442 $3,066 $4,209 $6,637
50 $1,863 $2,365 $3,283 $5,234

100 51,424 S1,833 $2,581 $4,170
150 $1,219 $1,584 $2,252 $3,672
250 $1,003 $1,323 S1,907 $3,149

_._=c••: •••s •••=============c=============================================
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•••••••••••••••••••••••s ••••••••••••••••••••••••=•••••••••====~.==~.==.===
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••=

FUEL: distillate oil !BOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB and FGR
------------------------------------------------------------------------
REFERENCE COST BASE: California ARB, 1987; 45 MMBtu/hr
------------------------------------------------------------------------

cV~l~~~y --------------~~~~~!!!-~~~!~~--------------------------
MMBtu/hr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------10 $2,116 S2,669 $3,681 $5,833
25 $1,433 $1,841 $2,589 $4,177
50 $1,059 $1,389 $1,991 $3,272

100 $776 $1,046 $1,538 $2,585
150 $643 $885 $1,326 $2,264
250 $504 $716 $1,103 $1,926

==a=~.~•••================================================================
SCALED COST EFFECTIVENESS, S/TON NOx RE~OVED

=••••••••••===================••=========c==••===============:==========
FUEL: dist;11ate 0;1 IBOILER: packaged watertube
------------------------------------------------------------------------
NOx CONTROL: LNB and FGR
------------------------------------------------------------------------
REFERENCE COST BASE: California ARB, 1987; 55 MMBtu/hr
------------------------------------------------------------------------

c~~l~~~y --------------~~~~~!!!-~~~!~~--------------------------
MMBtu/hr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------10 $3,448 $4,284 $5,813 $9,062
25 $2,391 $3,003 S4,122 $6,499
50 $1,813 $2,302 $3,197 $5,098

100 $1,374 $1,771 $2,496 $4,036
150 Sl,169 SI,522 S2,157 $3,538
250 $954 $1,261 $1,822 $3,016

•••=====••••====.=========================================================
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED

.====••••••==••=•••••==•••••••=•••====•••===============================
FUEL: distillate oil IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB and FGR
------------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
------------------------------------------------------------------------

MMcl~l~~~y --.-----.-----~~~~~!!!-~~~!~~----------.---------------
Btuihr 0.8 0.66 0.5 0.33---------------- ------------- ------------- ------------- -------------
10 $2,188 $2,757 $3,797 $6,007
25 $1,419 $1,825 $2,567 $4,144
50 $999 $1,316 $1,895 $3,126

100 $680 $930 $1,385 $2,353
150 $531 $749 $1;146 $1,991
250 $374 $559 $896 $1,612._•••••••••••c===a••••••••===c•••==z~=••CCg.=.=======.====================
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·········SCALEo·cosr·EFFEcrivENEss:·iirON·NO;·REMOVEO·..__ _--==-=--
FUEl7·di;iiiiii;·~ii-·_·······iBoiLER7-pi~k;g;d·;;i;;i~b;--=·······==··=
------------------------------------------------------------------------
NOx CONTROL: lNB and FGR with CEM system.---------------.---------.--._-----.--.---.--.--.--.-------------------
REFERENCE COST BASE: Impell Corp., 1989; 81.3 MMBtu/hr
-----------------------.---------.-------------------------------------.

Ci~At~~y --------------~~~~~!!~-~~~!~~--------------------------MMBtuihr 0.8 0.66 0.5 0.33.---------.----- ------.------ -----.------- -.--.-------- ------------.
10 $4,164 $5,154 $6,962 $10,806
25 $2,881 $3,598 $4,910 $7,696
50 $2,180 $2,748 $3,787 $5,995

100 $1,648 $2,103 $2,936 54,706
150 $1,399 SI,801 $2,537 54,101
250 $1,137 $1,484 $2,119 $3,467

••=•••••••••=z.=•••========.=========:===.============~===================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

_=ca••s.s••=••cs••=cc==&c===c========••========c==_===========:=====:===
FUEL: distillate oil IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: lNB and FGR with CEM system
------------------------------------------------------------------------
REFERENCE COST BASE: CIBO, 1992; 91 MMBtu/hr
--------------.-----------------------------------------------.---------

~G~t}~~ -----O:8------~~~~~~~~-~~~!~~----O:5----------0:33-----
---------------- ------------- ------------- ------------- -------------

10 $9,243 $11,309 $15,086 S23,111
25 $6,612 $8,120 S10,876 $16,734
50 55,173 $6,376 $8,574 S13,245

100 54,083 $5,054 56,829 S10,602
150 S3,572 $4,434 $6,011 $9,363
250 $3,036 $3,784 $5,153 $8,063

=s.=c••••cc••==.==••=========~====.==••==.============c===================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED•••••••••••••=__=••••=.===•••===.z=•••••••=.==.==••••=.========:==:=====

FUEL: distillate oil IBOILER: packaged watertube
------------------------------------------------------------------------HOx CONTROL: LNB and FGR with CEM system
----------------------------------------------------------.-------------
REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
---------------------_._------------------------------------------------

c~~A~~~y --------------~~~~~!!~-~~~!~~--------------------------MMBtu)hr 0.8 0.66 0.5 0.33
---------------- -.----------- ------------- ------------- -------------

10 $3,367 $4,187 $5,684 $8,867
25 $2,259 $2,844 $3,912 56,181
50 $1,653 "$2,109 $2,942 $4,712

100 $1,194 $1,552 $2,207 $3,599
150 $979 $1,291 $1,863 $3,077
250 $753 $1,018 $1,501 $2,530••••=•••••=.sz••====.=.=========CE========a=====.c========================
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cR~I~r~y
MMBtu/hr

----------------
10
25
50

100
150
250

••••••••••••••••••••••••••••===••==•••••••••••••••••••••••••c ••z ••=••=====
SCALED COST EFFECTIVENESS, SITON HOx REMOVED

•••••••••••••••••c •••••••••••••••••••••••••••••••••••••••••••••a=••••••=
FUEL: distillate oil IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: SCR
------------------------------------------------------------------.-----REFERENCE COST BASE: Peerless, 1992; 50-250 HMBtu/hr
------------------------------------------------------.-----------------

A!Gt~Jf~ -----O:8------~~~~~!!~O:~~!?~----O:5----------0:33-----
---------------- ------------- ------------- ------------- -------------10 $4,890 $S,917 $7,795 $11,787

25 $3,793 $4,588 $6,041 59,128
SO 53,193 53,860 55,081 57,674

100 $2,265 52,736 53,599 55,433
150 52,001 52,417 $3,178 54,796
200 51,876 52,266 $2,979 54,495
250 51,798 52,172 $2,855 $4,308

••••••••••••••••c ••••••=•••••_==••=====••••••••••••••=_.===_==============
=•••••••••••••••••=••=====================~==z===.~==z==._========c=======

.SCALED COST EFFECTIVENESS, 5/TON NOx REMOVED
••••••••••••=••••==========.===z======.=.==========.====================
FUEL: distillate oil IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: SCR
------------------------------------------------------------------------REFERENCE COST BASE: Damon, 1987; 100 MMBtu/hr
------------------------------------------------------------------------CAPACITY FACTOR

-------------------------------------------------------
0.8 0.66 0.5 0.33

------------- ------------- ------------- -------------
$5,043 $6,112 $8,068 512,224
$4,006 $4,856 $6,409 $9,711
53,439 54,168 $5,502 58,337
$3,009 53,647 54,815 $7,295
52,808 $3,403 $4,492 $6,807
52,596 $3,147 $4,154 $6,294
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•••••••••••••••••••••••••••~••c._•••••••••••••••••=•••••••a.==_=======~===
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

FUEL7·di;iiii;i;·~ii··········iBoiLER7·p;~k;g;d·fi~;i~b;···········=····
------------------------------------------------------------------------NOx CONTROL: FGR with oxygen trim
------------------------------------------------------------------------REFERENCE COST BASE: Hugh Dean, 1988; 2.9-33.5 MMBtu/hr
---------------------------------------------.-------------------------.

cl~l~~~v --------------~~~~~!!!-~~~!~~--------------------------
MMBtuihr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------2.9 $12,744 $15,643 $20,944 $32,207
5.2 S7,083 $8,796 $11,928 $18,585

10.5 $3,546 $4,485 $6,201 $9,847
20.9 $1,891 $2,411 $3,362 $5,383
33.5 SI,143 $1,499 $2,150 $3,534

••••••••••••••••••••••==.===.==--.=••••••==••••==-==•••••:========:=======
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED

zs•••••••••••c.======.=_==============.=====•••====•••==================
FUEL: distillate oil ·IBOILER: field erected wall fired
.-------------------------------------------------------------.---------
NOx CONTROL: LNB
.-----------------------------------------------------------------------
REFERENCE COST BASE: CIBO, 1992; 590 MMBtu/hr
.-------------------------------------------------------------.---------

CI~ltr~v --------------~~~~~!!~-~~~!~~--------------------------
MMBtu/hr 0.8 0.66 0.5 0.33.--------------- .------------ ------------- ------------- -------------

250 $2,997 $3,633 $4,796 $7,266
400 $2,560 $3,103 $4,096 $6,206
500 $2,379 $2,884 $3,807 $5,768
750 $2,090 $2,533 $3,343 $5,066

.:•••••••••••=========.=====••================.c==========================
••=••s==••••••===••====_.================••=============_=================

SCALED COST EFFECTIVENESS, $/TON NOx RfMOVED
======.=&.===z.=======a===============.===~====~~====================s=~

FUEL: distillate oil IBOILER: field erected wall fired
------------------------------------------------------------------------NOx CONTROL: LNB
------------------------------------------------------------------------
REFERENCE COST BASE: CIBO, 1992; 1300 MMBtu/hr
------------------------------------------------------------------------

BOILER CAPAC lTV FACTOR
CAPACITY -----------------------------.-------------------------MMBtu/hr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------250 $4,656 $5,644 $7,450 $11,287
400 $3,948 $4,785 $6,317 $9,571
500 $3,656 $4,431 $5,849 $8,862
750 $3,187 $3,863 $5,099 $7,726•••••••••••••••••••••••••••••••••••••••••••••••==••:••==••==============~=
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•••••••••••••••••••••••••••••••••••••••••••••••••K•••••==~==.=a===E.======
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED•••••••••••••••••••••••••••••••••••••••••••••••••••••••••====a====_=====

FUEL: residual oil IBOILER: packaged watertube
--------------------------------------------------------------._----- ...NOx CONTROL: LNB
------------------------------------------------------------------------REFERENCE COST BASE: California ARB, 1987; 51 MMBtu/hr
------------------------------------------------------------------------

ci~lb~'y ---.----------~~~~~!~~-~~~~~~--------------------------HMBtuihr 0.8 0.66 0.5 0.33
.--------------. ------------- ------------- ------------- -------------10 S344 S416 S550 $833

25 $250 $303 $400 S606
50 $199 $241 $318 $482

100 S160 S194 $256 S388
150 S142 $172 S227 5344
250 S123 S149 S197 $298

.........SCAlEO-CoSr.EFFECrivENESs7-iiTON.NO;.REMOVEO.cc__======_=========
•••••••••••••c •••••••••••c ••••••••••••••••••••••==••••s ••=•••===========
FUEL: residual oil IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB
-----------------------------------------------------------------~------REFERENCE COST BASE:. California ARB, 1987; 75 MMBtu/hr
------------------------------------------------------------------------

ci~l~~~y --------------~~~~~!~~-~~~~~~--------------------------
MMBtu/hr 0.8 0.66 0.5 0.33

.--------------- ------------- ------------- ------------. -------------10 5895 $1,085 $1,432 $2,170
25 S648 $785 $1,036 $1,570
50 $512 S621 $820 $1,242

100 $410 S497 $656 $993
150 $362 $438 $579 $877
250 $311 $377 $498 $754

•••••••••••••=•••••=.===••===.==.==•••••••====••====.==s==================
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED._•••••••••••=•••••~==.a••••=••••••••_._••==••••=.=c••_=================

FUEL: residual oil' IBOILER: packaged watertube
---------------------------------------------------------.--------------NOx CONTROL: LNB
.-----------------------------------_.-------------------.--------------REFERENCE COST BASE: ClBO, 1992; 265 MMBtu/hr
------------------------------------------------------------------------

~Gtfi}i~ -----O:8------~~~~~:~~-~~~~~~----O:5----------0:33-----
---------------- ------------- ------------- --.---------- -------------10 S1,133 $1,373 $1,812 S2,746

25 S807 S978 $1,291 51,956
50 S628 S762 Sl,005 $1,523

100 $493 $598 $789 $1,196
150 S430 'S521 $688 Sl,042
250 $364 $441 $582 $881
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~••••••••••••••••••••z •••=••••••••••••••••••••••••••••••••••==:====••=::==
SCALED COST EFFECTIVENESS, S/TON HOx REMOVED

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••==.==••••=_.
FUEL: residual oil IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB with CEM system
------------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
-------------------------------------------------------.----------------

~Gt~Jf~ -----O:8------~~~~~~~~-~~~!~~----O:5----------0:33-----
---------------- ------------- ------------- ------------- -------------10 $1,879 S2,277 $3,006 $4,554

25 SI,338 SI,622 $2,141 $3,244
50 $1,042 $1,263 $1,668 $2,527

100 $818 S992 $1,309 $1,983
150 $713 .$864 $1,141 $1,729
250 $603 $731 $965 SI,462

.=_==••••••••c:=•••=:_==.===:_=:=========••=:===_===_=.===:===========:==:
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

••==••••••s.c••••===============.==••===.=========.=====================
FUEL: residual oil IBOILER: packaged watertube
------------------------------------------------------------------------
NOx CONTROL: LNB and FGR
----.-------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 17.7 MMBtu/hr
------------------------------------------------------------------------BOILER CAPACITY FACTOR

AA&~~}~~ -----0:8----------0:66-----------0:5---------·0:33-----
---------------- ------------- ------------- ------------- -------------

10 S997 SI,217 $1,621 S2,477
l5 $754 $9l3 $1,l31 $1,888

50 $621 $761 $1,019 S1,565
100 $520 S639 S857 $1,321
150 S473 S582 S782 $1,206
250 $423 S522 S702 $1,086

KK•••••••c._a••=••=a~=a.================s==========a======================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

••••••••••••=••========.==.===.==8===S===••========.==_=================
FUEL: residual oil IBOILER: packaged watertube
------------------------------------------------------------------------NOx CONTROL: LNB and FGR
------------------------------------------------------------------------REFERENCE COST BASE: Impell Corp., 1989; 41.3 MMBtu/hr
------------------------------------------------------------------------

~~Gt~}i~ -----O:8------~~~~~~~~-~~~!~~----O:5----------0:33----­
-------io------- ------$2:059- ------$2:506- ------$3:324- ------$5~060-

25 $1,503 $1,831 S2,433 $3,710
50 $1,198 $1,462 $1,945 $2,972

100 $967 Sl,182 $1,576 $2,412
150 $859 SI,051 $1,403 $2,150
250 S745 $914 $1,221 $1,875

•••••••••••••••••••=.==c==c=====••====•••=•••==•••==.=e====_===_==========
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••=••=••==========~
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••====c==z==

FUEL: residual oil IBOILER: packaged watertube
------------------------------------------------------.-----.--------.--HOx CONTROL: lHB and FGR
.-----------------------------------------------------------.--------.--REFERENCE COST BASE: California ARB, 1987; 45 MMBtu/hr
------------------------------------------------------------------------

CIRl~~~y --------------~~~~~!~~-~~~~~~--------------------------MMBtu)hr 0.8 0.66 0.5 0.33
.--------------- ------------. --------.---- ------------- ----------.--10 SI,331 SI,622 S2,155 S3,287

25 S972 SI,187 $1,580 S2,416
50 S775 S948 $1,266 SI,939

100 S626 S768 SI,027 $1,578
150 $556 $683 S915 Sl,409
250 $483 $594 S798 SI,231

====·····SCArED·COsT·EFFEcTiVENEss:·siToN=No~=REMOvED=====================
.s.c••••••••••••••===a••==================.===========_.==-==========-==
FUEL: residual oil IBOILER: packaged watertube
.--------------------------------------------------------------------.--HOx CONTROL: LNB and FGR
.----------------------------------------------------------------~------REFERENCE COST BASE: California ARB, 1987; 55 MMBtu/hr
.-----------------------------------------------------.--------------.--

~G~~}i~ ·----O:8------~~~~~~~~-~~~~~~----O:5----------0:33-----
.--------.------ ------------- ------------- ------------- -------------10 $2,032 $2,472 $3,277 $4,987

25 ,$1,476 $1,798 S2,387 $3,638
50 $1,172 $1,429 $1,900 $2,901

100 $941 $1,150 SI,531 $2,342
150 S833 $1,O?9 SI,358 $2,080
250 $719 S881 Sl,177 $1,805_•••••••••_._••_••••••••=•••_.=ac_.===s.z•••=•••••~===~==.c.========~=====

SCALED COST EFFECTIVENESS, S/TON NOx REMOVED••••••••••••••••••••••••••••••••••••==••s••s.==========c_===============
FUEL: residual oil IBOILER: packaged watertube
------------------------------------------------------------------------HOx CONTROL: lNB and FGR
------------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
------------------------------------------------------------------------

cl~IE~~y --------------~~~~~!!!-~~~!~~--------------------------
MMBtu)hr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------10 $1,369 $1,668 $2,216 $3,379
25 $965 $1,178 $1,569' $2,399
50 $743 $910 $1,215 $1,863

100 $576 $707 $947 $1,456
150 $497 $612 $821 SI,266
250 $415 $512 $689 $1,066••••••••••••••••••==••••••••••••••••=••••••a•••••a.==.=====_============;=
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·········scAlEO·cosT·EFFEcTivENEss:·iiTON·No~·REMovED· ==.=.====
••••••••••••••••••••••••••z •••••••••••••••••••••••••••••••••==e_s••_=•••
FUEL: residual oil IBOILER: packaged watertube
------------------------------------------------------------------------
NOx CONTROL: LNB and FGR with CEM system
--------------------------------------------------------.---------------
REFERENCE COST BASE: Impe11 Corp., 1989; 81.3 MMBtu/hr
------------------------------------------------------------------------

cf~I~~~Y --------------~~~~~!!!-~~~!~~--------------------------
MMBtuihr 0.8 0.66 0.5 0.33---------------- ----_ .. _------ ------------. ------------- -------------

10 $2,409 $2,930 $3,882 $5,905
25 $1,734 $2,111 $2,802 $4,268
50 $1,365 $1,664 $2,211 $3,373

100 S1,085 $1,324 $1,763 S2,694
150 $954 $1,166 $1,553 $2,376
250 $816 $999 $1,333 $2,042

====•••••••••••••a=======••=z==========.==========••=••_.=================
SCALED COST EFFECTIVENESS, $/TON NOx REMOVEDE.==•••••••••===••C.~.D.=S.===.========.=c==••=====.==•••===============

FUEL: residual oil IBOILER: packaged watertube
-------------------------------------------------------------.----------
NOx CONTROL: lNB and FGR with CEM system .
------------------------------------------------------------------------
REFERENCE COST BASE: CIBO, 1992; 91 MMBtu/hr
------------------------------------------------------------------------BOILER CAPACITY FACTOR

CAPACITY -------------------------------------------------------MMBtu/hr 0.8 0.66 0.5 0.33---------------- ------------- ------------- ------------- -------------
10 $5,082 $6,169 $8,157 $12,381
25 $3,698 $4,491 $5,942 $9,025
50 $2,940 $3,573 $4,730 $7,189

100 $2,366 $2,877 $3,812 $5,797
150 S2,097 $2,551 $3,381 i5,145
250 $1,815 $2,209 $2,930 $4,461

•••••••••••••=•••=••••••••:===.==-==============-=======================:=
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

••••••••••••••••==••••••=•••==:====a==_=_=====_=====__==================
FUEL: residual oil IBOILER: packaged watertube
------------------------------------------------------------------------
NOx CONTROL: LNB and FGR with CEM system
------------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 265 MMBtu/hr
------------------------------------------------------------------------

~~Ctfi}i~ -----O:8------~~~~~~~~-~~~!~~----O:s----------O:33-----
---------------- ------------- ------------- ------------- -------------10 $1,990. $2,421 $3,209 $4,885

25 $1,407 $1,714 $2,276 $3,471
50 $1,088 $1,328 $1,766 $2,698

100 $846 $1,035 $1,379 $2,112
150 $733 $897 $1,198 S1,837
250 $614 $753 $1,008 $1,549.a•••••••••••~E.=•••••~••=••=c===.===.=••••=.==5======s===================
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l~J

150
250

C!~A~J~y
MMBtu/hr

----------------
10
25
50

·········scALED·cosT·EFFEcTivENEss:·iiTON·No~·REMovED· ====••••••
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~••••••=
FUEL: residual oil IBOILER: packaged watertube
-----------------._-----------------------------------------------------NOx CONTROL: SCR
------------------------------------------------------------------------REFERENCE COST BASE: Peerless, 1992; 50-250 MMBtu/hr
------------------------------------------------------------------------

cRRl~~~y --------------~~~~~!!~-~~~!~~--------------------------
MMBtuihr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------10 $2,574 $3,114 $4,103 $6,204
25 $1,996 $2,415 $3,179 $4,804
50 $1,681 $2,032 $2,674 $4,039

100 $1,192 $1,440 $1,894 $2,860
150 $1,053 $1,272 $1,673 $2,524
200 $987 $1,193 $1,568 $2,366
250 $946 $1,143 $1,503 $2,267

••••••••••••••••••=====.s=============••••••••=======.R=E.========~=======
• SCALED COST EFFECTIVENESS, $/TON NOx REMOVED

•••••••••••==-=••••======.======.==--••••••••••••••••=._=_••=====-====_.
FUEL: residual oil IBOILER: packaged watertube
----.--------------------------------------------------------.----------
NOx CONTROL: SCR
------------------------------------------------------------------------
REFERENCE COST BASE: Damon, 1987; 100 MMBtu/hr
----.-------------------------------------------------------------------

CAPACITY FACTOR
-------------------------------------------------------

0.8 0.66 0.5 0.33
------------- ------------- ------------- -------------

$2,654 $3,217 $4,246 $6,434
$2,108 $2,556 $3,373 $5,111
$1,810 $2,194 $2,896 $4,388
$1,584 $1,920 $2,534 $3,839
$1,478 $1,791 $2,364 $3,583
$1,367 $1,656 $2,186 $3,313

c._~===•••••=========================================.====================

D~



~G~tJ~~----------------2.9
5.2

10.5
20.9
33.5

·········scALE~cosT·EFFEcTivENEss:·iiTON·No~·REMovED··..•.......=.===.===
••••••••••••••••••••••••••••••••••••••••••••••••••••••••_••=~=E.=a==~===
FUEL: residual oil IBOILER: packaged firetube
-------------------------------------------------------_.---------------
NOx CONTROL: FGR with oxygen trim
-------------------------------------------------------_.--------------.
REFERENCE COST BASE: Hugh Dean, 1988; 2.9-33.5 MMBtu/hr
-------------------------------------------------------_.------_.-------CAPACITY FACTOR .

-------------------------------------_ ..---------------0.8 0.66 0.5 0.33
------------- ------------- ------------- -------------$7,034 $8,560 $11,349 $17,277

$4,054 $4,956 $6,604 $10,108
$2,193 $2,687 $3,590 $5,509

$1,321 $1,595 $2,096 S3,159
S928 $1,115 $1,458 S2,186

••=•••••••••••••s.==••================c.=s==•••••s======.~================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

•••••••••••••=•••s.==.=====.=====~=====.===.=.=.s==.====================
FUEL: residual oil fBOILER: field erected wall fired------------------------------------------------------------------------
NOx CONTROL: LNB
------------------------------------------------------------------------
REFERENCE COST BASE: CIBO, 1992; 590 MMBtu/hr
------------------------------------------------------------------------

cl~l~T~y --------------~~~~~!!~-~~~!~~--------------------------
MMBtu/hr 0.8 0.66 0.5 0.33---------------- ------------- ------------- ------------- -------------

250 $1,578 $1,912 $2,524 $3,824
400 $1,347 $1,633 $2,156 $3,266
500 S1,252 SI,518 S2,004 $3,036
750 $1,100 $1,333 $1,760 S2,666

=••••••••==••===.========================================~================
•••••••••••••••••••===••===s===========•••••••==.==••=====================

SCALED COST EFFECTIVENESS, S/TON NOx REMOVED••••••••••••••_.a.==••_aa=======~=&===_=c.__=_.=====s=_=================
FUEL: residual oil IBOILER: field erected wall fired
------------------------------------------------------------------------NOx CONTROL: LNB
------------------------------------------------------------------------REFERENCE COST BASE: C1BO, 1992; 1300 MMBtu/hr
------------------------------------------------------------------------

~~&tfi>i~ -----O:8------~~~~~!!~O:~~!~~----O:5----------0:33-----
---------------- ------------- ------------- ------------- -------------250 $2,451 $2,970 $3,921 S5,941

400 $2,078 $2,519 $3,325 S5,037
500 $1,924 $2,332 $3,079 $4,664
750 $1,677 $2,033 $2,684 $4,066

••••••••••••••••••••••••••••=••••••••••••••••••••••••••_a.====_===_===._=_
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==•••••••••••••••••••••m•••••s=_•••••••••••••••====.======================
SCALED COST EFFECTIVENESS, SITON NOx REMOVED

•••=•••••••••••••••••••••••••••••••••••••••••••••: ••••_.=a.=============
FUEL: coal IBOILER: field erected wall fired
------------------------------------------------------------------------NOx CONTROL: LNB
------------------------------------------------------------------------REFERENCE COST BASE: CIBO, 1992; 766 MMBtulhr
------------------------------------------------------------------------

~&~~}~~ -----O:8------~~~~~~~~-~~~!~~·---O:s----------O:33-----
---------------- ------------- ------------- ------------- -------------250 $1,112 $1,340 $1,758 $2,645

400 $968 $1,165 $1,527 S2,295
500 $908 $1,093 $1,432 S2,151
750 $813 $977 $1,279 S1,919

•••••••••••••••••••••••••••••••••••_=========.=====s==a==.~===============
SCALED COST EFFECTIVENESS, $/TON NOx REMOVED

=.=•••••••••••=.==========.=.===s=======.s~=======~=============~=======
FUEL: coal IBOILER: circulating FBC
------------------------------------------------------------------------NOx CONTROL: SNCR - urea based
------------------------------------------------------------------------REFERENCE COST BASE: Nalco Fuel Tech, 1992; 460 MMBtu/hr
--------------------------------------------------------_._-------~-----BOILER CAPACITY FACTOR

~AG~~}l~ ----·0:8----------0:66-----------0:5----------0:33-----
---------------- ------------- ------------- ------------- -------------250 $875 $964 $1,125 $1,468

400 $813 $888 $1,025 $1,316
500 $787 $856 $984 $1,254
750 $745 $806 $917 $1,153

c==••••••z=====================_===================================:=:===:
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500

750

SCALED COST EFFECTIVENESS, $/TON NOx REMOVED
•••••••••~~=••••••••=••=.=.=.===•••••••••==••••=•••••=••••=--=-=====
FUEL: Pulverized coal IBOILER: Tangentially-fired

~~~-~~~~~~~:_----~~~------------------------------------------------1
REFERENCE COST BASE: Utility Boiler ACT (EPA-453/R-94-023)
.-------------------------------------------------------------------

BOILER CAPACITY FACTOR
CAPACITY ---------------------------------------------------

----~~~~~~~~---- ----~i~~304- ----~i;~923-1----~i~~772-1----~i~~789-1
400 $2,968 $3,415 I $4,233 $5,972

I

$2,828 $3,246 i $4,011 $5,635

$2,605 $2,976 \ $3,654 $5,094
==========================:========:============:=:==========:=======:

•••-==-=-======---===============-=:======-======-=-==-===============

I ~~==~==~=====~==:~~::~=~~:~=::::~~~~:~:::~=~~~~~=~~~=~:~~~:~========IIFUEL: Coal IBOILER: Field Erected Wall Fired
NO;-CONTROL~-----SNCR-=-;;~~~i;-------------------------------------1

REFERENCE-COST-BASE~--------EXXON~-i990~-800-MMBt~ih~-b~ii;~--------\
1-----soiLER-----j------------CAPACiTV-FACTOR------------------------1

I
CAPACITY ---------------------------------------------------1

----~~~~~~~~---- ----~:~-----I----~:~~----I----~::~----I----~:~~----I 250 $1,306 I $1,358 I $1,453 I $1,655 I
I 400 $1,270 I $1,314 I $1,395 I $1,567 I

I 500 $1,255 I $1,296 I $1,371 1 $1,531 I

750 $1,231 I $1,267 I $1,332 I $1,472 1
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------------------------------------~----------------- ------------.-NOx CONTROL: SNCR

REFERENCE COST BASE: Nalco Fuel Tech, 1994; 400 MMBtu/hr

c~gl~i~y I------------~~~~~~~~-~~~~~~------------------------
MMBtu/hr 0.8 0.66 I 0.50 I 0.33

------250------- -----$i~ioo- -----$i~i2i- -----$i~337- -----$i~662-1

400 $1,036 $1,044 Sl,235 S1,508 I
500 S1,010 S1,012 S1,193 $1,444 I
750 S968 $961 $1,126 $1,342 I

zm.=========================.=====================~===================

_:••=================================================================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED I

FUEl7=c~=i===================iBoiLER7=s;;;=d;;=St~k;;===============1

NO;-CONTROl~-----SNCR-=-~~;~-b~;;d----------------------------------\

REFERENCE-COST-BASE;--------N;i~~-F~;i-T;~h~-i992~-303-MMBt~ih;-----1
-----SOilER-----i------------CAPACiTY-FACTOR------------------------1

CAPACITY 1---------------------------------------------------1
----~~~~~~~~---- ----~:~·----I----~:~~----l----~::~----I----~:::---·

250 I Sl,318 I S1,359 I SI,435 I SI,595 I
400 I S1,285 I $1,319 S1,382 I $1,514 I
500 I $1,271 I SI;302 $1,360 I $1,481 I
750 I $1,249 I $1,276 S1,324 I S1,427 I

=c===_.=====================c_===cz=================================
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•••••••••••••••••••••••••••••••••••••••••••••••~=_=c••c=••~=======c=======
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

••••••••• ••••••_••••••••••e •••••••••••••c.===••••••••••==.===========
FUEL: wood IBOILER: stokerw • _

NOx CONTROL: SNCR - urea based
------------------------------------------------------------------------REFERENCE COST BASE: Nalco Fuel Tech, 1992; 190 MMBtujhr
------------------------------------------------------------------------

cl~A~~~Y --------------~~~~~!~!-~~~~~~--------------------------MMBtuihr 0.8 0.66 0.5 0.33
---------------- ------------- ------------- ------------- -------------50 $2,144 $2,445 $2,996 S4,166

150 Sl,687 $1,891 S2,264 $3,057
250 S1,533 $1,705 $2,019 $2,686
350 $1,448 $1,602 Sl,883 $2,480
500 $1,370 Sl,507 $1,757 $2,289.=.==•••••&••==••=•••=====.========~==.=.=================================

====•••••••••=z===••=a==.a================.===============================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

FUEl7·;~~d···==··=·===·==·====iBOiLER7=;t~k~;==·==============:=====:===

- .. ------------.-----.------.--.-_.---------_.----._-.------------.-----
NOx CONTROL: SNCR - urea based
---------------.------------.------------------------- ------------~-----REFERENCE COST BASE: Nalco Fuel Tech, 1992; 225 MMBtu/hr
------------------.-----------------------------------------.-----------BOILER CAPACITY FACTOR

CAPACITY -------------------------------------------------------MMBtu/hr 0.8 0.66 0.5 0.33---------------- ------------- .---------.-- --.---------. -------------
50 S2,266 $2,571 S3,128 $4,312

150 $1,800 $2,006 $2,383 S3,183
250 $1,644 Sl,817 $2,133 $2,805
350 Sl,558 $1,712 $1,995 $2,595
500 $1,478 $1,615 S1,867 $2,401

===s••=s••a=.======.==K=============================~~==============:=====
s====_••===._.===z========================================================

SCALED COST EFFECTIVENESS, S/TON NOx REMOVED
.~•••••••••••••c ••==.~•••=•••••••=••=••=••===.==================~=======
FUEL: wood IBOILER: stoker
-----------------------------------------~------------------------------NOx CONTROL: SNCR - urea based
--------------------------------------------------------------.---------REFERENCE COST BASE: Nalco Fuel Tech, 1992; 300 MMBtujhr
------------------------------------------------------------------------

cl~A~~~Y --------------~~~~~!!~-~~~!~~--------------------------MMBtuihr 0.8 0.66 0.5 0.33
---------------- ------------- -----------.- .------------ .------------

50 $2,119 $2,435 $3,014 $4,243
150 $1,630 $1,843 $2,233 $3,060
250 $1,467 $1,645 Sl,971 S2,663
350 $1,376 $1,535 Sl,826 S2,443
500 $1,292 $1,434 $1,692 S2,240

•••••••••••=•••s ••••e••=a.s==.e.=es====.==••z.============================
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•••••••••••••••••••••••••••••••••••••••••••••••••_=-=-=-================-=
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

••••••••••••••••••••••••••••••••••••••••••••••••••••••••-==.=====-======
FUEL: wood IBOILER: stoker----------------------------------------------------_.--------._--------
NOx CONTROL: SNCR - urea based
----------.-------------------------------------------------------------
REFERENCE COST BASE: Nalco Fuel Tech, 1992; 395 MMBtu/hr
------------------------------------------------------------------------

cl~A~~~y -.------------~~~~~!!~-~~~!~~------.--------------.---.
MMBtu)hr 0.8 0.66 0.5 0.33

---------------- ------------- ------------- ------------- -------------50 $1,519 $1,806 $2,330 $3,444
150 SI,073 SI,265 $1,616 $2,363
250 $923 $1,084 SI,377 S2,000
350 S840 S983 SI,244 Sl,799
500 S764 S890 SI,122 SI,614=s==ss••~•••••~=••••c.~s===.============~=====~================:=========:

••••••••••••••••=••••==••===z=======z_=.==••========================:=====
SCALED COST EFFECTIVENESS, ,S/TON NOx REMOVED•••••••••••~a••_••====~==================.====================:=========

FUEL: wood IBOILER: stoker
NOx-CONfROl~-----SNCR-:-~;~~-b~~~d----------------------~---------------

------------------------------------------------------------------------
R~FERENCE COST BASE: Nalco Fuel Tech, 1992; 500 MMBtu/hr
------------------------------------------------------------------------

cl~l~f~v -----.--------~~~~~~!~-~~~!~~----------.---------------
MMBtu/hr 0.8 0.66 0.5 0.33---------------- ------------- ------.------ ------------- --------.----

50 SI,661 Sl,912 S2,370 $3,343
150 SI,269 Sl,436 SI,742 $2,392
250 $1,138 Sl,277 S1,532 S2,074
350 $1,065 $1,189 $1,415 $1,897
500 S997 SI,107 $1,308 $1,734

.===•••=••••~•••==s====================z=======================:=======::=

••••••••••••••c.=c.===••c=================••••============================
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

FUEL7·;~~d·····=·~~=···===·=~=iBOilER~=b~bbii~g=FBC=·=========::===:=::=

------------------------------~----------------------- ------------------NOx CONTROL: SNCR - ammonia based
------------------------------------------------------------------------REFERENCE COST BASE: Hurst, 1988; 250 MMBtu/hr
---------------~-------------_._---------------------- ------------------

~Gt~}i~ -----O:8------~~~~~~r~-~~~!~~----O:s-------·--O:33-----
---------------- ------------- ------------- -------.----- -------------

50 $1,459 $1,563 $1,754 S2,158
150 $1,392 $l t 481 Sl,646 Sl,994
250 SI,364 SI,448 SI,601 Sl,927
350 $1,319 Sl,394 Sl,530 $1,818
500 $997 $1,107 $1,308 $1,734

••••c ••••••••••••••••===========.=========••=c:.==========================
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·········SCAlEo·cosr·EFFEcrivENEsS:·sjTON·NO;·REMOVEO·....==--=---=:-:==--
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~===.==z===
FUEL: paper IBOILER: packaged watertube
-----------------------.------------------------------------------------NOx CONTROL: SNCR - urea based
------------------------------------------------------------------------REFERENCE COST BASE: Nalco Fuel Tech, 1992; 72 HMBtu/hr
------------------------------------------------------------------------

c~~IE~~y --------------~~~~~!!~-~~~!~~---------------------.----HHBtuihr 0.8 0.66 0.5 0.33
---------------- ------------- ------------- ------------- -------------10 $1,949 $2,216 $2,705 $3,744

25 $1,591 $1,782 $2,132 $2,876
50 $1,395 $1,545 $1,819 $2,401

100 $1,247 $1,365 $1,582 $2,042
150 $1,177 $1,281 $1,470 $1,873
250 $1,104 $1,192 $1,354 $1,696=.=••••=.=••=•••==••======~==============z===.============================

••••••••••••==••a•••••••••••======.==••==.==•••••====.=a=:_===:=_=====_===
SCALED COST EFFECTIVENESS, S/TON NOx REMOVED

•••••=••••••••••••••====_:===============••========:====================

~~~~:~~~~:~------------------_!~~!~~~:.~~~~~~:~-~~::~:~~:_-------~--_._-
NOx CONTROL: SNCR - urea based
--------------------------------------------------------.---------------REFERENCE COST BASE: Nalco Fuel Tech, 1992; 172 MMBtu/hr
------------------------------------------------------------------------

c~~lei~y --.-----------~~~~~!:~-~~~:~~-----------------------.--HMBtu/hr 0.8 0.66 0.5 0.33
---------------- ------------- ------------- ------------- -------------

10 $2,474 $2,844 S3,520 $4,958
25 S1,967 $2,230 $2,710 $3,730
50 $1,690 $1,894 $2,266 $3,059

100 $1,480 $1,639 S1,930 $2,549
150 $1,382 $1,520 Sl,773 $2,311
250 $1,278 S1,395 $1,608 $2,061

c ••••••••••••••z·=====••=••====================s==========================
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•

•••__•• ••••••••••••••••••••••••••••••••••••••••••••••_.a.====~=========
SCALED COST EFFECTIVENESS, SITON NOx REMOVED

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••c •••=••••••:.=_
FUEL: MSW IBOILER: stoker----------------------------------------------.-------.-----------------NOx CONTROL: SNCR - urea based-------_._._------------------------------------------.-----------------REFERENCE COST BASE: Nalco Fuel Tech, 1992; 108 MMBtu/hr
------------------------------------------------------.-------.---------

~&tfi}f~ -----O:8------~~~~6~~~-~~~!~~----O:5----------0:33-----
---------------- ------------- ------------- ------------. ---.---------50 S2,123 S2,394 $2,889 S3,942

150 SI,721 SI,907 $2,246 S2,968
250 Sl,587 Sl,744 $2,031 $2,642
350 SI,512 SI,653 $1,912 S2,461
500 SI,443 SI,570 SI,801 S2,293=•••=•••===•••••~•••=.=c.===~====c========================================

c==••••~~•••••z•••~.~=.s~=z.~===••=••==.==.============_==================
SCALED COST EFFECTIVENESS, S/TON NOx REMOfED

••===••~=•••_~._=============•••===================================:===:
FUEL: MSW IBOILER: stoker
------------------------------------------------------------------------NOx CONTROL: SNCR - urea based
----------------------_._-----------------------------------------------REFERENCE COST BASE: . Nalco Fuel Tech, 1992; 121 MMBtu/hr
------------------------------------------------------------------------BOILER CAPACITY FACTOR

CAPACITY -------------------------------------------------------MMBtu/hr 0.8 0.66 0.5 0.33
---------------- ------------- ------------- ------------- -------------

50 S2,603 $3,025 S3,796 $5,434
150 $1,975 $2,263 $2,790 S3,910
250 SI,764 S2,008 $2,453 S3,400
350 SI,647 Sl,866 $2,266 S3,117
500 $1,539 $1,735 I $2,093 $2,855

==z====.===============~==========.===========~======== ===================

c········SCAlEo=Cosr=EFFEcrivENEss7=iirON=NO;=REMOVEO=====================
8 •••=•••••_••~======.=•••••••=c.==••===========.========================
FUEL: MSW IBOILER: stoker
-----------------------------------------------------------------------~HOx CONTROL: SNCR . urea based
------------------------------------------------------------------------REFERENCE COST BASE: Nalco Fuel Tech, 1992; 325 MMBtu/hr
------------------------------------------------------------------------

~Gtt}i~ -·---O:8------~~~~~:~~-~~~!~~----O:s----------O:33-----
-----.---------- ------------- ------------- ------------- -------------50 $2,167 $2,486 $3,070 $4,312

150 $1,672 S},887 $2,280 $3,114
250 SI,507 Sl,686 $2,015 S2,713
350 Sl,415 $1,575 SI,868 $2,490
500 SI,330 $1,472 $1,732 $2,284

• ••-··•••••••=•••==S.=a=._•••_=••~===c====c==.=======~====================
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APPENDIX E. ANNUAL COSTS OF RETROFIT NOx CONTROLS:

NA~GAS-~DICIBOILERS

This appendix contains cost spreadsheets for natural-gas-frred boilers retrofitted with various

NOx controls. The spreadsheets are based on data from actual boiler retrofit experiences or

studies. Capital annualization for all analyses are based on a 10-year amortization period and a

to-percent interest rate. All costs presented are in 1992 dollars. For further information on the

methodology and assumptions made in these cost analyses, see Chapter 6.

This appendix contains cost spreadsheets for the following boilers:

Boiler and NOx Control Pa~e

Packaged watertube, 45 MMBtu/hr, with WI and 02 trim E-3
Packaged firetube, 10.5 MMBtu/hr, with WI and 02 trim E-5
Field-erected watertube, 75 MMBtu/hr, with BOOS and 02 trim E-7
Field-erected watertube, 75 MMBtu/hr, with BOOS, WI, and 02 trim E-9
Packaged watertube, 51, 75, and 265 MMBtu/hr, with LNB E-l1
Field-erected watertube, 590 and 1,300 MMBtu/hr, with LNB E-17
Packaged watertube, 265 MMBtu/hr, with LNB and CEM E-2l
Packaged watertube, 17.7,41.3,45,55, and 265 MMBtu/hr, with LNB

and FGR E-23
Packaged watertube, 81.3, 91, and 265 MMBtu/hr, with LNB, FGR,

and CEM E-33
Packaged frretube, 2.9, 5.23, 10.46, 20.9, and 33.5 MMBtu/hr, with

FGRand 02 trim E-39
Packaged watertube, 50, 100, 150, 200, and 250 MMBtu/hr, with SCR E-49
Field-erected watertube, 250 MMBtu/hr, with SCR E-59
Packaged watertube, 50 and 150 MMBtu/hr, with SCR (variable catalyst

life) E-61
Field-erected watertube, 250 MMBtu/hr, with SCR (variable catalyst life) E-69
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..................a .

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS

.- ...... ..........................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)_. ......................................................................................................

BOILER CAPACITY fACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

*** TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP. SP (as reqUired)

•. BUILDINGS. BLDG (as required)

EQP

PEC

DIC

SP

BLDG

0.8

SO

0.66

SO

0.5

$0

0.33

SO

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

*** DCC $0 $a $0 SO

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
•. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY

... TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

----------- ----------- ----------- -----------
ICC SO $0 $0 $0

----------- ----------- ------_ .. --- -----------
----------- ----------- ----------- -----------

CONT
----------- ----------- ----------- -----------••_s.c.=:_ aC:ca:c&&:s =&&#==att== .s:...as:t•••:

TCIC $2.,786 $24,786 $24,786 $24,786....: ...... ...........s: • •••••:a••cc z.a.a••••••

...............................................................aa.=•••••••s •••••••••••••••••••=.~••••=••••&&••••••••••••••

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EffECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (HHBtu/hr): 45
FUEL TYPE: NATURAL GAS
CONTROL METHOD: WATER INJECTIDN WITH OXYGEN TRIM

CHAP. 6 REFERENCES CDST BASE

COLANNINO. 1993 1992 DOLLARS__ ._a ...........................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&M),-------------- _ _..-- _---_._--_.- _ --- .

CAPACITY FACTOR 0.8 0.66 0.5 0.33

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60% OF SUM OF ALL LABOR

• AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*Ttlt)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol*TClt)

*** TOTAL INDIRECT ANNUAL COSTS ***

A. DIRECT ANNUAL CDSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
S. ELECTRICITY I $O.OS/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: 11 NET EFFICIENCY LOSS. N.GAS e $3.63fMMBTU

..* TOTAL DIRECT ANNUAL COSTS *** OAC

lAC

O&M

$5.675 $4.6B2 $3.547 $2.341
--- ..._------ ..._--------- ----------- -----------

$5.675 $4.682 $3.547 $2.341
----------- ----------- ----------- ---- ..-...----

$0 $0 $0 $0
$496 $496 $496 $496
$248 $248" $24B $248
$248 $248 $248 $248

--- .._------ .._--------- ----------- -----------
$991 $991 $991 $991

----------- ----------- ----------- -----_... ----
............. ............ ............ ...........

$6.666 $5.673 $4.538 $3.332...•........•...........................•.•....
........................................................... • &••••~••••••••••a •••••••••••••••••••••••••••••••••••••••••••••••

COST EFFECTIVENESS
..............~ a ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

A. TOTAL ANNUALIZEO COST (incl. capital and O&M)
1. ANNUALIZEO CAPITAL INVESTMENT COST (ACICl

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 o I~U 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $24.786 $~i.·B6 $24.786 $24.786

-------- ... -- ----------- --_ ... _------ -----------
*** ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $4.034 $4.034 $4.034 $4.034

----------- ----------- ----------- -----------
2. ANNUAL O&H COSTS (O&H. above) O&M $6.666 $5.673 $4.538 $3.332

--------... -- ----------- ----------- -----------...: ......: ••••=....c:c • =:•••••••• .........•.
*** TOTAL ANHUALIZED COST *** ACIC+O&M $10.700 $9,707 $8.572 $7.366........... ..........• ..••...•.•. .••••....•.
B. NOx REMOVAL PER YEAR

1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)I 0.16 0.16 0.16 0.16
2. CONTROLLED HOx LEVEL (lb/HHBtu) (NOx)2 0.056 0.056 0.056 0.056
3. MOx REMOVAL EFFICIENCY (~) 65 65 65 65... CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 45 45 45 45

...._._,.._-_..*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 OOLLARS) ***

...............................................
********-***********.~***********************.

$652 I $717 I $836 I $1.089
***********************************************

6.810.2
...........

16.4 13.5
........... ...•.•.....NOx REMOVED PER YEAR (TONS/YR) ***

[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/2000
***
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS.................~ .
:~:t~: ~X~~CITY (~:~~~~~:FIREr~~; ------~~~~_~_~~~~~~~~~: I ~~::_~~:~ -----
FUEL TYPE: NATURAL GAS COLANNINO. 1993 1992 DOLLARS
CONTROL METHOD: WATER INJECTION WITH OXYGEN TRIM..........~................................................................•................................
TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................

BOILER CAPACITY FACTOR

•••

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPMENT COST •••

2. DIRECT INSTALLATION COST (DIC)

EQP

PEC

0.8

$0

0.66

$0

0.5

$0

0.33

$0

••• TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as requIred)

4•• BUILDINGS. BLDG (as required)_.
TOTAL DIRECT CAPITAL COST

(PEC+OIC+SP+BLDG)

... DIC

SP

BLDG

DCC $0 $0 $0 $0

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
S. PERFORMANCE TEST

••• TOTAL INDIRECT CAPITAL COST

C. CONTI NGENCY

••• TOTAL CAPITAL INVESTMENT COST •••
(DCC+ICC+tONT)

...---------- ----------- ... _--------- ------_ ... _--
ICC $0 $0 $0 $0

----------- ----------- ---_ ... ------ ----- .. -----
----------- ----------- ----------- ----_ ... -----

CONT
----------- ----------- ----------- -----------
••••••a:••= : ••a ••c ••• : .:sz::•••••e:. as••cc==ClC;:

TCIC $24.786 $24.786 $24.786 $24.786
••••••••••e :.a••••z:::c== es=:••••••• aCIUI:Cc====:

CONTINUED ON NEXT PAGE

E-5



....................................................._ •••••••••••••••••••••••••••••••••••••••••&~•••••••=•••••••••••••••••••
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:g~t~: ~~~i~ITY (~:~~~~~:FIREI~~~ ------~~~:~~_~~~~~~~~~~ I ~~::_~~:~ -----
FUEL TYPE: NATURAL GAS COLAHNINO. 1993 1992 DOLLARS
CONTROL METHOD: WATER INJECTION WITH OXYGEN TRIM............................................................................................................................
ANNUAL OPERATING ANO MAINTENANCE COSTS (DIM)._._ -----_..•....••.....•.---.._ --- _ .

CAPACITY FACTOR 0.8 0.66 0.5 0.33

*** TOTAL DIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (601 OF SUM OF ALL lABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (D.02*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol*TClC)

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAIHTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: 11 NET EFFICIENCY LOSS. N.GAS • $3.63/MH8TU $2.648 $2.185 Sl, 655 Sl, 092

----------- _410 _________ -------- ... -- ..... -------_...
$2.648 S2.1B5 S1,655 $1.092

----------- - ... _... ------ .. ----------- -----------

$0 SO SO $0
$496 $496 $496 $496
$245 $24& $248 $248
$248 $248 $248 $248

----------- ----------- ----------- -----------
$991 S991 $991 $991

---- ... ------ ----------- ...... _----_ .. _- ---------_ ...........•.. ••••••e ••a: 11::&•••••••• ...........
$3.640 $3.176 $2.646 $2.084

••••••••••=•••••a••••=======.a==c••••••••••••••

lAC

OAC

D&M

****** TOTAL INDIRECT ANNUAL COSTS

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••===s.=c====••cs••••••••••cc
COST EFFECTIVENESS
...............................................................................................=a••=====s••••••••••••••=••••

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0.1627
$24.786 $24.786 S24.786 $24.786

----------- ----------- --------_ ...... ... _---------
ACIC $4.034 $4.034 S4.034 $4.034

----------- ----------- ----------- -----------
O&M $3.640 $3.176 $2.646 $2.084

----------- ----------- ----------- -----------
....c••c••= c•••e:===:= _=ae:l:====== e••CR=Se.=:

ACIC+O&M $7.673 $7.210 $6.680 $6.117
••acacaa••a ==_=a=::=== ===:c====== ===s:=======

***

***

*** ANNUALIZED CAPITAL INVESTMENT COST

2. ANNUAL O&M COSTS (D&M. above)

*** TOTAL ANNUALIZED COST

A. TOTAL ANNUALIZED COST (Incl. capital and D&M)
1. ANNUALIZED CAPITAL INVESTMENT COST \ACIC}

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT CO:TS ~TCIC. above)

HOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NDx)2]/20DD

B. NOx REMOVAL PER YEAR
I. BASELINE HOx LEVEL (lb/MHBtul
2. CONTROLLED NOx LEVEL (lb/MM8tu)
3. HOx REMOVAL EFFICIENCY (X)
4. CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr)

***

(HOxll
(NDx)2

CF
CAP

0.12 0.12 0.12 0.12
0.042 0.042 0.042 0.042

65 65 65 65
0.8 0.66 0.5 0.33

10.5 10.5 10.5 10.5

..........: .. • ...........2& t:tac====== ...=••a$:.==

2.9 2.4 1.8 1.2
.....•.....•.....•.•c ············c
*******************t****•••********************

*** COST EFFECTIVE~ESS ($/TON NOx REMOVED. 1992 DOLLARS) *** $2.674 I $3.045 I $3.724 I $5.168
************************************.****•••**~

................................................................................................a •••••c ••••••••••••••••••c ••

E-6



......,-a _ •••••••••••••_ •••••••••••••••••

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
..............................u .

:~~t:: ~~i~ITY (~~it~h~~7CTED V:~ERTUBE ------~~~:_~_~~~~~~~~~: I :~::_~~:~ -----
fUEL TYPE: NATURAL GAS COLANNINO, 1993 1992 DOLLARS
CONTROL METHOO: BOOS WITH OXYGEN TRIM_.... ..........................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)-- .........................................................................................................

BOILER CAPACITY fACTOR

*u

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT IEQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
fREIGHT

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

EQP

PEe

0.8

$0

0.66

$0

0.5

$0

0.33

$0

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP, SP (as required)

4. BUILDINGS, BLDG (as reqUlred)

... TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLOG)

.**

*** DIC

SP

BLOG

DCC $0 $0 SO $0

***

B. INDIRECT CAPITAL COST (ICC)
1. ENGINHRIHG
Z. CONSTRUCTION ANO FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

... TOTAL INDIRECT CAPITAL COST

C. CONTI NGEHCY

"'** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

----.....-...- -..-------- .....--------- ----------.
ICC $0 $0 $0 $0-------- ......- ----- ...._---- ------- .. _-- ----------.----.---.......- ---- ... _..._--- .............----..-- ------------caNT ------ .-.- ----------- ----------- -.-------_...

••S'.:-=~.••• #c••=_:::ac: • s ••••••••• •••••••c •••

TelC $24.786 $24.786 $24.786 $24,786
••••a •••••• .111::•••-=:....& • ==••••=.~ aa..........

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
..........~..nq·q.~ ~aa~' __ .

80ILER TYPE: FIELD ERECTED VATERTU8E
80lLER CAPACITY (MMBtu/hr): 75
FUEL TYPE: NATURAL GAS
CONTROL METHOD: 800S VlTH OXYGEN TRIM

CHAP. 6 REFERENCES COST 8ASE

COLANNINO. 1993 1992 DOLLARS

..aanq ~ ~ .

ANNUAL OPERATING AND MAINTENANCE COSTS (0&11)--.-.- .~ .
CAPACITY FACTOR 0.8 0.66 0.5 0.33

$4.729 $3.901 $2.956 $1.951
----------- ----------- ----------- -----------

$4.729 $3.901 $2.956 Sl.951
----------- ----------- ----------- -----------

$0 $0 $0 $0
$496 $496 $496 $496
$248 $248- $248 $248
$248 $248 $248 $248

----------- ----------- ----------- ------ ..----
$991 $991 $991 $991

----------- ----------- ----------- ..----------
••••ce••••• ••••••a=••• .:1:.1:••••••• ...........

$5.720 $4.893 $3.947 $2.942.•••.•...•••....••.....••..•....•.•••••••••...•

lAC

0&"

****** TOTAL INDIRECT ANNUAL COSTS

8. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60% OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TClt)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol*TCIC)

*** TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS ***
(DAC+IAC)

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LA80R
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY' $O.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX NET EFFICIENCY LOSS. N.GAS , $3.63/MMBTU

*** TOTAL DIRECT ANNUAL COSTS *** DAC

............................................................................................................................
COST EFFECTIVENESS
.............................................................~••~•••••••••••••••••••••_••••••••••==•••••••••a&••••••••••••••

***

A. TOTAL ANNUALIZED COST (Incl. capital and 0&")
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above)

ANNUALIZED CAPITAL INVESTMENT COST ***

2. ANNUAL 0&11 COSTS (O&M. above)

*** TOTAL ANNUALIZED COST ***

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0 ;0,'"
$24.786 $24.786 $24.786 $24.~&6

----------- ----------- ------...---- ..--------- ...
ACIC $4.034 $4.034 $4.034 $4.034

----------- ----------- ----------- -----------
0&11 $5.720 $4.893 $3.947 $2.942

----------- ----------- ----------- ...---------............•. 1C•••••••••c ........... ............
ACIC+O&M $9.754 $8.927 $7.981 $6.976•••_a__ ....._.... •.....•.... --.....

9.8

0.18
0.09

SO
0.33

75

14.8

0.18
0.09

50'
0.5

75

19.5

0.18
0.09

50
0.66

75

23.7

0.18
0.09

SO
0.8

75

........... •.....•.... . .

...............................................
•***.***** ****••**** ********

$412 I $457 I $540 I $715
**********-****************************-*******

CF
tAP

(NOx)l
(NOx)2

B. HOx REMOVAL PER YEAR
1. 8ASELINE NOx LEVEL (lb/MMBtu)
2. CONTROLLED NOx LEVEL (lb/MHBtu)
3. HOx REMOVAL EFFICIENCY (X)
4. CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (MMlltu/~r)

*** NOx REMOVED PER YEAR (TONS/YR) ***
[tAP*CF*(24 hr/day)*(365 days/yr)]~[(NOx)1-(NOx)2]/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVEO. 1992 DOLLARS).***

.............~am ~an .
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..............................................................................................a •••••••••••••••••••••••••••••

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:~~t~: ~~~~CITY (~~~~~h~~7CTEOW~~ERTUBE I------~~~~_~_~:~:~:~~:~ ._I ~~~:_~~~: ------
FUEL TYPE: NATURAL GAS COLANNINO. 1993 1992 DOLLARS
CONTROL METHOD: BOOS' WATER INJEC WITH OXYGEN TRIM............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
.............................................cca .

BOILER CAPACITY FACTOR

***

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUHENTATI ON
SALES TAX
FREIGHT

TOTAL PURCHASEO EQUIPMENT COST

Z. DIRECT INSTALLATION COST (OIC)

*** TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as required)

EQP

PEC

DIC

SP

BLDG

0.8

$0

0.66

$0

0.5

$0

0.33

$0

*** TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLOG)

OCC $0 $0 $0 $0

B. INDIRECT CAPITAL COST (ICC)
I. ENGINEERING
Z. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC~ONT)

----------- ----------- --_ .. ------- -----------
ICC $0 $0 $0 $0

----------- ----------- ----------- -----------
----------- ----------- ----------- -----------

CONT
----------- ----------- -----------
sa••ca••az= a ••=••••=== • c=... ·:=~ .... ....•••..••

TCIC $34.700 $34.700 $34.700 $34.700......••... ...•.....•. ........... .......••.•
.............• • Eaa•••••••==••••••••~•••••••••••••••••••••••••••••••••••••••••••••••••••••••••

CONTINUEO ON NEXT PAGE
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............................................................................................................................
COST EffECTIVENESS OF RETROFIT NOx CONTROLS
................................r .

BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 75
FUEL TYPE: NATURAL GAS
CONTROL METHOD: BOOS' WATER INJEC WITH OXYGEN TRIM

CHAP. 6 REFERENCES I COST BASE
------------------------------------ -----------------------
COLANNINO. 1993 1992 DOLLARS

....................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)
a_a ..........................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (DAe:)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
... REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX NET EFFICIENCY LOSS. N.GAS 9 $3.63/MMBTU

TOTAL DIRECT ANNUAL COSTS ***

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LA80R

• AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
... INSURANCE (O.Ol*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS •••
(DAC+IAC)

DAC

lAC

OlM

$18.915 $15.605 $11.822 $7.803
.--------- .... ----------- -------_ ...... - -----------

518.915 $15.605 $11,822 $7,803
---------- ... ----------- ----------- -----------

$0 $0 $0 $0
$694 $694 $694 $694
$347 $347- $347 $347
$347 $347 $347 $347

----------- ----------- ----------- -----------
$1,388 $1,388 $1.388 $1,388

----------- ----------- ----------- -----------.- ....... •.•.••.•... ........... .•.......•.
$20.303 $16.993 $13.210 $9.191...............................................

..........................................................._ ••••••••••••••••••Ka .

COST EFFECTIVENESS
....................................................==••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0.1627
$34.700 $34,700 $34.700 $34.700

----------- ----------- ------_ ... _.. - -----------
ACIC $5.647 $5.647 $5.647 $5.647

---------_.- ----------- ----------- -----------
OlM $20.303 $16.993 $13.210 $9.191

----------- ----------- ----------- -----------.~...... ••......•.. .ac••••••_ ...........
ACIC+O&M $25.951 $22.640 $18.857 $14.838•...•.....• .•......... ............ .•••.......*** TOTAL ANNUALIZED COST ***

A. TOTAL ANNUALIZED COST (incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above)

*** ANNUALIZED CAPITAL INVESTMENT COST

2. ANNUAL OlM COSTS (O&H. above)

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(2.. hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/200D ...............................................

********************************..-************

$731 I $774 I $850 I $1.014
***********************************************

0.18
0.045

75
0.33

75

22.2 1".6

0.18
0.04S

75
O.S

75

........-- .
29.3

0.18
0.045

75
0.66

75

0.18
O.O"S

75
0.8

7S

35.5
.- .

(HOx)l
(NOx)2

CF
tAP

B. NOx REMOVAL PER YEAR
1. 8ASELINE NOx LEVEL (lb/HH9tu)
2. CONTROLLED HOx LEVEL (lb/HHBtu)
3. NOx REMOVAL EFFICIENCY (X)
... CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr)

***

..~aa~..~nnaa~ aaaaa .
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:~~~~: ~X~~~ITY (~~~~~~~:WATERT~~E I------~~~:_~_~~~~~~~~~~ I ~~~:_~~~~ ------
FUEL TYPE: NATURAL GAS CAL ARB. 1987 1992 OOLLARS
CONTROL METHOD: LOW HOx BURNER........................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
..., ~~••••n.n..an~ •••••••••••...........................................................................

BOILER CAPACITY FACTOR

0.8 0.66 0.5 0.33

$19.828 $19.828 $19.82B $19.B28

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EOP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

-.. TOTAL PURCHASED EQUIPMENT COST -**

2. DIRECT INSTALLATION COST (DIC)

-** TOTAL DIRECT INSTALLATION COST ~**

3. SITE PREP. SP (as re~u;redl

4. BUILDINGS. BLDG (as requIred)

EOP

PEe

DIC

SP

BLDG

$19.82B

$13.2B5

$19.828

$13.285

$19.828

$13.285

$19.828

$13.2B5

*.. TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

*** DCC $33.113 $33.113- $33.113 $33.113

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

--* TDTAL INDIRECT CAPITAL COST --*
C. CONTI NGENCY

... TOTAL CAPITAL INVESTMENT COST --­
(DCC+ ICC+tONT)

----------- ----------- ----------- -----------
ICC $0 $0 $0 $0

----------- ----------- ----------- -----------
----------- ----------- _... _-------- -----------

CDNT
----------- ----------- ----------- -----------
caece••c.s: a.c•••cz••: ====11:•••••• &..........e

TCIC $33.113 $33.113 $33.113 $33.113
_ •••••••••s ........~.. ••••e •••••• a ••••••••••

CONTINUED ON NEXT PAGE
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..........................................................•......•......~..................................................•
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 51
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LOW HOx BURNER

CHAP. 6 REFERENCES COST BASE

CAL ARB. 1987 1992 DOLLARS

............................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)............................................................................................................................

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

CAPACITY FACTOR 0.8 0.66 0.5 0.33

*** TOTAL ANNUAL OPERATING AND HAINTENANCE COSTS ***
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LABOR

AND MAINTENANCE HATERIALS)
2. ADMINISTRATIVE (0.02-TCIC)
3. PROPERTY TAX (O.OI-TCIC)
4. INSURANCE (0.01*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL DIRECT ANNUAL COSTS -** DAC

lAC

0&101

----------- ----------- ----------- -----------
$0 $0 $0 $0

----------- ----------- ----------- -----------

$0 $0 $0 $0
$662 $662 $662 $662
$331 $331- $331 $331
$331 $331 $331 $331

----------- ----------- ----------- -----------
$1.325 $1.325 $1.325 $1.325

----------- ----------- ----------- -----------
•••••cc.c..a c==•••••••• ==••••••••• • c •••••c ••:

$1.325 $1.325 $1.325 $1.325
••••••••••••••=•••: ••••••===••••••••••••••••••a

COST EFFECTIVENESS
......................................................................a •••ca.a.a•••••••••••••••••••••••••••••••a ••••••••••••

A. TOTAL ANNUALIZED COST (Incl. capital and 0&101)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTEO LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.16::' 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $33.113 $33.:1: $33.113 $33.113

----------- ----------- ----------- -----------
*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $5.389 $5.389 $5.389 $5.389

----------- ----------- ----------- -----------
2. ANNUAL O&M COSTS (OlM. above) O!.M $1.325 $1.325 $1.325 $1.325

----------- ----------- ----------- -----------
••••••c •••• c •••c •••••• ••••••••••a ..........•

*** TOTAL ANNUALIZED COST *** ACIC+O&M $6.714 $6.714 $6.714 $6.714
•••••••••a. ••••••••••c ...•••...•• ..=....&•• :1:

B. NOx REMOVAL PER YEAR
1. BASELINE HOx LEVEL (lb/HMBtu) (NOx)1 0.16 0.16 0.16 0.16
2. CONTROLLED NOx LEVEL (lb/MHBtu) (NOx)2 O.OB 0.08 0.08 0.08
3. HOx REMOVAL EFFICI ENCY (X) 50 50 50 50
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 51 51 51 51

...............................................
**********************************************-

........•.. ...•.....•. ..........•NOx REMOVEO PER YEAR (TOHS/YR) ***
(CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NOx)2]/200D 14.3 11.B B.9 5.9

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) *** $470 I $569 I $751 I $1.138
***********************************************
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 75
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LOW NOx BURNER

CHAP. 6 REFERENCES COST BASE

CAL ARB. 19B7 1992 DOLLARS

............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

$65.235 $65.235 $65.235 $65.235

*** TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (OIC)

*** TOTAL DIRECT INSTALLATION COST *tt

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as requlred)

PEC

DIC

SP

BLDG

$65,235

$15.466

$65,235

$15.466

$65.235

$15.466

$65.235

$15.466

*** TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLOG)

ut DCC $80.702 S80.70i $80,702 $80.702

tU

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST

C. CONTI NGENCY

*** TOTAL CAPITAL INVESTMENT COST ttt
(DCC+ICC+CONT)

-----_..._-- ----------- ---_ ..------ -----------
ICC $29,842 $29.842 $29.842 $29.842

----------- ----------- ----------- ---------- ..
----------- ----------- ----------- -----------

CONT
----------- ----------- ----------- -----------
=.==••••••• ..==•••aa:. ............ ...........

TCIC $110.543 $110.543 $110,543 $110,543
c ..............=- ...........:: ••.....•.•• .c•••••••••

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:g~ti: ~~~~ITY (~~~~~~~:WATERT~~E I------~~~:_~_~~~~~~~~~: I ~~:~_~~:: ------
FUEL TYPE: NATURAL GAS CAL ARB. 19B7 1992 DOLLARS
CONTROL METHOD: LOW NOx BURNER.......................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (0,")
..................am~.a· .

CAPACITY FACTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY' $0.05/kW-hr
6. STEAM
7. FUEL
B. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

*** TOTAL DIRECT ANNUAL COSTS ***

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (601' OF SUM OF ALL LABOR

ANO MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (O.OI*TCIC)

*** TOTAL INOIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(OAC+IAC)

DAC

lAC

0&'1

----------- ----------- ---------_... -----------
$0 $0 $0 $0

----------- ----------- ----------- -----------

$0 $0 $0 $0
$2.211 $2.211 $2.211 $2.211
$1.105 $1,105 $1.105 $1.105
$1.105 $1.105 $1.1OS $1, 105

----------- ----------- ----------- -----------
$4.422 $4,422 $4.422 $4.422

----------- ----------- ----------- -----------
••••••••••11I .ca•••••••• :c••c •••••• .:c•••••••••

$4.422 $4.422 $4.422 $4,422
c•••••••••~••••:c••:c==.=.==c=lr:.=.ac=••••••••••••

.............................................................=•••••••••••••••••••••••••••a ••••••c ••••=.=aa••••••••••••••••••

COST EFFECTIVENESS

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0.1627
$110.543 $110.543 $110.543 $110.543

----------- ----------- ----------- -----------
ACIC $17.990 $17.990 $17,990 $17.990

----------- ----------- ----------- -----------
O&M $4,422 $4.422 $4.422 $4.422

----------- ----------- ----------- -----------._........ ..•.......• ..........-.......•..•
ACIC+O," $22.412 $22.412 $22.412 $22.412..._...... c •••••••••• ........... ....._....

****** ANNUALIZED CAPITAL INVESTMENT COST

2. ANNUAL OlM COSTS (0,". above)

*** TOTAL ANNUALIZEO COST ***

A. TOTAL ANNUALIZED COST (Incl. capital and 0&'1)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (1:'~. above)

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MKBtu) (NOx)l 0.18 0.18 0.18 O.lB
2. CONTROLLED NOx LEVEL (lb/MHBtu) (NOx)2 0.09 0.09 0.09 0.09
3. NOx REMOVAL EFFICIENCY (X) 50 50 50 50
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 75 75 75 75

...............................................
**..******_*****************************t******

$94B I $1.149 I $1.516 I $2.297
*..********************************************

........... ..........• ....•...•..NOx REMOVED PER YEAR (TDNS/YR) ***
[CAp·CF*(24 hr/day)*(365 days/yr)]~[(NOx)1-(NOx)2]/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS)'***

...........
23.7 19.5 14.B 9.B

a"
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:~~~~: ~X~~~ITY (~:~~~~~:WATER~~~E ~~~:_~_~~~~~~~~~~ I .~~~~_~~~~ -----
FUEL TYPE: NATURAL GAS CIBO. 1992 1992 DOLLARS
CONTROL METHOD: LOW NOx BURNER.......................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC).......................................................................................................

BOILER CAPACITY FACTOR

"*" TOTAL INDIRECT CAPITAL COST """

C. CONTINGENCY (20 percent of direct and indlrect)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.10PEC)
2. CONSTRUCTION AND FIELD EXPENSES (O.lOPEC)
3. CONSTRUCTION FEE (0.10PEC)
4. STARTUP (0.02PEC)
5. PERFORMANCE TEST (O.OIPEC)

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

0.330.50.660.8
----------- ----------- ----------- -----------

EQP

320000
----------- ----------- --------- ...- --_.-------

PEC $158.723 $158.723 $158.723 $158.723
-----------------------------------------------
-----------------------------------------------

OIC $47.617 $47.617 $47.617 $47.617
----------- ----------- ------ ..... _-- -----------

SP
----------- ----------- -------- ....- -----------

BLOG
----------- ----------- .. - ....---- ....- -----------

OCC $206.340 $206.340 $206.340 $206.340
----------- ----------- ----------- -----------

$15.872 $15.872 $15.872 $15.872
$15.872 $15.872 $15.872 $15.872
$15.872 $15.872 $15.872 $15.872
$3.174 $3.174 $3.174 $3.174
$1.587 $1.587 $1, 587 Sl.587

----------- ----------- --_ .. _------ -----------
ICC $52.379 $52.379 $52.379 $52.379

----------- ----------- ----------- -----------
----------- ----------- ----------- -----------

CONT $51.744 $51,744 $51.744 $51,744
----------- ----------- ----------- -----------........ca:.! ••••••••••• ............ ......._.

"""TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

""" TOTAL PURCHASEO EQUIPMENT COST """

2. DIRECT INSTALLATION COST (OIC)

""" TOTAL DIRECT INSTALLATION COST
(30 percent of purchased equipment)

3. SITE PREP. SP (as reqUired)

4. BUILDINGS. BLDG (as required)

.."

""" TOTAL CAPITAL INVESTMENT COST """ TCIC $310 463 I $310 463 $310.463 $310.463
(DCC+ICC+COHT) ••••••~••••••••••~•••• ..........# .

.......................................................: •••••••••••••••••••••za === .

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 265
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LOW NOx BURNER

CHAP. 6 REFERENCES COST BASE

CIBO. 1992 1992 DOLLARS

......._- .....................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)._-- .....................................................................................................

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
B. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

CAPACITY FACTOR O.B 0.66 0.5 0.33

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60% OF SUM OF All LABOR

• AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (O.Ol*TCIC)

TOTAL DIRECT ANNUAL COSTS ******

*** TOTAL INDIRECT ANNUAL COSTS ***

OAC

lAC

O&M

----------- ----------- ---.------- -----------
$0 $0 $0 $0

----------- ----------- ----------- -----------

$0 $0 $0 $0
$6.209 $6.209 $6.209 $6.209
$3.105 $3.10S- $3.105 $3.105
$3.105 $3.105 $3.105 $3.105

----------- ----------- ----------- -----------$12.419 $12.419 $12.419 $12.419
----------- ----------- ----------- -----------
••••••••a •• •....•..... ....•...... .•...•...•.

$12.419 $12.419 $12.419 $12.419
••••••••a ••••••••••a ••••••=••••••••••••••••••••

.....................................................................................e ••••••••••••••••••••••••••••••••••••••

COST. EFFECTIVENESS
..................................................................=•••••••••••••••••••••••••••••••••••••••••••••••••••••••••

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1- ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE O. I 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $310.463 $310.463 $310.463 $310.463

----------- ----------- ----------- -----------*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $50.526 $50.526 $50.526 $50.526
----------- ----------- ----------- -----------

2. ANNUAL OlM COSTS (OlM. above) O&M $12.419 $12.419 $12.419 $12.419
----------- ----------- ----------- -----------...._..... ............ ........... •••...•....

*** TOTAL ANNUALIZED COST *** ACIC+O&M $62.945 $62.945 $62.945 $62.945
••..••...•. .c••••••c •• .c••••••••• ••••••••••c

B. NOx REMOVAL PER YEAR
l. BASELINE NOx LEVEL (lb/MMBtu) (HOx)l 0.24 0.24 0.24 0.24
2. CONTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.12 0.12 0.12 0.12
3. NOx REMOVAL EFFICIENCY (%) 50 50 50 50
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
S. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 265 265 265 265

...............................................
*****--*********************.******************

$565 I S685 I $904 I $1.369
***********************************************

...•.......*** NOx REMOVED PER YEAR (TONSIYR) ***
[tAP*CF*(24 hr/day)*(365 days/yr»)*[(NOx)1-(NOx)2)/2000

*** COST EFFECTIVENESS (S/ToN NOx REMOVED. 1992 DOLLARS) ***

.....•..... . ..
111.4 91.9 69.6 46.0

...............................................................................................c •••••••••••··········:
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER tYPE: FIELD ERECtED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 590
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LOW NOx BURNER

CHAP. 6 REFERENCES I COST 8ASE
------------------------------------ ----------------.------
CIBO. 1992 1992 DOLLARS

............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)---_..- .......................................................................................................

BDILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (20 PERCENT OF DIRECT AND INDIRECT)

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONTl

----------- ----------- ---_ ..------ -----------
PEC $1.175.725 $1.175.725 $1.175.725 $1.175.725

-----------------------------------------------
-----------------------------------------------

DIC $352.717 $352.717 $352,717 $352.717
----------- ----------- ----------- -----------

SP
----------- --------- ..... ----------- ---_ ..------

BLDG
----------- ----------- ----------- ---------_ ..

DCC $1.528.442 $1.528.442
.

$1.528.442 $1.528.442
----------- ----------- ----------- -----------

$117 .572 $117.572 $117.572 $117.572
$117.572 $117.572 $117,572 $117.572
$117.572 $117.572 $117.572 $117.572
$23.514 $23.514 $23.514 $23.514
$11.757 $11,757 $11,757 $11.757

----------- ----------- ----------- -----------
ICC $387.989 $387.989 $387,989 $387.989

----------- ----------- ----------- -----------
--------_..... ----------- ----------- -----------

CONT $383.286 $383.286 $383.286 $383.286
----------- ----------- ----------- -----------........... .c.a=••••••: .=••••••••• ...........

TCIC $2.299.718 $2.299,718 $2.299.718 $2.299.718..........• ..••....... • c ••••••••: ....•••••..

***

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

TOTAL PURCHASEO EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

***

*** TOTAL DIRECT INSTALLATION COST ***
(30 percent of purchased equIpment)

3. SITE PREP. SP (as required) .

4. -BUILDINGS. BLDG (as reqUIred)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.10PEC)
2. CONSTRUCTION AND FIELD EXPENSES (0.10PEe)
3. CONSTRUCTION FEE (0.10PEC)
4. STARTUP (D.02PEC)
5. PERFORMANCE TEST (O.OlPEC)

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS..................................~ .
:~~t~: ~~~~ITY (~~~~~h~~~CTED ~~~ERTUBE ------~~~:_~_~~~~~~~~~~ • I ~~~:_~~~~ -----
FUEL TYPE: NATURAL GAS CIBO. 1992 1992 DOLLARS
CONTROL METHOD: LOW NOx BURNER.................................................................................................
ANNUAL OPERATING AND NAINTENANCE COSTS (DlM)........................................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (DACi
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY I $D.D5/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

*** TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS ***
(DAC+IAC)

----------. ----------- ----------- -----------
$0 $0 $0 $0

----------- ----------- ----------- -----------

$0 $0 $0 $0
$45.994 $45.994 $45.994 $45.994
$22.997 $22.997" $22.997 $22.997
$22.997 $22.997 $22.997 $22.997

----------- ----------- ----------- -----------
$91,989 $91, 989 $91, 989 $91.989

----------- ----------- ----------- -----------
KKK.K•••••• • ••••••••c. =I:C••I:.I:••• ...........

$91.989 $91.989 $91.989 $91.989
••••••••••••••••••••••c ••••c ••••••••c ••••••••••

O&M

lAC

DAC

***

***

*** TOTAL INDIRECT ANNUAL COSTS

TOTAL DIRECT ANNUAL COSTS ***

B. INDIRECT ANNUAL COSTS (lAC)
1. DVERHEAO (60X OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.OI*TCIC)

COST EFFECTIVENESS
.........................................................c •••••••••••••••••••••••••••••••••••••••••••••c ••••••••••••••••••••

A. TOTAL ANNUALIZED COST (incl. capital and O&H)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR O. I fi274S39 0.16274539 0.16274539 0.16274539
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) ~2.<!99.718 $2.299.718 $2.299.718 $2.299.718

---------- - ----------- ----------- -----------
*** ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $374.269 $374.269 $374.269 $374.269

----------- ----------- ----------- -----------
2. ANNUAL OlM COSTS (O&M. above) DlM $91,989 $91.989 $91. 989 $91.989

----------- ----------- ----------- -----------_......... ........... ............ ••••••••••a

*** TOTAL ANNUALIZED COST *** ACIC+O&M $466.257 $466.257 $466.257 $466.257
• =.......... • a •••••••c: ......: .... ...........

B. NOx REMOVAL PER YEAR
1. BASELINE HOx LEVEL (lb/MMBtu) (HOx)1 0.3 0.3 0.3 0.3
2. CDNTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.15 0.15 0.15 0.15
3. NOx REMOVAL EFFICIENCY (X) 50 50 50 50
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 590 590 590 590

...............................................
*********.*************************************

$1,504 I $1.822 I $2.406 I $3.645
***********************************************

........... . ............ . .
127.9193.8255.8310.1

*-- NOx REMOVED PE~ YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)l*[(NOx)l-(NOx)21/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 OOLLARS) ***

......................................................................................................c •••z •••••••••••••••••
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· .
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (HHBtu/hr): 1300
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LOW NOx BURNER I

CHAP. 6 REFEREHCES I COST BASE
------------------------------------ -----------------------
CIBO. 1992 1992 DOLLARS

.................................................................&* .

TOTAL CAPITAL INVESTMENT COST (TCIC).........................................................................................................
BOILER C.APAC.ITY fACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

O.B 0.66 0.5 0.33

...... TOTAL PURCHASED EQUIPMENT COST ..**

2. DIRECT INSTALLATION COST (DIC)

..** TOTAL DIRECT INSTALLATION COST
(30 percent Df purchased equipment}

3. SITE PREP. 5P (as requlred)

4. BUILDINGS. BLDG (as requIred)

TOTAL DIRECT CAPITAL COST
(PEC+OIC+5P+BLDG)

B. INDIRECT CAPITAL COST (ICC)
I. ENGINEERING (0.10PEC)
2. CONSTRUCTION AND FIELD EXPENSES (O.IOPEC)
3. CONSTRUCTION FEE (0.10PEC)
4. STARTUP (D.02PEC)
5. PERFORMANCE TEST (O.DIPEC)

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (20 percent Df direct and indirect)

**.. TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

----------- ----------- ----------- -----------
PEC $3.056.885 $3.056.885 $3.056.885 $3.056.885

-----------------------------------------------
-----------------------------------------------

ole $917.065 $917 •065 $917.065 $917.065
----------- ----------- ----------- -----------

SP
----------- ----------- ----------- --------- ...-

BLDG
----------- ----------- ----------- -----------

Dec $3.973.950 $3.973.95'0 $3.973.950 $3.973.950
----------- ----------- ----------- -----------

$305.688 $305.688 $305.688 $305.688
$305.688 $305 ..688 $305.688 $305.688
$305.688 $305.688 $305.688 $305.688
$61.138 $61.138 $61.138 $61.138
$30.569 $30.569 $30.569 $30.569

----------- -- .._------- ----------- -----------
ICC $1.008.772 $1. 008.772 Sl.008.772 $1.008.772

----------- ----------- ----------- -----------
----------- ----------- ----_ ...----- -----------

CONT $996.544 $996.544 $996.544 $996.544
--------... -- ----------- -----_ ... ---- . - . ._------
••••••••••z •••••••••t.

$;:;;;:;~;Kli~:;;;:;~;KTCIC $5.979.267 $5.979.267..........~ .c•••••••e: .ce........ ..•••..•...

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 1300
FUEL TYPE: IIATURAL GAS
CONTROL METHOD: LOW NOx BURNER

CHAP. 6 REFERENCES I COST BASE
.----------------------------------- -----------------------
CIBO. 1992 1992 DOLLARS

.........._.ad__..nd~ .

ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)
.....................-. a.

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY' $O.OS/kW-hr
6. STEAM
7. FUEL
B. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

CAPACITY FACTOR D.B 0.66 0.5 0.33

*** TOTAL DIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
I. OVERHEAD (601 OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCICl
4. INSURANCE (O.Ol*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS ***

DAC

lAC

DM4

----------- ----------- ----------- -----------
$0 $0 $0 $0

..._--------- ----------- ----------- -----------

$0 $0 $0 $0
$119.585 $119.585 $119.585 $119.585
$59.793 $59,793" $59.793 $59.793
$59.793 $59.793 $59.793 $59.793

----------- ----------- ----------- -----------
$239.171 $239.171 $239.171 $239.171

----------- ----------- ----------- -----------........... .•......... c ........... ...........
$239.171 $239.171 $239.171 $239.171

•••••••••••••••••••••z=====•••••••••••••·.··c••
................................................................................................c •••••••••••••••••••••••••••

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
I. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECovEPv FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPIl..! 'NVESTMENT COSTS (TCIC. above) $5.979.267 $5.979.267 $5.979.267 $5.979.267

----------- ----------- ----------- -----------
*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $973.098 $973.098 $973.098 $973.098

--------- -- ----------- ----------- -----------
2. ANNUAL O&M COSTS (OlM. above) 0M4 $239.171 $239.171 $239.171 $239.171

----------- ----------- ----------- -----------
• _ •••••a •• .•......••. =•••••••••• •..•....••.

*** TOTAL ANNUALIZED COST *** ACIC+O&M $1.212.2&9 $1.212.269 $1.212.269 $1.212.269
••••••••a •• ........... ........... ...•.......

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.4 0.4 0.4 0.4
2. CDNTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.2 0.2 0.2 0.2
3. NOx REMOVAL EFFICIENCY (X) 50 50 50 50
4. CAPACITY FACTOR CF O.B 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 1300 1300 1300 1300

...............................................
**tttttt.*tt*-******.***_**************··******

$1.331 I $1.613 I $2.129 I $3.226
***********************************************

........•.. . .*** HOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)J*[(NOx)I-(NOx)2]/2000

*-* COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLA~S1 ***

911.D 751.6
...........

569.4 375.8

..............~..~aa a ~•••••••••••••••••••••••a •••••••••=••••••••
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 265
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LOW NOx BURNER WITH CEN SYSTEM I

CHAP. 6 REFERENCES I COST BASE
--------------_.-------------------- ---------.-------------
CIBO. 1992 1992 DOLLARS

..............eeannn_ .

TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................
BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEH SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

O.B 0.66 0.5 0.33

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (20 percent of dIrect and indirect)

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (D.I0PEC)
2. CONSTRUCTION AND FIELD EXPENSES (D.I0PEC)
3. CONSTRUCTION FEE (0.10PEC)
4. STARTUP (0.02PEC)
5. PERFORMANCE TEST (O.OlPEC)

----------- ----------- ----------- ---------...-
PEC $263.245 $263.245 $263.245 $263.245

-----------------------------------------------
-----------------------------------------------

OIC $78.973 $78.973 $78.973 $78.973
----------- -------_ .....- ----------- -----------

SP
----------- ----------- ----------- -----------

BLDG
----------- ---------_ ... ----------- -----------

DCC $342.218 $342.218' $342.218 $342.218
----------- ----------- ----------- -----------

$26.324 $26.324 $26.324 $26.324
$26.324 $26.324 $26.324 $26.324
$26.324 $26.324 $26.324 $26.324
$5.265 $5.265 $5.265 $5.265
$2.632 $2.632 $2.632 $2.632

----------- ----------- ----------- -----------
ICC $86.B71 $86.871 $86.B71 $B6.871

...-...-------- ----------- ----------- -----------
----------- ----------- ----------- -----------

CONT $85.818 $85.818 $85.818 $85.818
----------- --------_...- ----------- -----------
• :I:*••••c.== .a••••••••• ••••••••••:c ...........

TCIC $514.907 $514.907 $514.907 $514.907
_==ca=_c••• •••c•••a.== c.:l:II.=a•••• ......._..

*** TOTAL PURCHASED EQUIPMENT COST ***

DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST ***
(30 percent of purchased equIpment)

SITE PREP. SP (as requIred)

BUILDINGS. BLDG (as required)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

2.

3.

4.

***

CONTINUED ON NEXT PAGE
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· .
COST EFFECTIVENESS OF RETROFIT HOx CONTROLS............................................................................................................................
:~~t~: ~:~~ITY (~:~~~~~:WATERi~~E ------~~~:_~_~~~~~~~:~: I :~::_~~:~ -----
FUEL TYPE: NATURAL GAS CIBO. 1992 1992 DOLLARS
CONTROL METHOD: LOW NOx BURNER WITH CEM SYSTEM.....................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)........................................................................................................

A. DIRECT ANNUAL COSTS (DA~)

1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

CAPAC lTY FACTOR 0.8 0.66 0.5 0.33

*.* TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS -**
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LABOR

• AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TC1C)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol*TCIC)

TOTAL DIRECT ANNUAL COSTS ******

*** TOTAL INDIRECT ANNUAL COSTS ***

DAC

lAC

O&M

----------- ----------- ...._------ -----------
$0 $0 $0 $0

----------- ----------- ----------- -----------

$0 $0 $0 $0
$10.298 $10.298 $10.298 $10.298
$5.149 $5.14~ $5.149 $5.149
$5.149 $5.149 $5.149 $5.149

----------- ----------- ----------- -----------
$20.596 $20.596 $20.596 $20.596

---------- .. ----------- _..__._---- -----------........... • a ••••••••• z ••••z ••••• ...........
$20.596 $20.596 $20.596 $20.596

...a ••••••=.==••••======•••za.=••••••••••••••••
........................................c.a.~.=.==.a==========.z••••••••••••••••••••••••••••••••••z••••••a••••••••••••••••••
COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 n 1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $514.907 $514.907 $~14.907 $514.907

----------- ----------- --_ ......_----- -----------
*-* ANNUALIZED CAPITAL INVESTMENT COST AC1C $83.799 $83.799 $83,799 $83.799

----------- ----------- ----------- -----------
2. ANNUAL O&M COSTS (O&M. above) O&M $20.596 $20.596 $20.596 $20.596

----------- ---------_ .. ----------- -----------.......••.. ........... zz••••••••• •........•.
*** TOTAL ANNUALIZED COST **. ACIC+O&M $104.395 $104.395 $104.395 $104.395........... ............ ........... ...........
B. NOx REMOVAL PER YEAR

1. BASELINE HOx LEVEL (lb/MMBtu) (NOx)l 0.24 0.24 0.24 0.24
2. CONTROLLED HOx LEVEL (lb/HMBtu) {NOx)2 0.12 0.12 0.12 0.12
3. HOx REMOVAL EFFICIENCY (X) 50 50 SO 50
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 265 265 265 265

*** COST EFFECTIVENESS ($/TOH HOx REMOVED. 1992 DOLLARS) •••

........... •••........ ....•...... ...••••....

...............................................
***********************************************

$937 I $1.136 I $1.499 I $2.271
-----******-*-*-------*-----*-**.-.-_._*-------

*** NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NDx)1-(NDx)2]/2DOO 111.4 91.9 69.6 46.0

....., ~ '.~~ununn..nn.n..........................•••ea .
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:~lt~~ ~~:~~ITY (~~~~~~:WATE~;~~E I------~~~:_~_~~~~~~~~:: I ~~:~_~~:: ------
FUEL TYPE: NATURAL GAS CIBO. 1992 1992 DOLLARS
CONTROL METHOD: LNB AND FGR.........................................................................................................
TOTAL CAPITAL INVESTMENT COST {TCIC}........................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

*** TOTAL PURCHASED EQUIPMENT COST ***

2. OIRECT INSTALLATION COST (DIC)

*•• TOTAL DIRECT INSTALLATION COST
(30 percent of purchased equlpment)

3. SITE PREP. SP (as required)

4.• e~ILOINGS. BLDG (as required)

TeTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

8. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.10PEC)
2. CONSTRUCTION AND FIELD EXPENSES (0.10PEe)
3. CONSTRUCTION FEE (0.10PEC)
4. STARTUP (0.02PEC)
S. PERFORMANCE TEST (O.OlPEC)

*•• TOTAL INDIRECT CAPITAL COST ••*

C. CONTINGENCY (20 percent of direct and indIrect)

••• TOTAL CAPIT~L INVESTMENT COST ••*
(DCC+ICC+CONT)

... ---------- ----------- ----------- -----------
PEC $28.017 $28.017 $28.017 $28.017

-----------------------------------------------
-----------------------------------------------

OIC $8.405 $8.405 $8.405 $8.405
----------- ----------- ----------- -----------

SP
----------- ----------- ----------- -----------

BLDG
----------- ----------- ---------_... -----------

DCC $36.421 $36.421" $36.421 $36.421
----------- ----------- ----------- ---_ ... ------

$2.802 $2.802 $2.802 $2.802
$2.802 $2.802 $2.802 $2.802
$2.802 $2.802 $2.802 $2.802

$560 $560 $560 $560
$280 $280 $280 $280

----------- ----------- ----------- -----------
ICC $9.245 $9.245 $9.245 $9.245

----------- --------- ...- ----------- -----------
----------- ----------- ----------- -----------

CONT $9.133 $9.133 $9.133 $9.133
----------- --------- ... - ----------- ---_ .._-----........... ee=•••••••& • c •••c ••••• ....•......

TCIC $54.800 $54.800 $54.800 $54.800
••••c •••••• •••••••••c • • =c=••••••• ...........

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT HOx CONTROLS............................................................................................................................
:~:~~: ~:~f~ITY (~:~~~~~:WATE~;~~E ~ ~~~~_~_~:~:~:~~:~ I ~~~~_~~~: -----
FUEL TYPE: NATURAL GAS CIBO. 1992 1992 DOLLARS
CONTROL METHOD: LNB AND FGR

ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)
.............'••~annq~.' ••..••••••••••...................................................................

CAPACITY FACTOR

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY' $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS. N. GAS' $3.63/MMBtu

TOTAL DIRECT ANNUAL COSTS ***

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.Ol-TCIC)
4. INSURANCE (O.Ol*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+1AC)

DAC

lAC

O&M

0.8 0.66 0.5 0.33
----------- ----------- --- ..._------ -... ---------

$500 $500 $500 $500
$500 $SOO $500 $500

$2.313 $1.909 $1.446 $954

($4.503) ($3.715) ($2.814) ($1.857)
----------- ----------- ----------- ---------_..

($1.189) ($806) ($368) $97
----------- ----------- ----------- -----------

$300 $300 $300 $300
$1.096 $1. 096_ $1.096 $1.096

$548 $548 $548 $548
$548 $548 $548 $548

--------- .... - ----------- ----------- -----------
$2.492 $2.492 $2.492 $2,492

--------- .... - ----------- ----------- -----------..........• ........... .......•.•. .........••
$1.303 $1.686 $2.124 $2.589..•......••............•.....................••

............................................................................................................................
COST EFFECTIVENESS

A. TOTAL ANNUALIZEO COST (incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. Q~~ve) $54.800 $54.800 $54.800 $54.800

----------- ----------- ----------- -----------
U* ANNUALIZED CAPITAL INVESTMENT COST ACIC $8.919 $8.919 $8.919 $8.919

----------- ----------- ----------- -----------
2. ANNUAL O&M COSTS (OlM .. above) O&M $1.303 $1.686 $2.124 $2,589

----------- ----------- ----------- -----------.._....•.. ........... ........... ...........
*** TOTAL ANNUALIZED COST *** ACIC+O&M $10.221 $10.604 $11.042 $11.507

••••••c •••• .•...•..... ........... ..•.••.•.•.
B. NOx REMOVAL PER YEAR

1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.16 0.16 0.16 0.16
2. CONTROLLED "Ox LEVEL (lb/MMBtu) (NOx)2 0.06 0.06 0.06 0.06
3. NOx REMOVAL EFFICIENCY (X) 60 60 60 60
4. CAPACITY FACTOR CF 0..8 0.66 0.5 0.33
S. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 17.7 17.7 17 .7 17 .7

*** NOx REMOVED PER YEAR (TONS/YR) ***
(CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

........... ..••...•..• . .
6.0 4.9 3.7 2.5...............................................

***********************************************

$1.717 I $2,159 I $2.967 I $4,685
***********************************************

............~.---~ - = =-=:••••••••••=••••••••••••••••••••••
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BDIlER CAPACITY (MHBtu!hr): 41.3
FUEL TYPE: NATURAL GAS
CDNTROL METHOD: LNB AND FGR I

CHAP. 6 REFERENCES I COST BASE
--~--------------------------------- -----------------------
IMPELl CORP .• 1989 1992 DOLLARS

............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)....................................................~ .

BOllER CAPACITY FACTOR

***

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEN SYSTEM
INSTRUMENTATION
SALES TAX
fREIGHT

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (OIC)

*** TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP. SP (as reqUIred)

4. BUILDINGS. 8LDG (as requIred)

EQP

PEC

DIC

SP

8LDG

0.8

$95.751

$50,394

0.66

$95,751

$50,394

0.5

$95.751

$50,394

0.33

$95.751

$50.394

*** TOTAL OIRECT CAPITAL COST
(PEC+DIC+SP+8LOG)

DCC $146,145 $146,14S $146,145 $146.145

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*•• TDTAL INDIRECT CAPITAL COST

C. CONTINGENCY

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

----------- ------...... _- ----_ ...----. ._--------.
ICC $26,203 $26,203 $26,203 $26,203

----------- ----------- ----------- -----------
...------..--- ----------- ----------- -----------

CONT $36.286 $36,286 U6,286 $36.286
----------- --_ .. ------- ----------- -----------
c=••••••••• •••_'z:-••••• .sr••c ....... ••••••••••e

TCIC $208,634 $208,634 $208,634 $208.634
a •••••••••e •••••c ••=.= ••••c •••••• ...........

............................................................................................................................

CONTINUEO ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
................................3 .

:~~t~: ~~~~ITY (M:~~~~~~:WATE:I~~E ------~~~~_~_~~~~~~~:~: •__I :~:~_~~:: -----
FUEL TYPE: NATURAL GAS IMPELL CORP •• 1989 1992 DDLLARS
CONTRDL METHOD: LNB AND FGR
.............--.~~ua..__ .

ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)
-=-......_- ......................................................................................................

CAPACITY FACTOR 0.8 0.66 D.S 0.33

***

($10.506) ($8.668) ($6.566) ($4.334)
----------- ----------- ----------- -----------

($4.278) ($3.355) ($2.299) ($1,177)
----------- ----------- ----------- -------_...--

$300 $300 $300 $300
$•• 173 $4.173 $4.173 $4.173
$2.086 $2.0B& $2,086 $2.086
$2.086 $2,086 $2.086 $2.086

----------- ----------- ----------- --------...--
$8,645 $8.645 $8,645 $8.645

----------- ----------- ----------- -----------
••••••••Il•• ........~.. ........••• ...........

$4.367 $5.291 $6.346 $7.468.••.•..••........•..•..•........•...........••.

A. DIRECT ANNUAL COSTS (OA';)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
•• REPLACEMENT MATERIALS
5. ELECTRICITY I $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS. N. GAS I $3.63/MMBtu

TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (6OX OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.Ol*TcrC)
•• INSURANCE (O.Ol*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

DAC

lAC

0&14

$500
$500

$5.228

$500
$500

$4.313

$SOO
$SOO

$3.267

$500
$500

$2.157

..................................................................................................: .
COST EFFECTIVENESS............................................................................................................................

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $208.634 $208.634 $208,634 $208,634

----------- ----------- ----------- -------_...-...
*** ANNUALIZEO CAPITAL INVESTMENT COST ..** ACIC $33.954 $33,954 $33.954 $33.954

----------- ----------- ----------- ---------- ...
2. ANNUAL O&H COSTS (0&14, above) 0&14 $4,367 $5,291 $6.346 $7,.68

----------- ----------- ----------- -----------............ • •••••••c.c ••=w:••••••• ........•..
*** TOTAL ANNUALIZED COST *** ACIC+O&H $38.321 $39.245 $40.301 $41,422........_.. ........... c ........... •.....•.•..
8. NOx REMOVAL PER YEAR

1. BASELINE NOx LEVEL (lb/MM8tu) (NOx)1 0.16 0.16 0.16 0.16
2. CONTROLLED NOx LEVEL (lb/HHBtu) {NDx)2 0.06 0.06 0.06 0.06
3. MOx REMOVAL EFFICIENCY (X) 60 60 60 60

•• CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP .1.3 .1.3 .1.3 .1.3

*** NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(2. hr/day)*(365 days/yr)]~[(NOx)1-(NOx)2]/2000

*** COST EFFECTIVENESS (${TON NOx REMOVED. 1992 DOLLARS) ***

........•.. ........•.. . .
13.9 11.5 8.7 5.7...............................................

•••*****.******************************~*******
$2.758 I $3.424 I $4,641 I $7.228

********-*******************.******************
..............................................................................•••••••••c •••••••••=•••=.:&=a..~aaa••••a ••••••
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS......................................................................................_ .
:~~ti: ~~:~~ITY 1~~~~~~~:WATERT~~E I-----.:~~:_~_~:~:~:~:~~_. I .:~~:.~~~: -._---
FUEL TYPE: NATURAL GAS CAL ARB. 19B7 1992 DOLLARS
CONTROL METHOD: LNB AND F6R......................................................................................- .
TOTAL CAPITAL INVESTMENT COST ITCIC)............................................................................................................................

BOILER CAPACITY FACTOR

***

A. DIRECT CAPITAL COST (DCC)
I. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG las required)

EQP

PEC

DIC

SP

BLDG

0.1l

$4B.381

$57.403

0.66

$48.381

$57.403

0.5

$48.381

$57.403

0.33

$48.381

$57.403

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

*** DCC $105.785 $105.785- $105.785 $10S.785

B. INDIRECT CAPITAL COST (ICC)
I. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY

*** TOTAL CAPITAL INVESTMENT COST ***
IDCC+ICC+CONT)

----------- ----------- ----------- -.------- ...-
ICC $35.989 $3S.989 $35.989 $35.989

----------- ----------- --------_...- ---------...-
----------- ----------- ---_ ... ------ -----------

CONT
----------- ---------... - ----------- -----------
••••=••a ••• .=••••:11:••• caE........ .........•.

TCIC $141.773 $141. 773 $141.773 $141.773
a ••••••••• IE ca••aaaa••• t ••a••••••• ...........

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (HHBtu/hr): 45
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LNB AND FGR

CHAP. 6 REFERENCES COST BASE

CAL ARB. 1987 1992 DOLLARS

.___. aR .

ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)......................................................................................................
CAPACITY FACTOR 0.8 0.66 0.5 0.33

($11.448) ($9,444) ($7.155) (S4.722)
-- ... -----.... _- ----------- ----------- -----------

($4.566) (S3.592) (SZ,479) (S1.296)
-- ..-----.... _- -_ .... _------- ----------- -----------

$600 $600 $600 $600
$Z.835 $Z.835 $Z.835 $2.835
$1.418 $1.418" $1.418 Sl.418
$1. 418 $1. 418 $1. 418 $1.418

----------- --------- ..- ---..------- -----------
$6.271 $6.271 $6,271 $6.Z71

----------- ----------- --- ..------- --------- .. -........•.. •••••c ••:c: c.c•••••••• ............
$1.705 $2,679 $3,792 $4.975

••••••••••••••e ••••: •••••••••••••••••••••••••••

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LA80R
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY I $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: lX FUEL SAVINGS. N. GAS ~ S3.63/HH8tu

TOTAL DIRECT ANNUAL COSTS ***

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LA80R

• AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (O.OZ*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS ***
(DAC+IAC)

OAe

lAC

O&M

$500
$500

$5.881

$500
$500

$4.B52

$500
$500

$3.676

$500
$500

$Z.4Z6

........................................1::•••••••••••=••••••c==••=====~==••=••c••••••••••••••••••••&••=&•••••••••••••••••••••
COST .EFFECTIVENESS
•••••••••••••••••••••••••••••••••••••••••••ac••••••&••_ ••••••••••c==&cc•••••••••••••••••••••••••••=•••••••••••••••••••••••••

A. TOTAL ANNUALIZED COST (incl. capltal and O&M)
1. ANNUALIZED CAP1TAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR o lE?7 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $14~.7/3 $141. 773 $141. 773 S141. 773

----------- ---------.- --------- .. - -----------
*** ANNUALIZED CAPITAL INVESTMENT COST *** AelC $23.073 SZ3.073 S23.073 $23.073

----------- ----------- ----------- -----------
2. ANNUAL O&M COSTS (O&M. above) O&M $1. 70S $Z.679 $3.792 $4.975

-- ...._------ ----------- ----------- ----------.............. aa•••••:a•• ......•..•. ••••••••••s

*** TOTAL ANNUALIZED COST *** ACIC+O&M $24.778 $Z5.752 $26.865 $28,048........... ..•........ •...••...•. ............

B. NOx REMOVAL PER YEAR
1. 8ASELINE NOx LEVEL (lb/MM8tu) (NOx)l 0.16 0.16 0.16 0.16
2. CONTROLLED MOx LEVEL (lb/MMBtu) (NOx)2 0.06 0.06 0.06 0.06
3. MOx REMOVAL EFFICIENCY (X) 60 60 60 60
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 45 45 45 45

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

........... ..•.•...... •.......... ..••.......

...............................................
****....*****...******************************.

$1,637 I $Z.062 I $2,840 I $4,492
***********t*.****************«**-*****«*«*****

*** "Ox REMOVED PER YEAR (TONS!YR) ***
(CAP*CF*(Z4 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/ZOOO 15.1 lZ.5 9.5 6.Z
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............................................................................................................................
COS~ EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 55
FUEL TYPE: NATURAL GAS
CONTROL METHOO: LNB ANO FGR I

CHAP. 6 REFERENCES I COST BASE
------~----------------------------- -----------------------
CAL ARB. 19B7 1992 OOLLARS

....................aa.n a •••••••••••••••••••••••••

TOTAL CAPITAL INVESTMENT COST (TCIC)•..•......_- .........................................................................................................
BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASEO EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION tOST {OIt)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP, SP (as requIred)

4. BUILDINGS. BLOG (as requlred)

EQP

PEC

OIC

SP

BLDG

O.B

$B4,370

$122,639

0.66

$84.370

$122,639

0.5

$84.370

$122.639

0.33

$B4.37D

$122.639

*** TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLDG)

*** DCC $207.00B $207.008" $207,OOB $207,OOB

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTI NGENCY

----------- ----------- ----------- -----------
ICC $40.500 $40,500 $40,500 $40.500

----------- ----------- ------ ...---- -----------
----------- ----------- ----------- -----------

CONT
----------- ----------- ----------- -----------

I .

1

',** TOTAL CAPITAL INVESTMENT COST *** Tele $247,508 $247.50B $247.50B $247.508
(DCC+ICC+CONT) ••••••••••••••e •••••••••••••••••••••••••••••

............................................................................................................................
CDNTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): S5
fUEL TYPE: NATURAL GAS
CDNTROL METHOD: LHB AHD FGR

CHAP. 6 REFERENCES COST BASE

CAL ARB. 19B7 1992 DOLLARS

ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)..............~ .
CAPACITY FACTOR

••• TOTAL DIRECT ANNUAL COSTS ---

-_. TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS _••
(DAC+IAC)

B. INOIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LA80R

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02-TCIC)
3. PROPERTY TAX (OoOI-TCIC)
4. INSURANCE (O.OI-TCIC)

O.B 0.66 0.5 0.33
------------ ---- ...------ ----------- -----------

S500 $500 $500 $500
$500 $500 $500 $500

$7,18B $5,930 $4,493 $2,965

($13.991) ($11.543) ($8.745) ($5.711)
----------- ---- ... ------ ----------- ---------- ...

(S5.803) (S4.612) ($3.252) (SL806)
----------- -_ ..-....------ ----------- ---------- ...

$600 $600 $600 $600
$4.950 $4.950 $4.950 $4.950
$2.475 $2.47S $2.475 $2.475
$2.475 $2.475 $2.475 $2.475

----------- ----------- ----------- -----------
$10.500 $10.500 $10.500 $10.500

----------- ----------- ----------- -----------
a ••••••••.,. ....•...... _ •••a •••a.a c ••••••••••

$4.697 $5.B88 $7.248 $B.694
•••••••••••••••••••••==#z••••••••••••••••••••••

lAC

OAC

OlM

._-

A. DIRECT ANNUAL COSTS (DAt)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
S. ELECTRICITY' SO.05/kW-hr
6. STEAM
7. FUEL
B. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS. No GAS i $3063/MMBtu

••• TOTAL INDIRECT ANNUAL COSTS

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••aa••••••••••••••••••••••a ••••••••••••••••••••••••••••••••••••••••••

COST EfFECTIVENESS

7.611.615.3J8.5
........... ..••••.•... •..•..•..•• ........•..
...............................................
***********************************************

$2,431 I $3.025 I $4.110 I $6.417
***********************************************

10 10 10 10
001 001 0.1 0.1

0.1627 0.1627 0.1627 0.1627
$247.508 $247.508 $247.508 $247.50B

----------- ----------- ----------- _..---------
ACIC $40.281 $40.2Bl $40.281 $40.281

----------- ----------- ----------- -----------
OlM $4.697 $5.888 $7.248 $8.694

----------- ----------- ----------- -----------
•••a=.a•••-=c ==a••ca.==_ :c:•••a••••a• •••••••Ir•••

ACIC+O&M $44.978 $46.169 $47.529 $48.975.._....._. • ••••••••a. .....••.... ••.•....•.•

(NOxl1 0.16 0.16 0.16 0.J6
(NOx)2 0.06 0.06 0.06 0.06

60 60 60 60
tF 0.8 0.66 0.5 0.33

CAP SS 55 55 55

te_._.
ANNUALIZED CAPITAL INVESTMENT COST

2. ANNUAL 0'" COSTS (O&M. above)

••• TOTAL ANNUALIZED COST .--

B. NOx REMOVAL PER YEAR
1. BASELINE HOx LEVEL (lb/HMBtu)
2. CONTROLLED HOx LEVEL (lb/HHBtu)
3. NOx REMOVAL EFFICIENCY (X)
4. CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (HHBtu/hr)

... HOx REMOVED PER YEAR (TONS/YR) •••
(CAp·CF*(24 hr/day)·(36S days/yr»)-C(NOx)I-(HOx)2)/2000

A. TOTAL ANNUALIZED COST (incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY F~CTOR

TOTAL CAPITAL INV[~T~iNT COSTS (TCIC. above)

••• COST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) *_.
..................................................................................................a ••t ••••••••••••••••••••••

E·30



............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:~lt~: ~~~~~ITY (~~~~~~:WATER~~:E I------~~~:_~_~:~:~:~~:: I ~~:~_~~:: ------
FUEL TYPE: NATURAL GAS CIBO. 1992 1992 DOLLARS
CONTROL METHOD: LNB AND FGR.........................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC).......... .

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

C. CONTINGENCY (20 percent of direct and indIrect)

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (O.lDPEC)
2. CONSTRUCTION AND FIELD EXPENSES (0.10PEC)
3. CONSTRUCTION FEE (0.10PEC)
4. STARTUP (0.02PEC)
s. PERFORMANCE TEST (O.OlPEC)

*** TOTAL INDIRECT CAPITAL COST ***

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

- ........------ ----------- ----------- --- .......-----
PEC $236.321 $236.321 $236.321 $236.321

-----------------------------------------------
-----------------------------------------------

OIC $70.896 $70.896 $70.896 $70.896
----------- ----------- ----------- -----------

SP
----------- ---- ... ------ ----------- -----------

BLDG
----------- ----------- ----------- -----------

DCC $307.217 $307.217- $307.217 $307.217
----------- ----------- ----------- -----------

$23.632 $23.632 $23.632 $23.632
$23.632 $23.632 $23.632 $23.632
$23.632 $23.632 $23.632 $23.632
$4.726 $4.726 $4.726 $4.726
$2.363 $2.363 $2.363 $2.363

----------- ---_ ... ------ ----------- -----------
ICC $77 .986 $77 .986 $77 .986 $77 .986

----------- ----------- ----------- -----------
----------- ----------- -_ .. _------- -----------

CONT $77.041 $77.041 $77.041 $77 .041
----------- ----------- ----------- -----------Ie•••••••••• •••••••c ••• ........... .....••.••.

TCIC I".!~:~~~~~. $462.244 $462.244 $462.244.••.•.....• ........... ..•.••...••

*--

*** TOTAL DIRECT INSTALLATION COST
(30 percent of purchased equIpment)

SITE PREP. SP (as required)

BUILDINGS. BLDG (as requlred)

TOTAL PURCHASED EQUIPMENT COST

DIRECT INSTALLATION COST (DIC)

4.

3.

2.

...............................................==•••••:•••••••••:•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MHBtu/hr): 265
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LNB AND FGR

CHAP. 6 REFERENCES I COST BASE
------------------------------------ ----------------------.
CIBO. 1992 1992 DOLLARS

............................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OUl)..................................................................................................................

CAPACITY 0.8 0.66 0.5 0.33

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

8. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (6DX OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (O.Ol*TCIC)

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY' $D.D5/kW~hr

6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS. N. GAS , $3.63/MMBtu

$500
$500

$14.287

$500
$500

$21.647

$500
$500

$28.574

$500
$500

$34.635

($67.413) ($55.616) ($42.133) ($27.808)
----------- ----------- ----------- -----------

($31.778) ($26.042) ($19.4B6) ($12.521)
----------- ----------- ----------- -----------

$300 $300 $300 $300
$9.245 $9.245 $9.245 $9.245
$4.622 $4.622" $4.622 $4.622
$4.622 $4.622 $4.622 $4.622

----------- ----------- ----------- -----------
$18.790 $18.790 $18.790 $18.790

----------- ---- ...------ ----------- -----------............ ••..•.....• .......•... ..•........
($12.988) ($7.252) ($697) $6.269.........•......•.•...•....•.•••••••..•.•..•..•

lAC

D&M

OAC****** TOTAL DIRECT ANNUAL COSTS

............................................................................................................................
COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 D.l D.l 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.lfi?7 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $462.244 $462.244 $462.2';> $462.244

----------- ----------- ----------- -----------
*** ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $75.228 $75.228 $75.228 $75.228

----------- ----------- ----------- ----------...
2. ANNUAL O&M COSTS (O&H. above) O&M ($12.988) ($7.252) ($697) $6.269

--------- ....- ----------- ------- ...--- ---------- ...
•••••••••e. •••••••••c • •••••21••••• •••••••••aa:

*** TOTAL ANNUALIZEO COST *** ACIC+Q&M $62.240 $67.976 $74.531 $81.497
•••••••••a. .•..•...•.• ....••••..• ..........•

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MHBtu) (NOx)l 0.24 0.24 0.24 0.24
2. CONTROLLED HOx LEVEL (lb/MHBtu) (NOx)2 0.10 0.10 0.10 0.10
3. MOx REMOVAL EFFICIENCY (X) 60 60 60 60
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MI48tul.hr) CAP 265 265 265 26S

...............................................
************--********************************-

$465 I $616 I $892 I $1.478
*****************.*****************************

........... .•..•.....•*** MOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]~((NOxll-(NOx)2]/2000

*** COST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) ***

133.7 UO.3
.......•...

83.6 55.2

E-32



..............................................................c •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MHBtu/hr): B1.3
FUEL TYPE: NATURAL GAS
CONTROL METHOD: lNB AND FGR WITH CEM SYSTEM I

CHAP. 6 REFERENCES I COST BASE
--_.-------------------------------- -----------------------
1MPELL CORP .• 19B9 1992 DOLLARS

...............aeannd*· .

TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................
BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

...... TOTAL PURCHASED EOUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

*** PEC $215.634 $215.634 $215.634 $215.634

*** TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as requIred)

DIC

SP

BLDG

$68.507 $68.507 $68.507 $68.507

*** TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLOG)

DCC $284.141 $284.H1- $284.141 $284.141

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. COKSTRUCTIOK FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. COKiltlGEtlC'1

*** TOTAL CAPITAL INVESTMENl COST ***
(DCC+ICC+CONT)

-------- ... -- ----- ... ------ ----------- -----------
ICC $33.213 $33.213 $33.213 $33.213

----------- ----------- ----------- -----------
----------- -------- ... -- ----------- -----------

CONT $62.459 $62.459 $62.459 $62.459
----------- -----_ ..... --- ----------- -----------
a .......az•• ..=aa::••=c== ............ ..........•

TCIC $379.BI3 $379.813 $379.813 $379.BI3
.&c&&cccae. .c........... :==:===saa& ..........•

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:g~t~: ~:~ITY (M:~~~~~:VATE:r~~E I------~~~~_~_~~~~~~~~~~ I ~~~:_~~~~__._------
FUEL TYPE: NATURAL GAS IMP ELL CORP., 1989 1992 OOLLARS
CONTROL METHOD: LIl8 AND FGR WITH CEM SYSTEM-._--- .....................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)_ __._ - •.•....•..._--- - _- __._.-----

CAPACITY FACTOR 0.8 0.66 0.5 0.33

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS *.*
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUH OF ALL LABOR

• AND MAINTENANCE MATERIALSl
2. ADMINISTRATIVE (0.02*ICICl
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (O.OI*TCIC)

A, DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
Z. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS. N. GAS P S3.63/HHBtu

Dz4.B3 R=2.35
*** TOTAL DIRECT ANNUAL COSTS ***

(S20,682) ($17 ,063l ($l2.926) ($B,531)
-- ..._----- .. - ---- ...------ ----------- -----------

($9.226) ($7.436) ($5,391) ($3,218)
-- .._-----..... ----------- ----------- -----------

$300 $300 $300 $300
$7,596 $7.596 $7,596 $7,596
$3,798 $3.798" $3.798 $3,79B
$3,79B $3,79B $3,79B $3,798

----------- ----------- ----------- -----------
$15.493 $15,493 $15.493 $15,493

----------- ----------- ----------- -----------...•.....•. •••••••a ••: • c ••••••••• .•.•.......
$6,267 $8.056 $10.101 $12.274

•••••••••••••••=•••••••••••••••••••••••••••••••

$500
$500

$4,313

$500
$500

$6,535

$500
$500

$8,626

$500
$500

$10,456

lAC

OlM

DAC

****** TOTAL INOIRECT ANNUAL COSTS

............................................... : ....: •...••••••••••.•..•.•......••.•••••.....•......••.....••••••.•.••...•.•
COST EFFECTIVENESS
..............................................=•••~.~•••=•••••••••••••••••••••••••••••••••••••••••••••=•••••••••••••••••••••

A. TOTAL ANNUALIZEO COST (incl. capItal and O&H)
1. ANNUALIZED CAPITAL INVESTHENT COST (ACIC)

EXPECTED LIFETIHE OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $379,B13 $379.BI3 $379.BI3 $379,813

--._------- ----------- ----------- -------_...--
*** ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $61.BI3 $61. B13 $61.BI3 $61.813

----------- ----------- ----------- -----------
Z. ANNUAL OlM COSTS (OlM. above) OlM $6,267 $8,056 $10.101 $12,274

----------- ----------- ----------- -----------..••....... • ••••c ••••: ••••••••••a ...........
*** TOTAL ANNUALIZED COST *** ACIC+o&M $68,079 $69,B69 $71.914 $74,087........... .•...•..... •••••a ••••• ...•....•..
8. MOx REMOVAL PER YEAR

1. BASELINE NOx LEVEL (lb/MM8tu) (NOxl1 0.18 O.IB 0.18 0.18
Z. CONTROLLED HOx LEVEL (lb/MMBtu) (NOx)2 0.07 0.07 0.07 0.07
3, MOx REMOVAL EFFICIENCY (X) 60 60 60 60
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (HHBtu/hr) CAP 81.3 81.3 81.3 81.3

...............................................
***********************************************

$2,213 I $2,753 I $3.740 I $5,83B
***********************************************

........... . .*** HOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day}*(365 days/yr}l*[(NOx)I-(NOx)2l/2000

*** COST EFFECTIVENESS (S/TON NOx REMOVED, 1992 DOLLARS) ***

........... . .
30.8 25.4 19.2 12.7

..............anan~ c .........................•••••••••••••••••••••••••••aa .
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............................................................................................................................
COST EffECTIVENESS Of RETROfIT NOx CONTROLS............................................................................................................................
:~~t~: ~~~~~ITY (~:~~~~~:WATERT~~E I------~~~:_~_~~~~~~~:~: . ----:~:~-~~::----------
FUEL TYPE: NATURAL GAS CIBO. 1992 1992 DOLLARS
CONTROL METHOD: LOW HOx BURNER AND fGR WITH CEM SYSTEM.........-...... .
TOTAL CAPITAL INVESTMENT COST (TCIC)

..__~__ a .

BOILER CAPACITY fACTOR

2. DIRECT INSTALLATION COST (DIC)

C. CONTINGENCY (20 percent of direct and indlrect)

.** TOTAL DIRECT INSTALLATION COST *-­
(30 percent of purchased equlpme~t)

3. SITE PREP. SP (as required)

4. ~UILDINGS. BLOG (as requ1red)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.10PEe)
2. CONSTRUCTION AND fIELD EXPENSES (O.10PEC)
3. CONSTRUCTION FEE (O.10PEC)
4. STARTUP (O.D2PEC)
5. PERFORMANCE TEST (O.OIPEC)

_.- TOTAL INDIRECT CAPITAL COST *.-

0.330.50.660.8

EQP

.._---- ..-- ...- -_ .._------- ----------- -- ..-_._--- ..
PEC $426.040 $426.040 $426.040 $426.040

-----------------------------------------------

-------------------------~---------------------OIC $127.812 $127.812 $127.812 $127.812
----------- ----- ... _---- - ...._----- ... - -----------

SP
... _--------- ----------- ..... --------- -----------

BLDG
----------- ----- ... -_ ..-- _...-- ..---- .. - --------_ ..-

DCC $553.851 $553.851" $553.851 $553.851
-..._------_ ... ----------- ---- ... ---- ...- -----------

$42.604 $42.604 $42.604 $42.604
$42.604 $42.604 $42.604 $42.604
$42.604 $42.604 $42.604 $42.604
$8.521 $8.521 $8.521 $8.521
$4.260 $4.260 $4.260 $4.260

----------- ----------- ---------...- ... ----------
ICC $140.593 $140.593 $140.593 $140.593

----- ..._---- --- ... ---_ ... -- ----------- --_... --- .._--
--...-------- .._- ... ------- ----------- --_ ..-------

CONT $138.889 $138.889 $138.889 $138.889

***

**.TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEIl SYSTEM •
INSTRUMENTATION
SALES TAX
fREIGHT

••• TOTAL PURCHASED EQUIPMENT COST

..-

~---------- ----------- _..-------- -----------
•••••c ••••~ ••••••s ••c_!~&••••••••• •••••••••••

_•• TOTAL CAPITAL INVESTMENT COST .-* TCIC $833.333 $833 333 I $833 333 $833 333
(DCC+ICC+CONT) ••••••••••• ••••••~•••• ~.:=••~•••• ••••••;••••

...............................................::-:=••••••••••• • ====••===••==••••••••••=••w=••••=.===~==••==•••=.==•••••••••
CONTINUED ON NEXT PAGE
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............................................................................................................................
CDST EFFECnVEIIESS OF RETROFIT 1I0x COIITROlS............................................................................................................................
BOILER TYPE: PACKAGEO WATERTUBE
BOILER CAPACITY (MHBtu/hr): 91
FUEL TYPE: IIATURAL GAS
CONTROL METHOD: LOW NOx 8URNER AND F6R WITH CEM SYSTEM

CHAP. 6 REFERENCES COST BASE

CIBO. 1992 1992 DOLLARS

........, ~~ , .
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)

' aa m .

CAPACITY FACTOR 0.8 0.66 0.5 0.33

*** TOTAL DIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (6OX OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (0.01*TCIC)

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
S. ELECTRICITY' $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS. N. GAS. $3.63/MM8tu

$4.906

$7.000

$7.434

$7.000

$9.812

$7.000$7.000

$1l,B94

($23.150) ($19.098) ($14.468) ($9.S49)
----------- ----------- ------- ... --- ---------- ...

($4.256) ($2.286) ($35) $2.357
----------- ----------- ----------- --------_ .....

$4.200 $4.200 $4.200 $4.200
$16.667 $16.667 $16.667 $16.667
$8.333 $8.333" $8.333 $8.333
$8.333 $8.333 $8.333 $8.333

----------- ----------- ----------- -----------
$37.533 $37.533 $37.533 $37.533

----------- ----------- ----------- -----------............ ••••==••&It•• ••==sc••••c ..•........
$33.277 $35.247 $37.498 $39.890

•••••••••:s............==.=.=••=••••••••••s ••s ••=O&M

DAC

lAC

r&d

****** TOTAL INDIRECT ANNUAL COSTS

COST EFFECTIVENESS

***

A. TOTAL ANNUALIZED COST (incl. capital and 0&1'1)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
fOTAL CAPITAL INVESTMENT COSTS (TCIC. above)

ANNUALIZED CAPITAL INVESTMENT COST

2. ANNUAL 0&11 COSTS (0&11. above)

*** TOTAL ANNUALIZED COST ***

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0.1627
$833.333 $833.333 $833.333 $833.333

----------- ----------- ----------- -----------
ACIC $135.621 $135.621 $135.621 $135.621

----------- ----------- ----------- -----------
0&1'1 $33.277 $35.247 $37.498 $39.890

----------- ----------- ----------- -----------
c ••..-.••• •••s •••••:. cc:s.a••••a ••s •••_a=_

ACIC+O&II $168.899 $170.868 $173.120 $175.511........... s •••••••••• ......: .•.. a •••••••••c

B. NOll REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MM8tu)
2. CONTROLLED NOx LEVEL (lb/HHBtu)
3. MOx REMOVAL EFFICIENCY (%)
4. CAPACITY FACTOR
5. BOllER HEAT INPUT CAPACITY (/IIII8tu/hr)

(NOx)l
(NOx)2

CF
CAP

0.18
0.07

60
0.8
91

0.18
0.07

60
0.66

91

0.18
0.07

60
0.5

91

0.18
0.07

60
0.33

91

........... •••••••••.. ..•..•.•... ....•...•s.

........................s ••••••••••••••••••••••
*********-*************************************

$4.905 I $6.014 I $8.043 I $12.355
*********-*************************************

_.. NOll REMOVED PER YEAR (TONS/YR) ***
(CAP*CF*(24 hr/dayl*(365 days/yrlJ*(NOx}I-(NOx}2J/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

34.4 28.4 21.5 14.2

...............am .
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MHBtu/hr): 265
FUEL TYPE: NATURAL GAS
CONTROL METHOD: LNB AND FGR WITH CEM SYSTEM

CHAP. 6 REFERENCES COST BASE

CIBO. 1992 1992 DOLLARS

............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
.............~·..ma·~~ma~ .

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

C. CONTINGENCY (20 percent of direct and IndIrect)

**- TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

----------- ----------- ----------- -----------
PEC $3.0,725 $3.0.725 $3.0,725 $3.0.72S

-----------------------------------------------
-----------------------------------------------

DIC $102,218 $102.218 $102.218 $102.218
----------- ----------- ----------- -----------

SP
----------- ----------- ----------- -----------

BLDG
----------- ----------- ----------- --------_.....

DCC $442,943 $442.943· $442.943 $442,943
----------- ----------- ----------- ---------_....

$34.073 $34,073 $34,073 $3•• 073
$34,073 $34.073 $34,073 $3.,073
$34,073 $34,073 $34,073 $34,073
$6,B15 $6.BI5 $6,B15 $6.815
$3,.07 $3,407 $3 ••07 $3 ••07

----------- ----------- ----------- -------.........
ICC $112.439 $112.439 $112,.39 $112 ••39

----------- ----------- ----------- -----------
----------- ----------- ----------- -----------

CONT $111,076 $111.076 $111.076 $111.076
----------- --- ... ------- ----------- -----------
ca====c:as= ••CI:=:====':= ==••••:•••• .c•••••••••

TCIC $666,459 $666,459 $666,459 $666••59
caca==_=ac: sa.a ••••••• ........... ....•......

***

***

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

*--

*** TOTAL DIRECT INSTALLATION COST ***
(30 percent of purchased equipment)

3. SITE PREP, SP (as required)

•. BUILOINGS. BLDG (as requIred)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.10PEC)
2. CONSTRUCTION AND FIELD EXPENSES (0.10PEC)
3. CONSTRUCTION FEE (O.10PEC)
•. STARTUP (D.02PEC)
5. PERFORMANCE TEST (O.OIPEC)

*-- TOTAL INDIRECT CAPITAL COST -**

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOllER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 265
FUEL TYPE: NATURAL GAS
CONTROL METHOD: lNB AND FGR WITH CEM SYSTEM

CMAP. 6 REFERENCES COST BASE

CIBO, 1992 1992 DOLLARS
.__.... ..........................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)

.........................................................c .

CAPACITY FACTOR

*** TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS ***
(DAC+IAC)

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY' $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS, N. GAS. $3.63/MMBtu

*** TOTAL DIRECT ANNUAL COSTS

8. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60% OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS ***

OAC

lAC

O&H

0.8 0.66 0.5 0.33
----------- ----------- ----------- -----------

$500 $500 $500 $500
$500 $500 $500 $500

$34,635 $28.574 $21.647 $14,2B7

(S67,413) ($55.616) ($42.133) ($27,808)
----------- ----------- ---------.... -----------

($31, 778) ($26,042) ($19.4B6) ($12.521)
----------- ----------- --- ..._------ ...----------

$300 $300 $300 $300
$13,329 $13.329 $13.329 $13.329
$6.665 $6.665 $6.665 $6.665
$6,665 $6,665 $6,665 $6.665

----------- --- ... ------- ----------- -----------
$26,958 $26,958 $26.958 $26,958

----------- ----------- ----------- -----------•••.....•.. .e•••••••ce c •••••••••• ...........
($4.820) $916 $7.472 $14,437

•••••••••••••••••••••:e•••==•••••••••••••••••••.........................................................................................................................~..
COST EFFECTIVENESS............................................................................................................................

55.283.6110.3133.7
........... ...•..••... . .
...............................................
......................*•••••••**•••****.***.*••

$775 I $992 I $1.387 I $2.228
************.**••*****.**.********.*****.******

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 I 0.1627 0.1627 0.1627
$666,459 $666.459 $666.459 $666.459

----------- ----------- ----------- -----------
ACIC $108.463 $108.463 $108.463 $108.463

----------- ----------- ----------- -----------
O&H ($4.820) $916 $7,472 $14,437

----------- ----------- ----------- -----------_......... ........... ......•.... .•.........
ACIC+O&M $103,643 $109.379 $115,935 $122.900

.•......... .•••.....•• ..•••.••... ...........

(NOx)l 0.24 0.24 0.24 0.24
(NOx)2 0.10 0.10 0.10 0.10

60 60 60 60
CF 0.8 0.66 0.5 0.33

CAP 265 265 265 265

****** ANNUALIZED CAPITAL INVESTMENT COST

2. ANNUAL O&M COSTS (O&H. above)

**- TOTAL ANNUALIZED COST ***

B. NOx REMOVAL PER YEAR
1. BASELINE HOx LEVEL (lb/MHBtu)
2. CONTROLLED NOx LEVEL (lb/MMBtu)
3. MOx REMOVI.L EFFICIENCY (')
4. CAPACITY FACTOR
S. BOILER HEAT INPUT CAPACITY (MMBtulhr)

-- HOx REMOVED PER YEAR (TOHS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)}*((NO~)1-(NOx)2]/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS1 ***

A. TOTAL ANNUALIZED COST (Incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACle)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above)
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BOILER TYPE: PACKAGED FIRETUBE
BOllER CAPACITY (MMBtu/hr): 2.9
FUEL TYPE: NATURAL GAS
CONTROL METHOD: F6R AND OXYGEN TRIM

............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................

I ------~~~:_~-~:::~:~::~------------I----:~~:_~~::·_---_.---HUGH DEAN. 1988 1992 DOLLARS

.......'..ad__~ .

TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................
BOilER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

EQP

PEC

O.B 0.66 0.5 0.33

$23.546 $23.546 $23,546 $23.546

$1.531 $1.531 $1. 531 $1.531
$843 $843 $843 $B43

------ ... ---- ----------- ----------- ...-....-------
$25.920 $25,920 $25,920 $Z5.920

------ ... ----------------------------------------

*** TOTAL DIRECT INSTAllATION COST *t*

3. SITE PREP. SP (as required)

4. BUILDINGS. BLOG (as requIred)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BlDG)

B. INDIRECT CAPITAL COST (ICC)
1. CNGINCERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

DIC

SP

6LDG

Dec

$8.764

$34,664

$8,764

$34,664

$8,764

$34,664

$B,764

$34,684

*.* TOTAL INDIRECT CAPITAL COST *00

C. CONTINGENCY (20 percent of direct and indlrect)

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

-- ... -- ... ----- ----------- ---------- ... -----------
ICC $4.B73 $4,873 $4,873 $4.873

... ---------- ----------- ----------- --------- ... -
----------- ----------- ----------- -----------

CONT $7.911 $7.911 $7.911 $7,911
----------- --- ..._------ ----------- --------..._-
a •••_ ••••• ....•...... • ••••••c ••• ...........

TCIC $47,468 $47.466 $47,468 $47.468
z=asZ'caz...c ..........c • .....::.... ..•........

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS_..... ..............................................................................................................
BOilER TYPE: PACKAGEO FIRETUBE
BOilER CAPACITY (MMBtu/hr): Z.9
FUEL TYPE: NATURAL GAS
CONTROL METHOD: FiR AND OXYGEN TRIM

CHAP. 6 REFERENCES COST BASE

HUGH DEAN. 1988 199Z DOLLARS

.........................................................................................................
ANNUAL OPERATING ANO MAINTENANCE COSTS (OlM)......................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33

..- TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS ***
(OAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. -OVERHEAD (60X OF SUM OF All lABOR

AND MAINTENANCE MATERIALS)
Z. ADMINISTRATIVE (O.OZ*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol-TCIC)

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
Z. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATER1AlS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS. N. GAS @ $3.63/MMBtu

--- TOTAL DIRECT ANNUAL COSTS *-*

($745) ($615) ($466) ($307)
----------- ---- ....------ ----------- -----------

$490 $579 $681 $790
----------- ----------- ----------- -----------

$600 $600 $600 $600
$949 $949- $949 $949
$475 $475 $475 $475
$475 $475 $475 $475

----------- ----------- ----------- -----------
$Z.499 $Z.499 $2.499 $Z,499

----------- ----------- ----------- -----------.....- .... • •••••••••a ......_.... ••......•••
$2.989 $3.078 $3.180 $3.28B

•••••••••••••••••••••••••11:•••••••••••••••••••••

$500
$500

$97

$500
$SOO

$147

$500
$500

$194

$500
$500

$Z35

OlM

lAC

OAC

"**... TOTAL INDIRECT ANNUAL COSTS

................................................................E ••••••••••••••••••••••••••••••••• 11:••=••••••••••••••••••••••
tDST EFFECTIVENESS............................................................................................................................

A. TOTAL ANNUALIZED COST (Ine1. eeplte1 end D&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOr 0.16Z7 0.1627 D.16Z7 0.1627
TOTAL CAPITAL INVESTMENT ~OSTS (TCIC. ebove) $47.468 $47.468 $47.468 $47,468

---------... - ----------- -----_ ..---- ________ woo __

--- ANNUALIZED CAPITAL INVESTMENT COST
_..

ACle $7.7Z5 $7.7Z5 $7.725 $7.725
----------- ----------- ----------- -----------

2. ANNUAL OlM COSTS (O&M. ebove) OlM $2.989 $3.078 $3,180 $3,288
---------_ .. ----------- ----------- -----------........... .••.•...... ••••••••a •• •••••••••a:

... TOTAL ANNUALIZED COST -*- ACIC+OlM $10.714 $10.803 $10.905 $11.013........_. • ••••••••ca a.CCtca•••c •••••••••aa

B. HOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOxll 0.12 0.12 O.lZ 0.12
2. CDNTROLLED MOx LEVEL (lb/MMBtu) (NDx)Z 0.07 0.07 0.07 0.07
3. lOx REMOVAL EFFICIENCY (X) 40 40 40 40
4. CAPACITY FACTOR CF O.B 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 2.9 2.9 2.9 2.9

........... . .
...............................................
*********..*******************.*********.....**

$21.741 I $26.572 I $35.406 I $54.179
*********.*************************************

*** lOx REMOVED PER YEAR (TONS/YR) ---
{CAP-CF*(24 hr/day)-(365 days/yr)]-[(NOx)1-(NOx)2]/2000

*** COST EFFECTIVENESS (S/TOH HOx REMOVED. 1992 OOLLARS) ***

--0.5 0.4 0.3 0.2
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..........................................................•.•.....•••.••.••.••..••.••....•...•••.•..~.•..•..••..............
COST EFfECTIVENESS Of RETROFIT NOx CONTROLS
.................................................................c : .

BOllER TYPE: PACKAGED FIRETUBE
BOILER CAPACITY (MMBtu/hr): 5.23
FUEL TYPE: NATURAL GAS
CONTROL METHOD: FG/l AND OXYGEN TRIll

CHAP. 6 REFERENCES COST BASE

HUGH OEAN, 1988 1992 DOLLARS

..........................................c .

TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................
BOILER CAPACITY FACTOR

..-

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPHENT COST (PEC)

PRIHARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
IMSTRIJI4ENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPIIENT COST

2. DIRECT INSTALLATION COST (OIC)

EQP

PEC

0.8 0.66 0.5 0.33

$24,984 $24.984 $24.984 $24.984

$1.624 $1.624 $1.624 $1.624
$892 $892 $892 $892

------- .._-- ----------- -------..... _- --_...__ .._---
$27.500 $27,500 $27.500 $27.500

...-------..--------......-----------_..._------...-------

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as requiredl

4.• BUILDINGS. BLDG (as requlred)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+5P+BLDGl

***

OIC

SF

BLOG

DCC

$9,290

$36.790

$9.290

$36,790

$9.290

$36,790

$9,290

$36.790

B. IMDIRECT CAPITAL COST (ICC)
1. ENGIMEERING
2. CONSTRUCTION AND FIELO EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

..** TOTAL INOIRECT CAPITAL COST -**

C. CONTINGENCY (20 percent of direct and indlrect)

*** TOTAL CAPITAL INVESTIIENT COST *-.
(DCC+ICC+CONT)

----------- ----------- ... -------_ .. - -----------
ICC $5,300 $5.300 $5.300 $5.300

--------- ... - ----------- --- ...-----_... ------_...---
----------- ---------_... --- ... ------- ------_...---

CONT $8.418 $8.418 $8.418 $8.418
- - ..._------ ----- ... _---- --- ..------- -----------.._......... ...•.••..•. •..•.....•. ..••...•...

TCIC $50,508 $50,508 $50.508 $50.50B............ ...•.••..•• ••.•..•..•. ..........•
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••ce••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

CONTINUED ON NEXT PAGE
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......................................................................c •••••••••••••••••••••••••••••••••••••••••••••••••••••

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:~~t~: ~~~ITY (~~~~~~~:FIRE~~~; I------~~~~_~_~:~:~:~~:: . I ~~:~_~~:: --_.--
FUEL TYPE: NATURAL GAS HUGH DEAN. 1988 1992 DOLLARS
CONTROL METHOD: FGR AND OXYGEN TRIM............................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)............................................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33

($1.330) ($1.098) ($B32) ($549)
----------- ----------- ----------- -----------

($17) $161 $365 $581
----------- ----------- ----------- -----------

$600 $600 $600 $600
$1.010 $1.010 $1.010 $1.010

$505 $505· S505 $505
$505 $505 $505 $505

----------- ----------- ----------- -----------
$2.620 $2.620 $2.620 $2.620

----------- ----------- ----------- -----------
c •••••••••• ••••c •••••a ........... ............

$2.604 $2.781 $2.985 $3.201
•••••••••••c ••••••••••••••a ••••••••••••••••••••

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: 1~ FUEL SAVINGS. N. GAS i $3.63/MMBtu

••• TOTAL DIRECT ANNUAL COSTS •••

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60~ OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02·TCIC)
3. PROPERTY TAX (0.01·TC1C)
4. INSURANCE (O.Ol-TCIC)

••• TOTAL INDIRECT ANNUAL COSTS

••• TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS •••
(DAC+IAC)

DAC

lAC

O&M

$500
$500

$314

$500
$500

$259

$500
$500

$196

$500
$5DO

$129

...................................................................................... : ..•..••..•.•.......•..••••...•....•••
COST EFFECTIVENESS

0.4
. .

0.50.7
........... . .

0.9...............................................
***********************************************

$12.304 I $15.159 I $20.380 I $31,475
***********************************************

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0 1627
$50.508 $50.508 $50.508 ~~".508

----------- ----------- ----------- -----------
ACIC $8.220 $8.220 $8.220 $8.220

----------- ----------- ----------- ---------_ ..
O&M $2.604 $2.781 $2.985 $3.201

----------- ----------- ----------- -----------••••....... .••...•.... ........... ...........
ACIC+O&M $10.823 $11.001 $11.205 $11.421......•.•.. .....•••.•• ...•••...•• ............

(NOx)l 0.12 0.12 ·0.12 0.12
(NOx)2 0.07 0.07 0.07 0.07

40 40 40 40
CF 0.8 0.66 0.5 0.33

CAP 5.23 5.23 5.23 5.23

**. TOTAL ANNUALIZED COST

B. NOx REMOVAL PER YEAR
1. BASELI NE NOx LEVEL (l b/MMBtu)
2. CONTROLLED NOx LEVEL (lb/MMBtu)
3. MOx REMOVAL EFFICIENCY (~)

4. CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr)

... NOx REMOVED PER YEAR (TONS/YR) •••
[CAP-Cr-(24 hr/day)·(365 days/yr)]·[(NOx)1-(NOx)2]/2000

A. TOTAL ANNUALIZED COST (incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTEO LIFET1ME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above)

••* ANNUALIZED CAPITAL INVESTMENT COST *.*

2. ANNUAL OlM COSTS (OlM. above)

••• COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) .**

.....................................................................................~.........•...........•..•..•..•••.....
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............................................................................................................................
COST EffECTIVENESS Of RETROfIT NOx CONTROLS............................................................................................................................
~~~t~: ~r~~CITY (~:~~~~~:fIR~~~:~ __._._~~~:_~.~~~~~:~::~ ._I :~~:_~~~: .----
FUEL TYPE: NATURAL GAS HUGH DEAN. 1988 199Z DOLLARS
CONTROL METHOD: F6R AHD OXYGEN TRIM............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (Tele)............................................................................................................................

BOILER CAPACITY fACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATlON
SALES TAX
I'REIGHT

$9.290

$41.485

$9.290

$41. 485

$9.290

$41. 485

0.8 0.66 0.5 0.33

$9.290

$41.485

$Z9.346 $29.346 $29.346 $29.346

$1.907 $1.907 $1.907 $1.907
$942 $942 $942 $942

----------... --...------_... ----..... --........ -----------
$32.195 $32.195 $3Z.195 $32.195

-------... ---------------------------------...---...-

SP

DIC

EQP

BLDG

OCC

PEC

...

...

*.*

••• TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as reQulred)

4. BUILDINGS. BLDG (as required)

TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

••• TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

B. INDIRECT CAPITAL COST (ICC)
1. EIIGIIIEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION fEE
4. STARTUP
5. PERI'ORMAIICE TEST

*** TOTAL INDIRECT CAPITAL COST •••

e. CONTINGENCY (20 percent of direct and indirect)

••• TOTAL CAPITAL INVESTMENT COST •••
(DCC+ ICC+CONT)

------ ..---- -- ...--- ........ -- ...-.- ...-.---- ---- ...-.-....
ICC $5.Z55 $5.Z55 $5.255 $5.255

--... -------- -- ... --..... ---- ... ----- ...---- ---------_...
... ------- ... -- ----------- ... -----...---- ... --_ ... ------

CONT $9.348 $9.348 $9.348 $9.348
-----_... -...-- ----..._----- ... ---------- ----_ ....-...-....
••••••••a •• ............ ...•....... .•.•.•.•...

TCIC $56.087 $56.087 $56.087 $56.087
•••••••••s. .==•••••••• 11I:•••••••••• ............

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:~:~~: ~~~~ITY (~:~~~~~:FIR~~~~~ I------~~~:_~_~~~~~~~~~: I ~~:~_~:~ -----
FUEL TYPE: NATURAL GAS HUGH DEAN, 1988 1992 DOLLARS
CONTROL METHOD: F6R AND OXYGEN TRIM_....._-- ...............................................................................................~ .
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)......_-- ......................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33

..* TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(OAC+IAC)

$500
$500

$399

$500
$500

$604

$500
$500

$798

$500
$500

$967

($2,661) ($2,195) 1$1,663) ($1,098)
----------- ----------- ----------- -----------

($694) ($397) ($59) $301
----------- ----------- ----------- -----------

$600 $600 $600 $600
$1,122 $1,122. $1,122 $1,122

$561 $561 $561 $561
$561 $561 $561 $561

----------- ----------- ----------- -----------
$2,843 $2,843 $2,843 $2,843

----------- ----------- ----------- -----------•••.•...... .•......... ........... ...........
$2,150 $2,446 $2,785 $3,145

...........................~.z••=••••••••••••••O&M

lAC

OAC

****** TOTAL INDIRECT ANNUAL COSTS

TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (O.OI*TCIC)

***

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: 1~ FUEL SAVINGS, N. GAS i $3.63/MMBtu

............................................................................................................................
COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC, above) $56,087 $56,087 $S6,087 $56,087

----------- ----------- ----------- -----------
*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $9,128 $9,128 $9,128 $9,128

----------- ----------- ----------- -----------
2. ANNUAL OlM COSTS (OlM, above) OlM $2,150 $2,446 $2,785 $3,145

----------- ----------- ----------- -----------........... ...•••..... ..•..•.•••. ...........
*.. TOTAL ANNUALIZED COST *** ACIC+OlM $11.278 $11.574 $11,913 $12,273

............ ........... .: ......... ............
8. HDx RDllIVAL PER YEAR

1. BASELINE NOx LEVEL (lb/MMBtu) (NOxll 0.12 0.12 0.12 0.12
2. CONTROLLED HOx LEVEL (lb/HMBtu) (NOx)2 0.07 0.07 0.07 0.07
3. HDx REMOVAL EFFICIENCY (X) 40 40 40 40
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtul.hr) CAP 10.46 10.46 10.46 10.46

...............................................
**********.************************************

$6,410 I $7,974 I $10,834 I $16,912
**********.************************************

........... . .HDx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr»)~[("Ox)I-(NOx)2)/2000

... COST EFFECTIVENESS ($/TOH HOx REMOVED, 1992 DOLLARS) ***

1.8 1.5 1.1 0.7
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
:~~t~: ~X~~~ITY (~~~~~;~:FIRE~~~~ ------~~~:_~_~~~~~~~~~: I ~~::_~~:~.. -----
FUEL TYPE: NATURAL GAS HUGH DEAN, 1988 1992 DOLLARS
CONTROL METHOD: FGR AND OXYGEN TRIM............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................

BOllER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EOP)
CEN SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

*** TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

***

EOP

PEe

0.8 0.66 0.5 0.33

$34,204 $34.204 $34.204 $34.204

$2.224 $2.224 $2.224 $2.Z24
$1.041 $1. 041 $1,041 $1.041

----------- ----------- ----------- --- ...-----_ ..
$37.469 $37.469 $37.469 $37,469

-----------------------------------------------

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP, SP (as required)

4. BUILDINGS. 8LOG (as required)

*** DIC

SP

BLDG

$9,815 $9.815 $9.815 $9.815

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

*** Dce $47,284 $47.284 $47.284 $47.284

8. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (20 percent of direct and indIrect)

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

----------- ----------- ----------- -----------
ICC $5.255 $5,255 $5.255 $5,255

----------- ----------- ...---------- --- ...-------
----------- ----- ... ----- ----------- ---...-------

CONT $10,508 $10,508 $10.508 $10,508
----------- ----------- -- ._--- ..- ...- -----------........... ........... ••••~&••••• ........_.

TCIC $63.046 $63.046 $63.046 $63.046
s ••c ••••••• •....•...•• ........•.. ......._..

CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGEO FIRETUBE
BOILER CAPACITY (MMBtu/hr): 20.9
FUEL TYPE: NATURAL GAS
CONTROL METHOO: FGR ANO OXYGEN TRIM

CHAP. 6 REFERENCES COST BASE

HUGH DEAN. 1988 1992 DOLLARS

..................................................~ .
ANNUAL OPERATING AND MAINTENANCE COSTS (O&H)
..............., ng~ .

CAPACITY FACTOR

*** TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS ***
(DAC+IAC)

0.8 0.66 0.5 0.33
_.._-------- --- .._------ ----------- -----------

$500 $500 $500 $500
$500 $500 $500 $500

$3.790 $3.127 $2.369 $1.563

($5.323) ($4,392) ($3.3271 ($2.196)
----------- ----------- ----------- -----------

($533) ($265) $42 $368
----------- ----------- ----------- -----------

$600 $600 $600 $600
$1,261 $l,26} $1,261 $1,261

$630 $630 $630 $630
$630 $630 $630 $630

--- ..------ - ----------- ----------- -----------
$3.122 $3.122 $3.122 $3.122

----------- ----------- ----------- -----------
aa••••••••• ••a •••••••• a •••••••••• ..........•

$2.589 $2.857 $3.164 $3,490...•.....•...•••...•......•••......•••••......•O&M

lAC

DAC

****** TOTAL INDIRECT ANNUAL COSTS

TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF 5UM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.OI*TCIC)

***

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. SO.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: IX FUEL SAVINGS. N. GAS ~ $3.63/MMBtu

...................................................................................................: ...•.•......•.•••••....•
COST EFFECTIVENESS
.........................................................••••••••c=.==••••••••••••••••~•••••••••••=•••••=•••••••••••••••••••

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
~D:i:L RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOi,'1 CAPITAL INVESTMENT COSTS (TCIC, above) $63.046 $63.046 $63.046 $63.046

----------- ----------- ----------- -----------
*** ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $10.260 $10,260 $10,260 $10,260

----------- ----------- ----------- -----------
2. ANNUAL O&H COSTS (O&H, above) O&H $2.589 $2.857 $3.164 $3.490

----------- ----------- ----------- -----------........... .......•... ........... •••••••••tll:

*** TOTAL ANNUALIZEO COST *** ACIC+O&M $12.849 $13.118 $13.424 $13,750........... .......•... ........... ...........
B. NOx REMOVAL PER YEAR

1. BASELINE NOx LEVEL (lb/HH8tu) (NOxll 0:12 0.12 0.12 0.12
2. CONTROLLED NOx LEVEL (lb/HH8tu) (NOx)2 0.07 0.07 0.07 0.07
3. 1IOl( REMOVAL EFFICIENCY (X) 40 40 40 40
4. CAPACITY FACTOR CF O.B 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MH8tu/hr) CAP 20.9 20.9 20.9 20.9

*** COST EFFECTIVENESS ($/TON NOx REMOVEO, 1992 DOLLARS) ***

........._. ..........• . .

...............................................
***********************************.***********

$3.651 I $4.518 I $6.103 I $9.471
***********************************************

*** NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NOx)2]/2000 3.5 2.9 2.2 1.5

......, ~ ~ _ .
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: PACKAGED FIRETUBE
BOILER CAPACITY (MHBtu/hr): 33.5
FUEL TYPE: NATURAL GAS
CONTROL METHOD: FGR AND OXYGEN TRIM

CHAP. 6 REFERENCES I COST BASE
-.---------------------------------- -----------------------
HUGH DEAN. 1988 1992 DOLLARS

............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................

BOILER CAPACITY FACTOR

***

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRlJIENTATION
SALES TAX
FREIGHT

TOTAL PURCHASEO EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

EQP

PEC

0.8 0.66 0.5 D.33

$37.971 $37.971 $37.971 $37.971

$2.469 $2.469 $2.469 $2.469
$1.091 $1.091 $1.091 $1,091

.---------- ----------- ----------- -----------
$41, 531 $41.531 $41,531 $41.531

-----------------------------------------------

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as requlred)

4. ~UILDINGS. BLDG (as required)

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+8LDG)

DIC

SP

BLDG

DeC

$11.401

$52.932

$11.401

$52.932'

$11.401

$52.932

$11.401

$52.932

u*

8. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY (20 percent of direct and lndirect)

*** ,OTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

----------- ----------- ----------- -----------
ICC $5.255 $5.255 $5.255 $5.255

---------... - ----------- ----------- -----------
----------- ----------- ... --- ..------ -----------

CONT $11.637 $11.637 $11.637 $11.637
----------- ----------- ----------- -----------
••c •••••••• a:=.c••••ce .:1:••••=•••• ...........

TCIC $69.824 $69.824 $69.824 $69.824
•••••zz.::= •••••C&I:=_= Clt••••c •••• ...........

CONTINUED ON NEXT PAGE
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......................................................................................a .

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
............................................................................................................................
:g~t~: ~~~~ITY (~~~~~~~:FIRE~~~~ I------~~~:_~_~~~~~~~~~~ I ~~~~_~~~~ ------
FUEL TYPE: NATURAL GAS HUGH OEAN. 1988 1992 DOLLARS
CONTROL METHOD: FGR AND OXYGEN TRIM......................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)
........., .a~..~ ..-a .

CAPACITY FACTOR 0.8 0.66 0.5 0.33

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60l OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (O.OI*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER: Il FUEL SAVINGS. N. GAS @$3.63/MMBtu ($B.517) ($7.027) ($5.323) ($3.513)

----------- ----------- ----------- -----------
($1.217) ($829) ($3B6) $85

----------- ----------- ----------- -----------

$600 $600 $600 $600
$1.396 $1.39~ $1.396 $1.396

$698 $69B $69B $69B
$698 $69B $69B $698

----------- ----------- ----------- -----------
$3.393 $3.393 $3.393 $3.393

----------- ----------- ----------- -----------
•••••••••111:. ••••:.Ca.aE E•••••••••• E••••••••••

$2.17B $2.564 $3.007 $3.478
•••••••••I11:••••••••••c ••••••••••••••••••••••••••

$500
$500

$2.599

$500
$500

$3.937

$500
$500

$5.197

$500
$500

$6.300

OlM

lAC

DACTOTAL DIRECT ANNUAL COSTS ******

COST EFFECTIVENESS
.......................................c •••••••••••••••••••••••••••=••:=.=c•••••••••••a •••••••••••••••••••••••••••••••••••••

A. TOTAL ANNUALIZEO COST (Incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTEO LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 C.ltZ7 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $69.824 $6S.cl24 $69.824 $69.B24

----------- ----------- ----------- -----------
*re ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $11.363 $11.363 $11.363 $11.363

----------- ----------- ----------- -----------
2. ANNUAL OlM COSTS (O&M. above) O&M $2.1n $2.564 $3.007 $3.47B

----------- ----------- ----------- -----------...•.....•. ••••••••1£1:1£ ........... ..........:

*** TOTAL ANNUALIZED COST *** ACIC+O&M $13.539 $13.927 $14.371 $14.842
..........&. • ••••••ce.: ........... .......... :

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.12 0.12 0.12 0.12
2. CONTROLLEO Nox LEVEL (lb/MMBtu) (NDx)2 0.07 0.07 0.07 0.07
3. NOx REMOVAL EFFICIENCY (l) 40 40 40 40
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 33.5 33.5 33.5 33.5

.......•... . ."** HOx REMOVED PER YEAR (TONS/YR) ***
(CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NOx)2]/2000

.._ ••••aa:.

5.6 4.6 3.5 2.3

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

.......-.a .

*********.****************** ****************

$2.404 I $2.998 I $4.083 I $6.390
***********************************************

.............................................................................¥ •••ccc••••••••••••••••••••
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MHBtu/hr): 50
FUEL TYPE: NATURAL GAS
CONTROL METHOO: SCR

CHAP. 6 REFERENCES COST BASE

PEERLESS. 1992 1992 DOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)....................................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY ANO AUXILIARY EQUIPHENT (EOP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EOP

0.8 0.66 0.5 0.33

••• TOTAL INQIRECT CAPITAL COST •••

C. CONTINGENCY (0.20·(OCC+ICC»

••• TOTAL CAPITAL INVESTMENT COST •••
(DCC+ICC+CONT)

8. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (O.20PEe)
2. CONSTRUCTION ANa FIELD EXPENSES (0.20PEC)
3. CONSTRUCTION rEE (0.20PEC)
4. STARTUP (0.04PEC)
5. PERFORMANCE TEST (0.Q2PEC)

.-._.- ...-- -------- ... --------- ---------
PEC $121.300 $121.300 $121.300 $121.300

---------------------------------------
------------------------------------- ....

ole $85.000 $85.000 $85.000 $85.000
--------- --------- ----- ... --- ---------

SP
--------- -------_ .. --------- - ... _------

BLDG
--------- --- ... ----- --------- ---------

Dec $206.300 $206.300 $206.300 $206.300
-..----- ... - ..._------- --------- ---------

$24,260 $24.260 $24.260 $24.260
$24.260 $24.260 $24.260 $24.260
$24.260 $24.260 $24.260 $24.260
$4.852 $4.852 $4.852 $4.852
$2.426 $2.426 $2.426 $2.426

... _------ .. --------- ------ ... -- ---------
ICC $80.058 $80.058 $80.058 $80.058

--------- ---- ..---- --------- ..----- ..--
--------- ------- ..... ... -- ..... ---- -_ .._-----

CONT $57.272 $57.272 $57.272 $57.272
--------- --------- --------- ---------
• ac••c.c.e ._........ ...cs••_._.. ••••s.w:.:

TelC $343.630 $343.630 $343.630 $343.630
:C*'C••:&1; • txca:&s.: a ••~.=cc• ca....s ••c:

...

.u

•••

TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLOG)

TOTAL PURCHASED EQUIPHENT COST

2. DIRECT INSTALLATION COST (DIC)

••• TOTAL OIRECT INSTALLATION COST

3. SITE PREP. SP (as required)

4. BUILDINGS. 8LDG (as reqUired)

tONTINUED ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS..................................:........................................................................•.........
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (HHBtu/hr): SO
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR I

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
PEERLESS. 1992 1992 DOLLARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (DiM)....................................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33
--------- --------- --------- ---------

A. DIRECT ANNUAL COSTS (DAC;
1- OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual inspection) $2.000 $2.000 $2.000 $2.000
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst repIacement every 3 yrs) $16.667 $16.667 $16.667 $16.667
5. ELECTRICITY i $0.05/kW-hr $523 $431 $327 $216
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst) $4.167 $4.167 $4.167 $4.167
9. CHEMICALS (ammonIa I $250/ton. 1 lb/hr) $B76 $723 $54B $361
10. OTHER

--------- --------- --------- ---------
*** TOTAL DIRECT ANNUAL COSTS *** DAC $24.232 $23.987 $23.708 $23.410

--------- --------- --------- ---------
B. INDIRECT ANNUAL COSTS (lAC)

1- OVERHEAD (60X OF SUM OF ALL LABOR
ANO MAINTENANCE MATERIALS) $1. 200 $1. 200 $1. 200 $1. 200

2. ADMINISTRATIVE (0.02*TCIC) $6.B73 $6.B73 $6.873 $6.B73
3. PROPERTY TAX (O.Ol*TCICl $3,436 $3,436 $3,436 $3,436
4. INSURANCE (D.Ol*TCIC) $3.436 $3,436 $3,436 $3.436

--------- --------- --------- ---------
*** TOTAL INDIRECT ANNUAL COSTS *** lAC $14.945 $14,945 $14,945 $14.945

--------- --------- --------- ---------
1:•••••••::1: ••a:a:eeee :1:::::::==:== ==cee::ea:=:

*** TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS *** O&M $39,177 $38.933 $38.653 $3B.356
(DAC+IAC) •••••••e==e::e::::::=:=a:.====a:S&=~===e::e=e=

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1- ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COST~ rT~IC. above) $343,630 $343.630 $343.630 $343.630

--------- --------- --------- ---------
*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $55,924 $55,924 $55,924 $55.924

--------- --------- --------- ---------
2. ANNUAL O&M COSTS (O&M. above) OiM $39.177 $3B.933 $38.653 $38.356

--------- --------- --------- ---------
••••caca• •••ececa: acaae=_:a a ••aceec:

*** TOTAL ANNUALIZED COST *** ACIC+O&M $95.101 $94.B57 $94.577 $94,280
.c••••••• *::••===*:1:: :a:::aese== s=c:=====

B. NOx REMOVAL PER YEAR
1- BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.16 0.16 0.16 0.16
2. CONTROLLED NOx LEVEL (lb/HMBtu) (NOx)2 0.02 0.02 0.02 0.02
3. NDx REMOVAL EFFICIENCY (X) 85 B5 B5 B5
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP SO SO 50 50

•••••• ••••••••••••a:••=.aC.==a:••••=···sa:
***************************************

*** NOx REMOVED PER YEAR (TOKS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NOx)2]/200D 23.B 19.7 14.9 9.8

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) *** $3.991 I $4.B25 I $6,351 I $9.592
**********************************t****

...................................................................................................................a:
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MHBtu/hr): 100
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR

CHAP. 6 REFERENCES COST BASE

PEERLESS, 1992 1992 DOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
••••~ 2 ••••••••••••••••••

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY ANO AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 O.S 0.33

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

••• TOTAL INDIRECT CAPITAL COST •••

C. CONTINGENCY (0.20·(DCC+ICC))

••• TOTAL CAPITAL INVESTMENT COST •••
(DCC+ICC+CONT)

---... ----- ---------- ----_ ...... - ---------
PEC $152,600 $152.600 $152.600 $152.600

---... ------------------_ .. _--------------

--------------------~------------------
DIC $107.000 $107.000 $107.000 $107.000

--------- --------- -------_ .. ------_ .. -
SP

--------- --------- -- .. -_ ... --- ........... _----
BLDG -----_ .. _- -------- ... ----_ ... - ....... ..--------
oee $259.600 $259.600 $~9.600 $259.600

- ..------- -------_ .. -- ... _----- ---------

$30,520 $30.520 $30.520 $30.520
$30.520 $30,520 $30.520 $30.520
$30,520 $30.520 $30.520 $30.520
$6,104 $6.104 $6.104 $6.104
$3,052 $3.052 $3.052 $3,052

---------- --------- --------- ---------_...
ICC $100.716 $100.716 $100.716 $100.716

--------- --------- --------- ----_ ... _---
------_...- --------- ------ .. - ... --- ..-... _--

CONT $72,063 $72,063 $72.063 $72.063
--------- --------- --- ... - ... _-- _..-------
••••&••-~l .•••••=•• ===~.c=%== :s:==-.s••

TCIC
~~~~~:::·I~~:~;:~: . $432.379 $432.379

=a========= c:=c.·•••

...
••• TOTAL DIRECT INSTALLATION COST

SITE PREP, SP (as requIred)

BUILDINGS, BLDG (as requIred)4.

3.

TOTAL PURCMASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DrC)

8. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.20PEC)
2. CONSTRUCTION AND FIELO EXPENSES (O.lOPEe)
3. CONSTRUCTION FEE (0.20PEC)
4. STARTUP (0.04PEC)
S. PERFORMANCE TE5T (0.02PEC)

CONTINUED ON NEXT PAGE
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MHBtu/hr): 100
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR I

CHAP. 6 REFERENCES I COST BASE
----------------------_._------- -------------------
PEERLESS, 1992 1992 DOLLARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)....................................................................................................................

CAPACITY FACTOR

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING lABOR
2. MAINTENANCE LABOR (semi-annual inspection)
3. MAINTENANCE MATERIALS
•. REPLACEMENT MATERIALS (catalyst replacement every 3 yrs)
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst)
9. CHEMICALS (ammonia' $250/ton. 2.1 lb/hr)
10. OTHER

*** TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS ••*
(DAC+IAC)

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAO (60X OF SUM OF ALL LABOR

ANO MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (O.02*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

0.8 0.66 0.5 0.33
--------- --------- --------- _... -------

$2,000 $2,000 $2.000 $2.000

$33,333 $33,333 $33.333 $33.333
$523 $431 $327 $216

$8,333 $8,333 $8.333 $8,333
$1,840 $1.518 $1,150 $759

--------- --------- --------- -------- ...
$46,029 $45.616 $45.143 $44.641

--------- --------- --_ .. ----- ---------

$1.200 $1.200 $1.200 $1.200
$8.648 $8.648 $8,648 $8,648
$4.324 $4.324 $4,324 $4,324
$4.324 $4,324 $4.324 $4,324

--------- --------- --------- ---------
$18,495 $18,495 $18,495 $18,495

--------- --------- --------- ---------
cak....... •••••s.c: E ••I:=....: &sec&====

$64,524 $64.111 $63.638 $63.136
•••=c•••=&==a===:s=====s=*==========••=

lAC

O!aM

DACu**** TOTAL DIRECT ANNUAL COSTS

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $432,379 $432.379 $432.379 $432.379

--------- --------- --------- ---------
ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $70.368 $70.368 $70.368 $70.368

--------- --------- --------- ---------
2. ANNUAL O&M COSTS (O&M, above) O&M $64.524 $64,111 $63.638 $63.136

--------- --------- --------- ---------
•••acllts•• ......... ==cs==z:= as_:=====

*** TOTAL ANNUALIZED COST *** ACIC+O&M $134.892 $134.479 $134.006 $133,504c._s:=._. =a••••a ... =-======= :1:========

B. HOx REMOVAL PER YEAR
1. BASELINE HOx LEVEL (lb!MMBtu) (NOx)l 0.18 0.18 0.18 O.lB
2. CONTROLLED HOx LEVEL (lb!MMBtu) (NOx)2 0.03 0.03 0.03 0.03
3. HOx REMOVAL EFFICIENCY (X) 85 85 85 85
•• CAPACITY FACTOR CF O.B 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (HMBtu/hr) CAP 100 100 100 100

............................•......... :

***************************************

*** HOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]!2000 53.6 .4.2

a........ . .
33.S 22.1

*** COST EFFECTIVENESS ($!TON NOx REMOVEO, 1992 OOLLARS) *** $2,516 I $3.040 I $3.999 I $6.037
****************************_.*********

....................................................................................................====.t••••••••••
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: PACKAGEO WATERTUBE
BOILER CAPACITY (MH8tu/hr): 100
FUEl TYPE: IlATURAL GAS
CONTROL METHOD: SCR I

CHAP. 6 REFERENCES I COST BASE
---~---------------------------- --.----------------
DAHON. J987 J992 DOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST lTCIC)....................................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST IOCC)
1. PUR~SEO EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT IEOP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EOP

0.8 0.66 0.5 0.33

*** TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. Sf las required)

4. :BUILDINGS. BLDG (as ~equired)

***

***

PEC

DIC

Sf

BLDG

*** TOTAL DIRECT CAPITAL COST
{PEC+DIC+SP+8LDGJ

*** DCC

8. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

--------- --------. --------- ---------
ICC

--------- --------- -------_... ---------
--------- -----....--- ----.---- ---------

CONT
- ..._------ --------- -_ ... __ ... -...- --- .... -----
==:cs::csa ======::1:= =z:::=c::==:= z::========

TCIC $492.271 $492.271 $492.271 $492.271......... ._••_.e== ========= ===;;=====

CONTINUED ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOllER TYPE: PAC~GED WATERTUBE
BOllER CAPACITY (HMBtu/hr): 100
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR

CHAP. 6 REFERENCES COST BASE

DAMON. 1987 1992 DOllARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE CDSTS (OlM)....................................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33

$54.675 $54.675 $54.675 $54.675
$6.700 $6,700 $6,700 $6.700

$13.669 $13.669 $13.669 $13.669
$4.400 $4.400 $4.400 $4.400

--------- --------- --------- -- ..-_ ... _--
$79.444 $79.444 $79.444 $79.444

--------- --------- --------- ---------

$0 $0 $0 $0
$9.845 $9.845 $9.845 $9.845
$4.923 $4.923 f4.923 $4.923
$4.923 $4.923 $4.923 $4.923

--------- --------- --------- ---------
$19.691 $19.691 $19.691 $19.691

--------- --------- --------- -_ ..------.••...... ........: C=Jl:Z&lII:••S ••••••••=
$99.135 $99.135 $99.135 $99.135

•••••••••••=&•••••===•••=.=======.=.===

lAC

O&M

A.- DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement every 2 yrs)
5. ELECTRICITY' $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst)
9. CHEMICALS (anmonla It $2S0/ton)
10. OTHER

TOTAL DIRECT ANNUAL COSTS OAe

B. INDIRECT ANNUAL COSTS (lAC)
I. OVERHEAD (60X OF SUM OF ALL lABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (0.D1*TCICl

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IACl

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above)

*** ANNUALIZED CAPITAL INVESTMENT COST ~~*

2. ANNUAL O&M COSTS (O&M. above)

*** TOTAL ANNUALIZED COST ***

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0.1627
1~492.271 $492.271 $492.271 $492.271
--------- - ... -----_ ... ----_ .... --- ---------

ACIC $80.115 $80.115 $80.115 $80.115
--------- _._------- --------- ---------

O&M $99.135 $99.135 $99.135 $99.135
--------- --------- ----_ ....--- ---------
.......&:•• •••••••a: ......: .. •••••a •••

ACIC+O&M $179.249 $179.249 $179.249 $179.249.....-.-. ..=._.••• =a:==•••== .as::a===_=

B. MOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/HM8tu) (HOx)l 0.18 0.18 0.18 0.18
2. CONTROLLED NOx LEVEL (lb/MMBtu) (HOx)2 0.03 0.03 0.03 0.03
3. MDx REMOVAL EFFICIENCY (X) 85 85 85 85
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOllER HEAT INPUT CAPACITY (MMBtu/hr) CAP 100 100 100 100

=•••••••••••••=••••=••••••==•••=••••••=
.****_a** .****._. *.***_*_*_* **

*** MDx REMOVED PER YEAR (TDNS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)l-(NOx)2]/2000

......... . .
53.6 44.2 33.5

•••••••:=

22.1

**~ COST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) *** $3.344 I $4,053 I $5.350 I $8,105
-*-*-*------._---.**-**..-**-*-**---***....................................................................................................................
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COST EffECTIVENESS Of RETROfIT NOx CONTROLS
.a .
SOlLER TYPE: PACKAGEO WATERTUBE
SOlLER CAPACITY (MHBtu/hr): 150
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR I

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
PEERLESS. 1992 1992 DOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

*** TOTAL INOIRECT CAPITAL COST ***

C. CONTINGENCY (0.20*(DCC+ICC))

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

--------- --------- ------ ......... ---------
PEC $190.997 $190.997 $190.997 $190.997

---------------------------------------
---------------------------------------

DIC $133.643 $133.643 $133.643 1133.643
--------- --------- ----- ... _-- --_ ... _----

SP
--------- --------- -_ ... _--_ ... - ---------

BLDG
--------- --------- --------- ---------

DCC $324.640 $324.640 $324.640 $324,640
--------- --------- ----_ ... _-- - .. ------ ...

$38.199 138.199 138.199 $38.199
$38.199 $38.199 $38.199 138.199
$38.199 $38.199 $38.199 138.199
$7.640 $7.640 $7,640 $7.640
$3.820 $3.820 $3.820 $3.820

--------- --------- -_ ... _---_ ... ---------
ICC $126.058 $126.058 $126,058 $126,058

--------- --------- -----_ ... _- ---------
--------- --------- -------_ .. ..... ---_ ... _-

CONT $90.140 $90.140 $90.140 $90.140
--------- --------- -- .. -_ ..... _- ----_. ---
c.c•••••e ca••c.a:: -==:::=..* ••••••"1:- .. :1:

TCIC $540.838 $540.838 $540.838 $540.838
:I::I:•••••ce e •••eaea. :_::*_&&#': ••••=••eE

***

*** TOTAL DIRECT INSTALLATION COST

SITE PREP. SP (as requIred)

BUILOINGS. BLDG (as requIred)

TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLOG)

TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

3.

4.

***

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.20PEC)
2. CONSTRUCTION ANO FIELD EXPENSES (0.20PEC)
3. CONSTRUCTION FEE (0.20PEC)
4. STARTUP (0.04PEC)
S. PERFORMANCE TEST (0.02PEC)

.CONTINUED ON NEXT PAGE
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
..................................................................................aaaa :

BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MHBtu/hr): 150
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------PEERLESS, 1992 1992 DOLLARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)....................................................................................................................

CAPACITY FACTOR

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual Inspection)
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement every 3 yrs)
5. ELECTRICITY I SO.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst)
9. CHEMICALS (ammonia' S250/ton. 3.3 lb/hr)
10. OTHER

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

0.8 0.66 0.5 0.33
--------- .. _------- --------- ---------

S2,OOO S2,OOO $2,000 S2,OOO

S50,OOO S50,OOO $50.000 $50.000
S523 S431 $327 $216

$12,500 $12,500 $12.500 S12.500
S2,891 S2,385 $1.807 $1.192

--------- --------- --------- ----_ ...... _-
$67,914 $67.316 $66.633 $65.908

--------- --------- ---....... _-- ... --------

S1.200 $1,200 $1.200 $1.200
$10.817 $10,817 $10,817 $10.817
$5.408 S5,408 $"5.408 $5.408
$5,40B $5,408 $5.408 $5,408

--------- --------- --------- ---------$22,834 $22,B34 $22,834 $22.B34
--------- --------- --------- ---------......... ...•..... ......... ••••••c.=
S90,747 S90.150 $89.467 $88,742

••••••••••••••••••••:::==:==:_::=::::==
OlM

lAC

OAC

***

***

*** TOTAL INDIRECT ANNUAL COSTS

TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.OI*TCIC)

*.-

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (Incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL REr~VFRY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAP j ;~l INVESTMENT COSTS (TCIC, above) S540,838 $540,838 $540.838 $540.838

--------- --------- --------- ---------*** ANNUALIZED CAPITAL INVESTMENT COST *** AC1C S88,019 $88.019 $88.019 $88.019
--------- --------- --------- ---------2. ANNUAL OlM COSTS (OlM, above) O&M $90,747 $90,150 $89.467 $88,742
--------- --------- --------- .........------....-. ......... • Ka•••••• ••••as....

*** TOTAL ANNUALIZED COST *** ACIC+O&M $178,766 $17B,169 $177.486 $176.761
••a:c•••• c •••••••• sa_c:===: s:==a==z==

B. NOx REMOVAL PER YEAR
1- 8ASELINE NOx LEVEL (lb/MHBtu) (NOx)l 0.18 0.18 O.IB 0.18
2. CONTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.03 0.03 0.03 0.03
3. NOx REMOVAL EFFICIENCY (X) 85 85 B5 85
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5, BOILER HEAT INPUT CAPACITY (IfIBtu/hr) CAP ISO 150 150 150

..........c •••••

....*****••******************•••••••*••

NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr}]*[(NOx)l-(NOx)2]/2000 80.4 66.3

......... ....•....
50.3 33.2

*** COST EFFECTIVENESS (S/TON NOx REMOVED, 1992 DOLLARS) *** S2,223 I $2.686 I $3,531 I $5.329
***********************••••••••••••••••

......& ~.a.Ud..~.~..au..~••• .
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (HHBtu/hr): 200
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
PEERLESS. 1992 1992 DOLLARS

.........................................................................c .

TOTAL CAPITAL INVESTMENT COST (TC1C)_._._. ..............................................................................................
BOILER CAPACITY FACTOR

C. CONTINGENCY (0.20*(DCC+ICC»

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP. SP las required)

4. BUILDINGS. BLDG (as requIred)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.20PEC)
2. CONSTRUCTION AND FIELD EXPENSES (O.20PEC)
3. CONSTRUCTION FEE (0.20PEC)
4. STARTUP (0.04PEC)
S. PERFORMANCE TEST (0.02PEC)

*** TOTAL INDIRECT CAPITAL COST ***

0.330.50.660.8

EOP

--------- --------- --------- ---------
PEC $230.900 $230.900 $230.900 $230.900

---------------------------------------
---------------------------------------

DIC $161. 600 $161.600 $161.600 $161.600
--------- --------- --------- .. _-------

SP
--------- --------- --------- ---------

BLDG
--------- --------- -------_ .. -----_ .... -

DCC $392.500 $392.500 $392.500 $392.500
--------- --------- -------_ .. ---------

$46.1BO $46.180 $46.180 $46.180
$46.180 $46.180 $46.180 $46.180
$46.180 $46.180 $46.180 $46.180
$9.236 $9.236 $9.236 $9.236
$4.618 $4.618 $4.618 $4.618

--------- --------- ------_ .... ---------
ICC $152.394 $152.394 $152.394 $152.394

--------- --------- --------- ---------
--------- --------- --------- ---------

CONT $108.979 $108.979 $108.979 $108.979
--------- --------- --------- ---------.....•... ....,•.•.. ••Z ••••1l=C ••••••••c

TCle $653.873 $653.873 $653.873 $653.873
1E1E••••••e .••...... • c ••c •••• .........

***TOTAL DIRECT CAPITAL COST
IPEC+DIC+SP+BLDG)

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRlJ4ENTATI ON
SALES TAX
FREIGHT

*** TOTAL PURCHASED EQUIPMENT COST

CONTINUED ON NEXT PAGE
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................

...............................................................................................

BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (HHBtu/hr): 200
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR...._---- I

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
PEERLESS. 1992 1992 DOLLARS

ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)................. .............................................................................................
CAPACITY FACTOR 0.8 0.66 0.5 0.33

._------- --------- --------- ---------
A, DIRECT ANNUAL COSTS (DACj

1. OPERATING LABOR
2. MAINTENANCE LABOR (semI-annual Inspect ion) $2.000 $2.000 $2.000 $2.000
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement every 3 yrs) $66,667 $66,667 $66.667 $66,667
5. ELECTRICITY i $0.05/kW-hr $523 $431 $327 $216
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst) $16.667 $16.667 $16,667 $16.667
9. CHEMICALS (ammonia' $250/ton. 4.4 lb/hr) $3.854 $3.180 $2.409 $1.590
10. OTHER

--------- --------- --------- ---------
*** TOTAL DIRECT ANNUAL COSTS *** DAC $89.711 $88.945 $88.069 $87,139

--------- --------- .. -------- ---------
B. INDIRECT ANNUAL COSTS (lAC)

1. OVERHEAD (60X OF SUM OF ALL LABOR
AND MAINTENANCE MATERIALS) $1,200 $1. 200 $1.200 $1.200

2. ADMINISTRATIVE (0.02*TCIC) $13.077 $13.077 $13,077 $13,077
3. PROPERTY TAX (O.OI*TCIC) $6,539 $6.539 f6.539 $6.539
4. INSURANCE (O.OI*TCIC) $6.539 $6.539 $6.539 $6.539

--------- --------- --------- ---------
*** TOTAL INOIRECT ANNUAL COSTS *** lAC $27.355 $27,355 $27,355 $27.355

--------- - .._------ ..-------- ---------....•.... ••••e ••c • :te••••••• .........
*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS *** O&M $117.065 $116.299 $115.424 $114,494

(DAC+IAC) ••••••••••••=====••====•••a=====_==••==

COST EFFECTIVENESS
.............................................=••=~=.=== c=_c••••••c=•••••••••••••••••••••:=••••••••=•••••===••c._.===

10 10 10 10
0.1 0.1 O. I 0.1

0.1627 0.1627 o 10'" 0.1627
$653,873 $653.873 $653.e"3 $653.873
--------- --------- --------- ---------

ACIC $106,415 $106,415 $106,415 $106,415
--------- --------- --------- ---------

O&M $117,065 $116.299 $115,424 $114.494
---..----- --------- --------- ---------
:E•••••••• • ........c .a•••.... ca.=•••:=

ACIC+OlM $223.480 $222.714 $221. 839 $220,909
c •••s.c.a ca•••••ca _==ac•••• = ••=cacaa

(NOxll 0.24 0.24 0.24 0.24
(NOx)2 0.D4 0.04 0.04 0.04

85 85 85 85
CF 0.8 0.66 0.5 0.33

CAP 200 200 200 200

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/HHBtu)
2. CDNTROLLEO NOx LEVEL (lb/HMBtu)
3. NOx REMOVAL EFFICIENCY (l)
4. CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (HHBtu/hr)

*** TOTAL ANNUALIZED COST ***

A. TOTAL ANNUALIZEO COST (incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above)

*** ANNUALIZED CA~ITAL INVESTMENT COST

2. ANNUAL O&M COSTS (O&M. above)

......... . .*** NOx REMOVED PER YEAR (TONS/YR) ***
(CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NOx)2]/2000 143.0 117.9

. .
89.4

••••••••c

59.0

*** COST EFFECTIVENESS (S/TON NOx REMOVED, 1992 DOLLARS) ***

.......................................
***._•••••••*****************-*********

$1.563 I $1.888 I $2.483 I $3.746
****-*****.******************-*********

•••••••••• aac.c sa••••••••••••••~ a ••••: ••=
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....................................................................................................................
COST EffECTIVENESS Of RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 250
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR

CHAP. 6 REFERENCES COST BASE

PEERLESS. 1992 1992 DOLLARS

..............__ n..an.~.' .

TDTAL CAPITAL INVESTMENT COST (TCIC)....................................................................................................................
BDILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

O.B 0.66 0.5 0.33

*** TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST ~**

3. SITE PREP. SP (as required)

4.• "BUILDINGS. BLDG (as required)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+5P+BLOG)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.20PEC)
2. CONSTRUCTION AND FIELD EXPENSES (0.20PEC)
3. CONSTRUCTION FEE (0.20PEC)
4. STARTUP (0.04PEC)
5. PERFORMANCE TEST (0.02PEC)

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (O.20*(DCC+ICC))

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

--------- --------- ------..... ---------
PEC $270.100 $270.100 $270.100 $270.100

---------------------------------------
---------------------------------------

DIC $lB9.000 Sl89,OOO $189.000 $189.000
--------- --------- --------- - ... -------

SP
--------- --------- --------- ---------

BLDG
--------- --------- --------- ---------

DCC $459.100 $459.100 $4~9.100 $459.100
--------- --------- --------- - ...-------

$54.020 $54.020 $54,020 $54.020
$54.020 $54.020 $54.020 $54.020
$54.020 $54.020 $54.020 $54.020
$10.804 $10.804 $10.804 $10.804
$5.402 $5.402 $5.402 $5.402

--------- --------- --------- ---------
ICC $178.266 $178.266 $178.266 $178.266

--------- --------- ------- ... - ---------
--------- --------- ------_ ...- ---------

CONT $127.473 $127.473 $127,473 $127.473
--------- --------- --------- .....-------
.......... ••••ac••: :aar==...._ .........

TCIC $764.839 $764.839 $764.839 $764,839.••.•.•.. • •••••••lIt ==&•••1:•• .•.......
................................................................................................=•••••••••••••••••••

CONTINUED ON NEXT PAGE
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MHBtu/hr): 250
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR

CHAP. 6 REFERENCES I COST BASE
--------_._--------------------- ----------.--------
PEERLESS, 1992 1992 DOLLARS

._....--

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)......................................................~.~anan.~.~., :

CAPACITY FACTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual inspection)
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement every 3 yrs)
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst)
9. CHEMICALS (ammonia' $250/ton, 5.5 lb/hr)
10. OTHER

TOTAL DIRECT ANNUAL COSTS ***

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60% OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (O.OI*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

DAC

lAC

OlM

--------- --------- --------- ---------

$2,000 $2,000 $2,000 $2,000

$83,333 $83,333 $83.333 $83.333
$523 $431 $327 $216

$20,833 $20,833 $20.833 $20.833
$4,818 $3,975 $3.011 $1.987

--------- --------- --------- --_.-----
$111.507 $110.573 $109.505 $108.370
_....------- --------- --------- --_.-_..-

$1.200 $1,200 $1.200 $UOO
$15.297 $15,297 $45.297 $15.297
$7.648 $7.648 $7 .648 S7 .648
$7,648 $7,648 S7.648 $7.648

--------- --------- --------- --_ ..-----
$31,794 $31.794 $31.794 S31. 794

--------- --------- --------- ---------._...... •••••e••• e=====.s= ccc.....==
$143.301 $142.366 $141.298 $140.163
•••a:.s.....sss===c====•••==.=••==s=====

COST EFFECTIVENESS

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0.1627
$764.839 $764.839 $764.839 $764.839
--------- ~._------- --------- ---------

ACIC S124,474 $124.474 S124.474 $124.474
--------- --------- --------- ---------

OlM $143,301 $142.366 $141.298 $140.163
--------- --------- --------- ---------...- .. •.•...•.. c.c....... ••••••••=

ACIC+OlM $267.775 $266.840 $265.772 $264.637...- .. .,........ ......... .........

(NOx) 1 0.24 0.24 0.24- 0.24
(NOx)2 0.04 0.04 0.04 0.04

85 85 85 85
CF 0.8 0.66 0.5 0.33

CAP 250 250 250 250

.......................................
***************************************

......... . .

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIL. above)

*** ANNUALIZED CAPITAL INVESTMENT COST

2. ANNUAL OlM COSTS (OlM, above)

*** TOTAL ANNUALIZED COST ***

8. NOx REMOVAL PER YEAR
1. 8ASELINE HOx LEVEL (lb/HHBtu)
2. CONTROLLED NOx LEVEL (lb/MHBtu)
3. NOx REMOVAL EFFICIENCY (X)
4. CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr)

*** NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NOx)2]/2000 178.7 147.4 111. 7

.........
73.7

*** COST EFFECTIVENESS ($/TON NOx REMOVED, 1992 OOLLARS) *** $1.498 I $1.810 I $2.380 I $3.590
***************************************

..........................................................aac c ..
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
:~lt~: ~~~~ITY (~:~~~~~:WATERT~~E I------~~~:_~_~~~~~~~~~~ I ~~~:_~~~~ _
FUEL TYPE: NATURAL GAS PEERLESS. 1992 1992 DOLLARS
CONTRDL METHOD: SCR· VARIABLE CATALYST LIFE_ - . ................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
..............................................................................................................e

BOILER CAPACITY FACTOR

--------- .-------- --------- ---------
PEC $121,300 $121.300 $121,300 $121,300

---------------------------------------
---------------------------------------

DIC $85.000 $85.000 $85.000 $85.000
--------- --------- --------- ---------

SP
--------- --------- --------- ---------

BLOG
--------- --------- --------- ---------

OCC $206.300 $206.300 $Z06.300 $206.300
--------- --------- --------- ---------

$24.260 $24.260 $24.260 $24.260
$24.260 $24.260 $24.260 $24.260
$24.260 $24.260 $24.260 $24.260
$4.852 $4.852 $4.852 $4.852
$2.426 $2.426 $2.426 $2.426

--------- --------- --------- ---------
ICC $80.058 $80.058 $80.058 $80.058

--------- --------- --------- ---------
--------- --------- --------- ---------

CONT $57.272 $57.272 $57.272 $57.272
--------- _. ------- --------- ---------......... .._-...... ......... ........:

TCIC $343.630 $343.630 $343.630 $343.630
••-=:c••••• _:c••aca= ..cc••c=c ••c:•••••

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEe)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEMSYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

..* TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as required)

**. TOTAL OIRECT CAPITAL COST
(PEC+OIC+SP+BLOG)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.20PEC)
2. CONSTRUCTION AND FIELO EXPENSES (0.20PEC)
3. CONSTRUCTION FEE (0.20PEC)
4. SlARlUP {O.04PEC}
5. PERFORMANCE TEST (0.02PEC)

*.. TOTAL INOIRECT CAPITAL COST ***

C. CONTINGENCY (0.20*(OCe+IeC»

*** TOTAL CAPITAL INVESTMENT COST **.
(OeC+ICC+CONT)

EQP

0.8 0.66 0.5 0.33

CONTINUEO ON NEXT PAGE
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••••••••••••••••••••••••••••••••••••••••••••••••••••••..............~•••••c •••••••••••••••••••••••••••••••••••••••••

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 50
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE

CHAP. 6 REFERENCES COST BASE

PEERLESS. 1992 1992 DOLLARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)....................................................................................................................

CAPAC ITY FACTOR O.B 0.66 0.5 0.33
--------- --------- --------- ---------

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual inspection) $2.000 $2.000 $2.000 $2.000
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replac_nt every 6 yrs) $8.333 $8.333 $8.333 $B.333
5. ELECTRICITY' $0.05/kW-hr $523 $431 $327 $216
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst) $2.083 $2.083 $2.083 $2.083
9. CHEMICALS (ammonia' $250/ton. 1 lb/hr) $876 $723 $548 $361
10. OTHER

--------- --------- --------- ---------
*** TOTAL DIRECT ANNUAL COSTS u* DAC $13.815 $13.571 $13.291 $12.994

--------- --------- --------~ ---------
B. INDIRECT ANNUAL COSTS (lAC)

1. OVERHEAO (6OX OF SUM OF ALL LABOR
ANO MAINTENANCE MATERIALS) $1.200 $1. 200 $1.200 $1.200

2. ADMINISTRATIVE (0.02*TCIC) $6.873 $6.873 $6.873 $6.873
3. PROPERTY TAX (O.Ol*TCIC) $3.436 $3.436 13.436 $3.436
4. INSURANCE (O.OI*TCIC) $3.436 $3.436 $3.436 $3.436

--------- --------- --------- ---------
*** TOTAL INOIRECT ANNUAL COSTS *** lAC $14.945 $14.945 $14.945 $14.945

--------- .... _------- --------- ---------
c •••••••• .......... ••••••••a; ••••z ••a::

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS *** O&M $28.761 $28.516 $28.236 $27.939
(DAC+IAC) •••••••••••••••••••••••••c •••••••••••cc

CDST EFFECTIVENESS
••••c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••c ..

A. TOTAL ANNUALIZEO COST (incl. capital and O&M)
1. ANNUALIZEO CAPITAL INVESTMENT COST (ACIC)

EXPECT EO LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $343.630 $343.630 $343.630 $343.630

--------- --------- --------- ---------
*** ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $55.924 $55.924 $55.924 $55.924

--------- --------- --------- ---------
2. ANNUAL OlM COSTS (O&M. above) OlM $28.761 $28.516 $28.236 $27.939

--------- --------- --------- ---------......... ......... ••=c:a••a ••••••••a:

*** TOTAL ANNUALIZED COST *** ACIC+O&M $84.685 $84.440 $84.160 $83.863......... •........ ........• .........
B. NOx REMOVAL PER YEAR

1. BASELINE NOx LEVEL (lb/HHBtu) (NOx)l 0.16 0.16 0.16 0.16
2. CONTROLLED NOx LEVEL (lb/HHBtu) ("Ox)2 0.02 0.02 0.02 0.02
3. NOx REMOVAL EFFICIENCY (X) 85 85 85 85
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 50 50 50 50

••••••••••••••••••••••••••••••••••••••a

***************************************

*- NOX REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/2000 23.B 19.7 14.9 9.8

*** COST EFFECTIVENESS ($/TON NOx REMOVEO. 1992 OOLLARS) *** $3.554 I $4.296 I $5.651 I $8.532
**********-****************************

...................................................................................................................c
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS.....................-. .
:~:~~: ~r~:cITY (~~~~~~~:VATERT~~E I------~~~:_~_~~~~~~~~~~ I ~~~~_~~~ _
FUEL TYPE: NATURAL GAS PEERLESS. 1992 1992 DOLLARS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE
...........,••••.m .

TOTAL CAPITAL INVESTMENT COST (TCIC)..----- ...............................................................................................
BOILER CAPACITY FACTOR

C. CONTINGENCY (0.20*(OCC+ICC))

TOTAL CAPITAL INVESTMENT COST ***
(OCC+ICC+CONT)

2. DIRECT IHSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST ***

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (O,20PEC)
2. CONSTRUCTION AND FIELD EXPENSES (0.20PEC)
3. CONSTRUCTION FEE (0.20PEC)
4. STARTUP (0.04PEC)
S. PERFORMANCE TEST (O.02fEC)

*** TOTAL INDIRECT CAPITAL COST ***

0.330.50.660.8

EQP

.------_.. --------- ---..----- ---------
PEC $121.300 $121.300 $121.300 $121.300

--- ..-----------------------------------
---------------------------------------

OIC $85.000 $85.000 585,000 585,000
- ....------- --._----- --------- - .. __ ....----

SP
--------- --------- ---_ ..---- ---------

BLDG
--------- --------- --------- ---------

DCC $206,300 $206,300 $2'06.300 $206,300
--------- --------- --------- ------_... -

$24.260 $24,260 $24.260 $24.260
$24.260 $24.260 $24,260 $24,260
$24.260 $24.260 $24,260 $24.260
$4.B52 $4.852 $4,852 $4,B52
$2,426 $2.426 $2,426 $2.426

--------- --- .._---- --------- ---------
ICC $80,058 $80.058 $80,058 $80.058

--------- --------- --------- ... --------
---- ..---- --------- --------- ----_...---

CONT $57.272 $57.272 $57,272 $57.272
--------- --------- --------- ---------..•...... *=.a:ll::=•• _c....... ••••c••=•

TCIC $343.630 $343.630 $343,630 $343,630...._.... :1:=&&==_:= ==_:C:I:=== ........cc

***

SITE PREP. SP (as required)

BUILDINGS. BLDG (as required)

TOTAL OIRECT CAPITAL COST ***
(PEC+DIC+SP+BLOG)

3,

4.

***

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRIJ!ENTATIOH
SALES TAX
FREIGHT

*** TOTAL PURCHASED EQUIPMENT COST

CONTINUEO ON NEXT PAGE
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...................................................................................................................:

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
:~:t~: ~~:~~ITY (~~~~~;~:WATERT~~E I------~~~~_~_~~~~~~~:~: I :~:~_~~:~ _
FUEL TYPE: NATURAL GAS PEERLESS. 1992 1992 DOLLARS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)....................................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33
--------- --------- --------- ---------

A. DIRECT ANNUAL COSTS (oAe)
1. OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual inspectIon) $2.000 $2.000 $2.000 $2.000
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst rep1acement every B yrs) $6.250 $6.250 $6.250 $6.250
5. ELECTRICITY. $0.05/kW-hr $523 $431 $327 $216
6. STEAM
7. FUEL
B. WASTE DISPOSAL (catalyst) $1,563 $1, 563 $1.563 $1.563
9. CHEMICALS (ammonia' $250/ton. 1 lb/hr) $B76 $723 $548 $361
10. OTHER

--------- .. _------- --------- ---------
*** TOTAL DIRECT ANNUAL COSTS oAC $11.211 $10.967 $10.687 $10.390

--------- .. _------- --------- ---------
8. INDIRECT ANNUAL COSTS (lAC)

1. OVERHEAD (601 OF SUM OF ALL LABOR
AND MAINTENANCE MATERIALS) $1, 200 $1.200 $1,200 $1,200

2. ADMINISTRATIVE (0.02*TCIC) $6.873 $6.873 $6.873 $6.873
3. PROPERTY TAX (O.Ol*TCIC) $3,436 $3,43& -$3.43& $3,436
4, INSURANCE (0,01*TC IC) $3.436 $3.436 $3.436 $3.436

--------- --------- --------- -------_ ..
*** TOTAL INDIRECT ANNUAL COSTS *** lAC $14.945 $14.945 $14.945 $14.945

--------- .. _------- --------- ---------.••...... ..,•••=•••= =•••ea••• •••••_ ..ac

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ••* O&M $26.156 $25,912 $25.632 $25.335
(oAC+IAC) ••••••••••~•••••••••=•••••••••••••••••=

COST EFFECTIVENESS

A. TOTAL ANNUALIZEO COST (incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECT EO LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0,1 0,1
CAPITAL RECOVERY FACTOR 0 ::;:'7 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $34,).F~0 $343,630 $343,630 $343.630

--------- --------- --------- -----_ ..--
*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $55.924 $55.924 $55.924 $55.924

--------- --------- --------- ---------
2, ANNUAL O&M COSTS (O&M, above) olM $26.156 $25.912 $25.632 $25.335

--------- -._------- --------- ---------......... 11:•••••••• c •••••••• ........ :

*** TOTAL ANNUALIZED COST *** ACIC+O&M $82.081 $81.836 $Bl, 556 $81.259......... a:•••••a:B• ••ec:•••• •••••••E:

B. Nox REMOVAL PER YEAR
1. BASELINE Nox LEVEL (lb/MM8tu) (NOx)l 0,16 0,16 0,16 0.16
2. CONTROLLED Nox LEVEL (lb/HHBtu) (NOx)2 0,02 0,02 0,02 0,02
3. Nox REMOVAL EFFICIENCY (X) 85 85 85 85
4. CAPACITY FACTOR CF 0.8 0.66 0,5 0,33
5. BOILER HEAT INPUT CAPACITY (HHBtu/hr) CAP 50 50 50 50

.........a~•••••••=•••••••=.·.c••••••••
**********-****************************

*** HOx REMOVED PER YEAR (ToNS/YR) ***
[CAP*CF*(24 hr/day)*(365 dayslyr)]*[(NOx)I-(Nox)2]1200o

......... ~ .
23,8 19.7

••••••••• • •••••••e

14,9 9,8

*** COST EFFECTIVENESS ($/TON Nox REMOVEO. 1992 DOLLARS) *** $3.445 I $4.163 I $5.477 I $8.267
***************************************

.......................................................................................::.==•••s.==••••••••••••••••••
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOllER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): ISO
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE ANALYSIS

CHAP. 6 REFERENCES COST BASE

PEERLESS, 1992 1992 DOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
: : .

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (O.20*(DCC+ICC))

--------- --------- --------- ---------PEC $190.997 $190,997 $190.997 $190.997
---------------------------------------
---------------------------------------

DIC $133.643 $133.643 $133.643 $133.643
--------- --------- --------- ---------

SP
--------- --------- --------- ---------

BLOG
--------- --------- ------._- ---------

DCC $324.640 $324.640 $3"24.640 $324.640
--------- --------- --------- ---------

$38,199 $38.199 $38.199 $38.199
$38.199 $38.199 $38.199 $38.199
$38.199 $38.199 $38.199 $38.199
$7,640 $7.640 $7.640 $7.640
$3.820 $3.820 $3.820 $3.820

--------- --------- -----_._- ---------
ICC $126.058 $126.058 $126.058 $126.058

---_... ---- ---_ ... _--- --------. ---------
--------- --------- ... _------- ---------

CONT $90.140 $90,140 $90.140 $90.140
--------- --------- --------- -----_ ... _-
ccec•••coco ••===c.:=- :In;:==::=:::: =========

***

BUILDINGS. BLDG (as requIred)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLOG)

4.

TOTAL PURCHASED EQUIPMENT COST -**

2. DIRECT INSTALLATION COST (OIC)

*** TOTAL DIRECT INSTALLATION COST'-·*

3. ,.SITE PREP. SP (as requned)

***

8. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (O.20PEC)
2. CONSTRUCTION AND FIELO EXPENSES (O,20PEC)
3. CONSTRUCTION FEE (0.20PECl
4. STARTUP (O.04PEC)
5. PERFORMANCE TEST (0.02PEC)

1
··* TOTAL CAPITAL INVESTMENT COST *** TCIC $540.838 $540.838 $540.838 $540.838

(DCC+ICC+CONT) ••••••••• _=....:.. =======•••••••=c••
j=:••==••••••••••••••••••••c •••••••••••••==••=••=:=.===••••c ••••••••••••••: •••••••••••••: ••=:=:=:==-••:::=::===••••=::::==

CONTINUED ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 150
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE ANALYSIS I

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
PEERLESS. 1992 1992 DOLLARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)....................................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33
--------- --------- --------- ---------

$2.DOO $2,000 $2.000 $2.000

$25.000 $25.000 $25.000 $25.000
$523 $431 $327 $216

$6.250 $6,250 $6.250 $6.250
$2.891 $2.385 $1. B07 $1.192

--------- --------- --------- ---------
$36.664 $36.066 $35.3B3 $34.658

--------- --------- --------- ---------

$1,200 $1. 200 $1.200 $1.200
$10.817 $10.817 $10.BI7 $10.BI7
$5.408 $5.408 15.408 $5.408
$5.408 $5,408 $5.408 $5.408

--------- --------- --------- ---------
$22.834 $22.834 $22,834 $22,834

--------- --------- --------- ---------.......... .c•••••ce c.cC:Il••• •••=c==_.
$59.497 $58,900 $58,217 $57.492

••••===•••••••=••••••••==:=:=••=====:==
O&M

lAC

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual Inspect Ion)
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement every 6 yrs)
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst)
9. CHEMICALS (ammonia' $250/ton. 3.3 lb/hr)
10. OTHER

TOTAL DIRECT ANNUAL COSTS *** O~C

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (0.02*TCIC)
3. PROPERTY TAX (O.Ol*TCIC)
4. INSURANCE (O.Ol*TCIC)

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (Incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY r~~TOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL Ih~c~TMENT COSTS (TCIC. above) $540.838 $540.B38 $540.838 $540.838

--------- --------- --------- ---------
*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $88.019 $88.019 $88,019 $88,019

--------- --------- --------- ---------
2. ANNUAL O&M COSTS (O&M. above) O&M $59,497 $58.900 $58.217 $57.492

--------- --------- --------- ---------........... ..s.•••••• ••••••c •• •••••••w=::a:

*** TOTAL ANNUALIZED COST *** ACIC+O&M $147.516 $146,919 $146,236 $145.511
••••••:c.~ ==ca==••c .ame._=::&- =.=••••==

8. NDx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)1 0.18 0.18 0.18 0.18
2. CONTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.03 0.03 0.03 0.03
3. NOx REMOVAL EFFICIENCY (X) 85 85 85 85
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
S. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP ISO 150 150 150

*- NDx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/daY)*(365 days/yr)]*[(NDx)I-(NOx)2]/2000 80.4 66.3 50.3 33.2

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

...................:=••••••••••••••••••

***************************************

$1,834 I $2.215 I $2.910 I $4.387
**************************************.
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...•.._..........•..................•...........................•.....•.............................................
COST EffECTIVENESS Of RETROfIT NOx CONTROLS................................................................_.....•....•..•...••..•.........•...................
BOllER TYPE: PACKAGED WATERTUBE
BOllER CAPACITY (MHBtu/hr): 150
fUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE ANALYSIS I

CHAP. 6 REFERENCES I COST BASE
-----------------------------.-- ---------.--.------
PEERLESS. 1992 1992 DOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
•••••••••••___....... aa. .

BOILER CAPACITY fACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EOP)
CEM SYSTEM
INSTRUMENTATI ON
SALES TAX
FREIGHT

EOP

0.8 0.66 0.5 0.33

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (0.2D*(OCC+ICC)

*** TOTAL CAPITAL INVESTMENT COST ***
(OCC+1CC+CONT)

--------- - ...... ------ --------- ---_ ........ --
PEC $190.997 $190.997 $190.997 $190.997

---------------------------------------
---------------------------------------

OIC $133.643 $133.643 $133.643 $133.643
--------- --------- --_ ... ----- ---------

SP
------- ... - ----_ ...... _- --------- ---------

BLDG
--------- --------- --------- ---------

OCC $324.640 $324.640 S!24.640 $324.640
--------- --------- --- ...... _--- -... -------

$3B.199 $38.199 $3B.199 $38.199
$38.199 $38.199 $3B .199 $38.199
$38.199 $38.199 $38.199 $38.199
$7.640 $7 .640 $7.640 $7.640
$3.820 $3.B20 $3.B20 $3.820

--------- --------- --------- ------_... -
ICC $126.05B $126.058 $126.058 $126.058

--------- --------- ------ ...-- -----------_ ..._---- --------- ------ .. -- ---------
CONT $90.140 $90.140 $90.140 $90.140

--------... --------- --------- ---------
as•••ese-a; &1:====#==- =::'::&11::==&= ==::••a===

TCIC $540.838 $540.838 $540.83B $540.838
az=••cc=e s=.sa:==cse= ==••:::=== =:u::Zll:lln:::

***

***

TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLDG)

TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTAllATION COST (OIC)

*** TOTAL OIRECT INSTALLATION COST

3. SITE PREP. SP (as required)

4. BUilDINGS. BLDG (as requlTed)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.20PEC)
2. CONSTRUCTION AND FIELD EXPENSES (O.20PEC)
3. CONSTRUCTION FEE (0.20PEC)
4. STARTUP (Q.04PEC)
5. PERfORMANCE TEST (0.02PEC)

***

CONTINUEO ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
•••a .

BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (HHBtu/hr): ISO
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE ANALYSIS

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
PEERLESS. 1992 1992 DOLLARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)..................................................................................................................::

CAPACITY FACTDR O.B 0.66 0.5 0.33
--------- --------- --------- ---------

A.. DIRECT ANNUAL COSTS (OAt)
1. OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual inspection) $2.000 $2.000 $2.000 $2.000
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement every 8 yrs) $18.750 $18,750 $18.750 $IB,750
5. ELECTRICITY' $0.05/kW-hr $523 $431 $327 $216
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst) $4,688 $4,688 $4.688 $4.688
9. CHEMICALS (ammonia i $250/ton. 3.3 lb/hr) $2.891 $2.385 $1.807 $1,192
10. OTHER

--------- --------- --------- ---------
*** TOTAL DIRECT ANNUAL COSTS *** DAC $28.851 $28,254 $27,571 $26.846

--------- --------- --------- ---------
B. INDIRECT ANNUAL COSTS (lAC)

1. OVERHEAD (60X OF SUM OF ALL LABOR
AND MAINTENANCE MATERIALS) $1. 200 $1,200 $1.200 $1,200

2. ADMINISTRATIVE (0.02"TCIC) $10.817 $10.817 $10.817 $10.817
3. PROPERTY TAX (O.Ol"TCIC) $5.408 $5.408 $5.408 $5,408
4. INSURANCE (O.Ol*TCIC) $5.408 $5.408 $5.408 $5.408

--------- --------- --------- ---------
*** TOTAL INDIRECT ANNUAL COSTS *** lAC $22.834 $22,834 $22.834 $22.834

--------- --------- --------- ---------.•....••• ......... ••~a:::••a:::== =........===
TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS *'** O&M $51.685 $51.087 $50.405 $49.679

(DAC+IAC) ••••••••••=••••••••••••••••••••••••••••

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. cap1tal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 ~. 1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $540.838 $540.838 $540,838 ~:!J.838

--------- --------- --------- ---------
*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $88.019 $88,019 $88.019 $88,019

--------- .._------- --------- ---------
2. ANNUAL O&M COSTS (O&H. above) OlM $51.685 $51.087 $50,405 $49.679

--------- .._------- --------- ---------
••••••••a: 1:11:......... ••••••••=: ..•.•....

*** TOTAL ANNUALIZED COST *** ACIC+O&M $139.704 $139,106 $138,423 $137.698••.....•• •........ ......... .........a

B. HOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.18 0.18 0.18 0.18
2. CONTROLLED HOx LEVEL (lb/MHBtu) (NOx)2 0.03 0.03 0.03 0.03
3. NOx REMOVAL EFFICIENCY (X) 85 85 85 85
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (HHBtu/hr) CAP ISO ISO ISO ISO

*** NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

......... . .
80.4 66.3 50.3 33.2.......................................

**********-****************************

$1.737 I $2.097 I $2,754 I $U51
.********.*.***************************

••••••••••••• ca _ ••••••••••••••••••••••••••••
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: ........•.............................._ .
COST EFFECTIVENESS OF RETROFIT HOx CONTROLS....................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
80ILER CAPACITY (MH8tu/hr): 25Q
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR ~ VARIABLE CATALYST LIFE

CHAP. 6 REFERENCES COST BASE

PEERLESS. 1992 1992 OOLLARS

.................................................-. .
TOTAL CAPITAL INVESTMENT COST (TCIC)....................................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (oCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATJ ON
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (0.20*(oCC+ICC))

TOTAL DIRECT CAPITAL COST
(PEC+oIC+SP+8LOG)

*** TOTAL CAPITAL INVE5TM~NT COST ***
(OCC+ICC+CONT)

--------- ------_...... --------- ---------
PEC $270.100 $270.100 $270.100 $270.100

-----------------------------------_ ..._-

---------------------------------------
olC $189.000 S189.000 S189.000 $189.000

--------- --------- --------- ---------
SP

--------- --------- ---- ... -_ ... - ---------
BLDG

--------- --------- - ...... ------ ---------
OCC $459.100 $459.100 $~59 .100 $459.100

--------- --------- --------- ---------

$54.020 $54.020 554.020 $54.020
$54.020 $54.020 $54.020 $54.020
$54.020 $54.020 $54.020 $54.020
$10.804 $10.804 510.804 $10.804
$5.402 $5.402 $5.402 $5.402

--- .... _- ...-- -------_... --------- ---------
ICC $178.266 $178.266 SI78.266 $178.266

--------- ------_ ... - ... --_ ... _--- ............._----
------ .... -- _....... _----- ----- ..--- - .... _------

CONT $127.473 $127.473 S127.473 $127.473
--------- --------- -- ..... _---- ---------
•••teat:=- asaa===== ==:W::SJu=:a : ...at....a

TCIt $764.839 $764.839 $764.839 $764.839
••••c •••• ..=•.:1:-=. ==.:;=:=~••Jl: _==c=•••a

****** TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (OIC)

*** TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP. SP (as requIred)

4. BUILDINGS. BLDG (as requIred)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.20PEC)
2. CONSTRUCTION AND FIELD EXPENSES (0.20PEC)
3. CONSTRUCTION FEE (O.20PEC)
4. STARTUP (0.04PEC)
5. PERFORMANCE TEST (0.02PEC)

CONTINUEO ON NEXT PAGE

E-69



c * ••••••••••••••••••••••••••••
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................: ...••..........
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 250
FUEL TYPE: NATURAL GAS
CONTROL METHOD: 5CR - VARIABLE CATALYST LIFE I

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
PEERLESS. 1992 1992 DOLLARS

.........~ ca.............................••••••••••••••••••••••••••••

ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)...................................................................................................................
CAPACITY FACTOR

A. DIRECT ANNUAL COSTS (oAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual inspection)
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement every 6 yrs)
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
B. WASTE DISPOSAL (catalyst)
9. CHEMICALS (ammonia I $250/ton. 5.5 lb/hr)
10. OTHER

TOTAL DIRECT ANNUAL COSTS OAC

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60% OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (O.02*TCIC)
3. PROPERTY TAX (O.OI*TCIC)
4. INSURANCE (O.OI*TCIC)

••• TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS •••
(oAC+IAC)

*.* TOTAL INDIRECT ANNUAL COSTS ... lAC

O&M

O.B 0.66 0.5 0.33
--------- --------- --------- ---------

$2.000 $2.000 $2.000 $2.000

$41.667 $41.667 $41.667 $41. 667
$523 $431 $327 $216

$10.417 $10,417 $10.417 $10,417
$4,818 $3.975 $3.011 $1.987

--------- --------- ----_ .. _..... ---_ ........ -
$59,424 $58,489 $57,421 $56.286

--------- --------- --------- .. --------

$1.200 $1.200 $1,200 $1. 200
$15,297 $15,297 $15.297 $15.297
$7,648 $7,648 17.64B $7.64B
$7,64B $7.648 $7,648 $7,648

--------- --------- --------- ---------
$31. 794 $31,794 $31,794 $31,794

--------- --------- --------- ---_ ..----
••__cc::c =.c::caa=:= :====c=_= c=c==e===
$91.218 $90.2B3 $89.215 $8B.OBO

c.=====.======================:a=======

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC, abov~:

ANNUALIZED CAPITAL INVESTMENT COST

2. ANNUAL O&M COSTS (O&M. above)

*** TOTAL ANNUALIZED COST *.*

10 10 10 10
0.1 O. I O. I 0.1

0.1627 0.1627 0.1627 0.1627
$764.839 $764,839 $764,839 $764,839
--------- --------- --------- ---------

ACIC $124,474 $124,474 $124.474 $124.474
--------- ,--------- ------_ .. - ---------

O&M $91.21B $90,283 $89.215 $88.080
--------- --------- --------- ---------......... • ••••••ce ==zcc.=== c==ac&c*c

ACIC+O&M $215.692 $214.757 $213,689 $212.554
.......c •• ...........t &&&CCCCCC ...C ••*CCI:

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu)
2. CONTROLLED Nox LEVEL (lb/MMBtu)
3. NOx REMOVAL EFFICIENCY (%)
4. CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (HMBtu/hr)

(NOxll
(NOx}2

CF
CAP

0.24
0.04

B5
0.8
250

0.24
0.04

B5
0.66

250

0.24
0.04

85
0.5
250

0.24
0.04

B5
0.33
250

......... c:..c.... . .

.........................................
*...*.**.*••*._-*._*._._*****_.*••_-_.*

*** NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day}*(365 days/yr}]*[(NOx}l-(NOx}2]/2000 178.7 147.4 111.7 73.7

*** COST EFFECTIVENESS ($/ToN Nox REMOVED, 1992 DOLLARS) *** $1.207 I $1.457 I $1,913 I $2.883
*----***--*_._*.*.***••************--**

.......c••~aa~ =••••==E==a==•••••••a •••••••as cc
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 250
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE I

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
PEERLESS. 1992 1992 DOLLARS

..................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)...............................................................................................

SOllER t~P~tl1Y F~C10R

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATiON
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

.** TOTAL INDIRECT CAPITAL COST •••

C. CONTINGENCY (O.20*(DCC+ICC»

.'
*** TOTAL DIRECT INSTALLATION ~OST····

--------- --------- --------- -----_ ..-..
PEC $270.100 $270.100 $270.100 $270.100

---------------------------------------
------------------.------_._-----------

OIC $189.000 $189.000 $189.000 $189.000
--------- --------- --------- ---------

SP
--------- --------- -.------- ---------

BLDG
--------- --------- --------- ---------

DCC $459.100 $459.100 $459.100 $459.100
--------- --------- --------- ---------

$54.020 $54.020 $54.020 $54.020
$54.020 $54.020 $54.020 $54.020
$54.020 $54.020 $54.020 $54.020
$10.804 $10.804 $ID.B04 $1D.B04
$5.402 $5.402 $5.402 $5.402

--------- --------- --------- ---------
ICC $178.266 $178.266 $178.266 $178.266

--------- --------- --------- ---------
--------- --------- _.------- --_ ... -----

CONT $127.473 $127.473 $127.473 $127.473
--------- ---------,--------- ---------

...

***

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

3.• SITE PREP. SP (as requi red)

4. BUILDINGS. BLDG (as requIred)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING (0.20PEC)
2. CONSTRUCTION AND FIELD EXPENSES (0.20PEC)
3. CONSTRUCTION FEE (0.20PEC)
4. STARTUP (0.04PEC)
5. PERFORMANCE TEST (0.02PEC)

TCIC ;;~~:;;;. ;;~~:;;;·li7~~:8;;· ;;~~:8;;·
=.~••_... •••••s_:_ ==•••3... =_.=c••••

a••a=•••••••••••••••••••••••••••••••••••••••••_:=••=•••_a==c••=••:••••==_•••••••_=•••••••a.:c.:=.==_••======:=ecS.::

••• 10TAL CAPITAL INVESTMENT COST *.*
(DCC+ICC+CONT)

CONTINUED ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (HHBtu/hr): 250
FUEL TYPE: NATURAL GAS
CONTROL METHOD: SCR - VARIABLE CATALYST LIFE

CHAP. 6 REFERENCES COST BASE

PEERLESS, 1992 1992 DOLLARS

....................................................................................................................
ANNUAL OPERATING ANO MAINTENANCE COSTS (O&M)....................................................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33
----_ ..--- --------- --------- ---------

A. DIRECT ANNUAL COSTS (OAe)
1. OPERATING LABOR
2. MAINTENANCE LABOR (semi-annual inspection) $2.000 $2.000 $2.000 $2.000
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement every 8 yrs) $31.250 $31. 250 $31,250 $31. 250
S. ELECTRICITY. $0.05/kW-hr $523 $431 $327 $216
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst) $7.813 $7.813 $7.813 $7,813
9. CHEMICALS (ammonia i $250/ton, 5.5 lb/hr) $4,818 $3.975 $3.011 $1.987
10. OTHER

--------- --------- --------- ---------
u" TOTAL DIRECT ANNUAL COSTS --* OAC $46,403 $45.469 $44,400 $43.266

--------- --------- -------_ ... ---------
8. INDIRECT ANNUAL COSTS (lAC)

1. OVERHEAD (60% OF SUM OF ALL LA80R
AND MAINTENANCE MATERIALS) $1. 200 $1.200 $1.200 $1. 200

2. ADMINISTRATIVE (0.02*TCIC) $15.297 $15,297 $15,297 $15.297
3. PROPERTY TAX (O.Ol*TCIC) $7,648 $7.648 ·$7.648 $7.648
4. INSURANCE (O.Ol*TCIC) $7.648 $7.648 $7.648 $7,648

--------- --------- --------- ---------
*** TOTAL INDIRECT ANNUAL COSTS lAC $31.794 $31, 794 $31,794 $31.794

--------- --------- --------- ---------
&.&:••8:&= aa:::••=: ====c==_= .s.=====:

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS *** O&M $78.197 $77 ,262 $76.194 $75.059
(DAC+IAC) c:••••••=•••••••••••==.=••••=•••••····=

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $764.839 $764,839 $764,839 $764.839

--------- --------- --------- ---------
""" ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $124,474 $124,474 $124,474 $124,474

--------- --------- --------- ---------
2. ANNUAL OlM COSTS (OlM, above) O&M $78.197 $77 ,262 $76,194 $75,059

--... ------ --------- --------- ---------.....•.•. II:c••••=•• ••••:a••• ••••c •••=
"** TOTAL ANNUALIZEO COST *** ACIC+OlM $202,671 $201,736 $200,668 $199,533......... • •••••c.: ca•••••a • ••••••••e

8. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.24 0.24 0.24 0.24
2. CONTROLLED NOx LEVEL (lb/MM8tu) (NOx)2 0.04 0.04 0.04 0.04
3. NOx REMOVAL EFFICIENCY (X) 85 85 85 85
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 250 250 250 250

.......................................
***************************************

NOx REMOVED PER YEAR (TONS/YR) ""*
[CAP"CF*(24 hr/day)*(365 days/yr»)*[(NOx)l-(NOx)2)/2000 178.7 147.4 111.7

........:

73.7

""* COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) **" $1,134 I $1.368 I $1.797 I $2,707
***************************************
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APPENDIX F. ANNUAL COSTS OF RETROFIT NOx CONTROLS:

COAL-FIRED ICI BOILERS

This appendix contains cost spreadsheets for coal-fired boilers retrofitted with various NOx

controls. The spreadsheets are based on data from actual boiler retrofit experiences or studies.

Capital annualization for all analyses are based on a lO-year amortization period and a 10 percent

interest rate. All costs presented are in 1992 dollars. For further information on the methodology

and assumptions made in these cost analyses, see Chapter 6.

This appendix contains cost spreadsheets for the following boilers:

Boiler and NOx Control Page

Field-erected watertube, 766 MMBtu/hr, with LNB F-3
FBC boiler, 460 MMBtu/hr, with urea-based SNCR F-5
Field-erected watertube, 760 MMBtu/hr, with SCR F-7
Boiler, 800 MMBtu/hr, with ammonia-based SNCR F-9
Tangential-fired, 1,255 MMBtu/hr, with ammonia-based SNCR F-ll
PC boiler, 2,361, 2,870, and 6,800 MMBtu/hr, with ammonia-based SNCR F-13
Coal-fired, 8,055 MMBtu/hr, with ammonia-based SNCR F-19
Wall-fired, 400 MMBtu/hr, with urea-based SNCR F-21
Spreader stoker, 303 MMBtu/hr, with urea-based SNCR F-23
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 766
FUEL TVPE : COAL
CONTROL METHOD: LOll NOx BURNER

CHAP. 6 REFERENCES COST BASE

CIBO. 1992 1992 DOLLARS

..........., ~ ~ , .
TOTAL CAPITAL INVESTMENT COST (TCIC)----- ...................................................................................................

BOILER CAPACITY FACTOR

***

0.8 0.66

$1,195,653 $1.195,653

$59,783 $59.783

$62.772 $62.772

0.5 0.33

$59.783

$62.772

$1.318.207

$59.783

$62.772

$1.318.207

$1.195.653 $1,195.653

$1.31B.207$1.318.207

EQP

PEC

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRlJIENTATION
SALES TAX
FREIGHT

... TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as required)

.** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLOGI

*** DIC

SP

8LDG

DCC

$655,616

$1. 973.823

$655.616

$1.973.823

$655.616

$1-.973.823

$655.616

$1.973.823

C. CONTINGENCY (20 percent of direct and indirect)

... TOTA~ CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

$278.986 $278.986 $278.986 $278.986
$165.399 $165.399 $165.399 $165.399
$49.819 $49.819 $49.819 $49.819
$79.710 $79.710 $79.710 $79.710
$39.855 $39.855 $39.855 $39.855

----------- ----------- ----------- -----------
ICC $613.768 $613.768 $613.768 $613,768

----------- ----------- ----------- -----------
...---------- ----------- ------- ..--- -----------

CONT $517.518 $517.518 $517.518 $517.518
----------- ----------- ----------- -----------
•••••z ••••• •••••••••c • .c••••••••• ..........:

TCIC $3.105.110 $3.105.110 $3.105.110 $3.105.110
••••••aa:••• • ••••=••••• aK••••••••• .a•••••••••

CONTINUED ON NEXT PAGE
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..............................................................••••••••••••a •••••••••••••••••••••••••••••••••••••••••••••••••

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 766
FUEL TYPE: COAL
CONTROL METHOD: LOW NOx BURNER

CHAP. 6 REFERENCES COST BASE

CIBO. 1992 1992 DOLLARS

........., ~~.~aa~..~ ••••••••••••••••..............................................................

ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)
............, ~.aA~ •• •• • ••••••• •••• •••••........................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33
._--------- ----------- ----------- -----------

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR $21.105 $21.105 $21.105 $21.105
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS $24.120 $24.120 $24.120 $24.120
4. REPLACEMENT MATERIALS $50.250 $50.250 $50.250 $50.250
5. ELECTRICITY I $0.05/kW-hr $33.440 $27.SB8 $20.900 $13.794
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

----------- ----------- ----------- -----------
*** TOTAL DIRECT ANNUAL COSTS ..... DAC $128.915 $123.063 $116.375 $109.269

----------- ----------- ----------- -----------
B. INDIRECT ANNUAL COSTS (lAC)

1. OVERHEAD $25.125 $25.125 $25.125 $25.125
2. ADMINISTRATIVE $49.848 $49.B48 $49.848 $49.848
3. PROPERTY TAX $24.924 $24.924 $24.924 $24.924
4. INSURANCE $24.924 $24.924 $24.824 $24.924

----------- ----------- ----------- -------- .. --
*.... TOTAL INDIRECT ANNUAL tOSTS lAC $124.821 $124.821 $124.821 $124.821

----------- ----------- ----------- -------_ ..--.•.....••.. ••......•.. ....•....•. ...••..••..
...... TOTAL ANNUAL OPERATING AND MAINTENANCE tOSTS ••• O&M $253.736 $247.884 $241.196 $234.090

(DAC+IAt) •••••••••••••u •••••••••••••••••••••••••••••••••

............................................................................................................................
COST EFFECTIVENESS

A. TDTAL ANNUALIZED COST (incl. capItal and O&M)
1. ANNUALIZEO CAPITAL INVESTMENT COST (ACIC)

EXPECTEO LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT CO~T~ (TelC. above) $3.105.110 $3.105.110 $3.105.110 $3.105.110

----------- ----------- ----------- -----------
*** ANNUALIZED CAPITAL INVESTMENT COST .... ACIC $505.342 $505.342 $505.342 $505.342

----------- .-._-------- --------.-- -----------
2. ANNUAL O&H COSTS (O&H. above) OlM $253.736 $247.884 $241.196 $234.090

------.---- ----------- ----------- -----------
......a ••s ••s: .al..•.•...• -=:-=:••••••••• ...•....•..

*** TOTAL ANNUALIZED COST ...... ACIC+O&M $759.078 $753.226 $746.538 $739.432
•••••=••••: .a.ac•••••• .z.........& ••••••••••a

a. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/HHBtu) (NOx)l 0.7 0.7 0.7 0.7
2. CONTROLLED NOx LEVEL (lb/HHBtu) (NOx)2 0.35 0.35 0.35 0.35
3. MOx REMOVAL EFFICIENCY (%) 50 50 50 50
4. CAPACITY FACTOR CF O.B 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 766 766 766 766

*** MOx REMOVED PER YEAR (TONS/YR) *...
[CAP"CF*(24 hr/day)·(365 days/yr))·[(NOx)1-(NOx)2)/2000

..... COST EFFECTIVENESS (S/TOM NOx REMOVED. 1992 DOLLARS) ......

........... .a......... ...•....c..
939.4 775.0 587.1 387.5...............................................

*************..********************************

******!!2~*!*.****!~~~*1****!~~!!!*!****!;~!~~*
..................__n..~.'..........................................••••••••••••••••••••••••••••••••••••••••••••••••••••••••• s:
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: CIRCULATING FLUIDIZEO BED
BOILER CAPACITY (MMBtu/hr): 460
FUEL TYPE: COAL
CONTROL METHOD: SNCR - UREA

CHAP. 6 REFERENCES COST BASE

NALCO FUEL TECH. 1992 1992 DOLLARS

..........................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)...................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EOP)
CEH SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

..* TOTAL PURCHASED EOUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

EQP

PEC

0.8 0.66 D.S 0.33

***

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as reqUired)

4. BUILDINGS. BLDG (as required)

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLOG)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION ANO FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INOIRECT CAPITAL COST

C. CONTI NGENCY

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

*** DIC

SP

BLDG

DCC

----------- ----------- ----------- -----------
ICC

----------- ----------- ----------- -----------
----------- ----------- -------_ ..-- -----------

CONT
----------- ----------- -------_ ..-- -----------
a.=&-=~ ..... =a••e&=.ce= ==••••••••• ••••••cc•••

TCIC $680.930 $680.930 $680.930 $680.930
• c ••c •••••• c ••c ••a •••• a:c&&a::accc• ...........

CONTINUED ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT HOx CONTROLS............................................................................................................................
BOILER TYPE: CIRCULATING FLUIDIZED BED
BOILER CAPACITY (HMBtu/hr): 460
FUEL TYPE: COAL
CONTROL METHOD: SNCR - UREA

CHAP. 6 REFERENCES COST BASE

NALCO FUEL TECH. 1992 1992 DOLLARS

....-. ............................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)
...a .................................................................................................

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY I $0.D5/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

.** TOTAL DIRECT ANNUAL COSTS •••

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE
5. OTHER

CAPACITY FACTOR

DAC

0.8 0.66 0.5 0.33

~ TOTAL INDIRECT ANNUAL COSTS •••

••• TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS •••
(DAC+IAC)

----------~ ----------- ----------. -----------
lAC

----------- ----------- ----------- .-----.----..........• •...•••...• '&$&.*=_.a=ta .............
OlM $197.1B6 $166,116 $130,608 $92.880..............::...........•.•...•..•.....•....

...............................................C ••••••C.Z.Z~E••••c ••••••••••••••••••••••••••Z~••••E ••••C&=••••••••••••••••••

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capltal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL,RECOVERY FACTOR 0.1627 0.1627 0.1627 o !E?7
TOTAL CAPITAL INVESTMENT COSTS (TCIC, above) $680,930 $680.930 $680,930 $6b~ 9~0

----------- ----------- ----------- -----------
••• ANNUALIZED CAPITAL INVESTMENT COST ACIC $110.818 $110.818 $110,818 $110,818

----------- ----------- ----------- -----------
Z. ANNUAL OlM COSTS (OlM. above) OlM $197.186 $166.116 $130,608 $92.880

----------- ----------- ----------- -----------........... ...•••.. : .. ..•........ ............
... TOTAL ANNUALIZED COST ••• ACIC+D&H $308.004 $276.934 $241.426 $203.698

••••s __•• ...•..••... • ••z ••••••• •..........

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lblMMBtul (NOx)l 0.32 0.32 0.32 0.32
Z. CONTROLLED NOx LEVEL 11b/MMBtu) (NOx)2 0.08 0.08 0.08 0.08
3. NOx REMOVAL EFFICIENCY (X) 75 75 75 75
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BDILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 460 460 460 460

...............................................
***************-*******************************

........... . .*** NDx REMOVED PER YEAR (TONSIYR) •••
(CAP-CF*(24 hr/day)·(365 dayslyr)]·((NOx)I-(NOx)2]/2000 386.8 319.1 241.8

_ .
159.6

... COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ••• $796 I $868 I $999 I $1.277
***************-********************.-.********

............................................................................a ••••••
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................................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS................................................................................................................................
BOILER TYPE: FIELD ERECTED WATERTUBE
BOILER CAPACITY (MM8tu/hr): 766
FUEL TYPE: COAL
CONTROL METHOO: SCR I

CHAP. 6 REFERENCES I COST BASE
-------------------------------------- -------------------------
UTILITY BOILERS ACT. 1994 1992 OOLLARS

................................................................................................................................
TDTAL CAPITAL INVESTMENT COST (TCIC)................................................................................................................................

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

AMMONIA STORAGE AND HANDLING
SCR REACTOR (no catalyst)
FLUE GAS HANDLING
AIR HEATER MODIFICATIONS
CATALYST ($400/CFT)
FANS
MISCELLANEOUS

TOTAL PURCHASED EQUIPMENT COST •••

2. DIRECT INSTALLATION COST (OIC)

EQP

PEC

BOILER CAPACITY FACTOR
---------------------------------------------------

o.e 0.66 D.5 0.33
------------ ------------ ------... ----- ------------

$309.347 $3D9.347 $309.347 $309.347
$1,003.377 $1,003.377 $1,003.377 $1.003.377
$1.698.741 $1.69B.741 $1.698.741 $1.69B.741

$382.683 $382.683 $3B2.6B3 $382.6B3
$3.129.471 $3.129.471 $3.129.471 $3.129.471

$50.669 $50.669 $50.669 $50.669
$93.337 $93.337 $93.337 $93.337

------------ ------------ ------------ ------------
$6.667.626 $6.667.626 $6,667.626 $6.667.626

---------------------------------------------------

••• TOTAL DIRECT INSTALLATION COST •••

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as requIred)... TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

DIC

SP

BLDG

DCC

INCLUDEO

$6.667.626

INCLUOED

$6.667.626

INCLUDED

$6.667.626

INCLUDED

$6.667.626

$634.387 $634.387 $634.387 $634.387
$1.509.031 $1, 509. 031 $1.509.031 $1.509.031

$754.665 $754.665 $754.665 $754.665
$67.788 $67.788 $67.788 $67.788
$33.B94 $33.894 $33.894 $33.894

------------ ------------ ------------ ------------
ICC $2.999,765 $2.999.765 $2.999.765 $2.999.765

------------ ------------ ------------ ------------
------------ ------------ ------------ ------------

CONT $1.933.478 $1.933.478 $1,933.478 $1,933.478
-- ... --------- ------------ ------------ _.. _---------
•••a••••c••= as=cc••=c••= ==_a::m:===c=== zaac•••=••=_

TCIC $11.600.869 $11. 600.869 $11.600.869 $11.600.B69
==:az======= c=========== =::========:= z=======.z==

C. CONTINGENCY (20 percl:~t ',f direct and indlrect)

B. INDIRECT CAPITAL COST (ICC)
I. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

••• TOTAL INDIRECT CAPITAL COST

••• TOTAL CAPITAL INVESTMENT COST •••
(DCC+ICC+CONT)

2.=2=====2.=:=••••&•••••••&&&•••=••••==••&c.================zc====c:::==:::::==:=••: ••_=::.::=_===::=:=:==_:a=za:=::=a=a.c.=====

CDNTINUEO ON NEXT PAGE
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••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••=••••••••••••••••••••••••••••••••••••~••••••••••••••••
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
.....•.••...•••.•••••••...••••••..•.....•....•.•..•.•••....•.••...•.•.•..••....•••••......•.•.•••••..••..••..•.••..•..••....•..•
:glt~~ ~~~i~ITY (M:~~~~h~~~CTEO ~~~ERTUBE ------~~~:_~_~~~~~~~~~: I ~~::_~~:~ _
FUEL TYPE: COAL UTILITY BOILERS ACT. 1994 1992 OOLLARS
CONTROL METHOO: SCR

•.••.•.•••..•.••••..••••......••.••...••••....••..••••.••...••...••...•••......•••....•...•.•..•.••..••........•....••...•......
ANNUAL OPERATING ANO MAINTENANCE COSTS (O&M)

CAPACITY FACTOR 0,8 0.66 0.5 0.33

$96,480 $96,480 $96,480 $96,480
$55,275 $55.275 $55.275 $55,275

4 YEARS LI FE $948,324 $782.368 $592,703 $391,184
$251.515 $207.500 $157,197 $103,750

$9.600 $7.920 $6,000 $3.960

$30.455 $25.125 $19.034 $12.563
$49.600 $40.920 $31.000 $20,460

---- ..... _----- ----------_ ... ------- .....--- ------------
$1.441,249 $1.215.588 $957.689 $683,671

-------- .. _-- ---- ....... _---- -- ... --------- -------_ .. -- ..

$91.455 $91,455 $91.455 $91. 455
$139.690 $139.690 $139.690 $139.690
$169.845 $169,845 $169.845 $169,845
$169.845 $169,845 $169.845 $169,845

--------- ..-- ------------ ------- .. __ ..... -------_ ...... -..
$570.835 $570.835 $570.835 $570.835

---- .. _------ ------------ ------ ... _-_ ..... _... _-------- ..
=====zc.==.= .=========:::::= ======:===== =====••=====
$2,012.084 $1.786,423 $1.528,524 $1.254,506

=zc•••=::.:sc;zzZ'.===========s=========.====.====._=

lAC

D&M

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS (catalyst replacement)
S. ELECTRICITY i $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL (catalyst)
9. CHEMICALS
10. OTHER

TOTAL DIRECT ANNUAL COSTS *** DAC

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD

2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (Incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC, above) $11. 600 .869 $11,600,869 $11. 600,869 $11. 600,869

------------ ------------ --------_ ... -- ----------- ..
**" ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $1.887,988 $1,887,988 $1,887.988 $1.887.988

------------ ------------ ------------ ------------
2. ANNUAL O&M COSTS (O&M. above) D&M $2.012,084 $1,786.423 $1. 528.524 $1.254,506-_ .. --------- ------------ ------------ ------------

==c•••===c•• • ===.1:.1;==_= •• ::I::::Z::===•• 1:=:==.======
*** TOTAL ANNUALIZED COST *** ACIC+O&M $3,900.072 $3.674.411 $3.416,512 $3.142.494

=11:::1::======== =*ca.==a==•• ============ ==:=••==c'#:=:

B. NOx REMOVAL PER YEAR
l. BASELINE NOx LEVEL (lb/MMBtu) (NOx 11 0.7 0.7 0.7 0.7
2. CONTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.14 0.14 0.14 0.14
3. HOx REMOVAL EFFICIENCY (X) 80 80 80 80
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 766 766 766 766

*** HOx REMOVED PER YEAR (TONS/YR) ***
(CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/2000

COST EFFECTIVENESS (S/TDN HOx REMOVED. 1992 OOLLARS) ***

aa.ca.e:••a_ ea•••••c.se. =:cc•••: ••:: ••: ••••••s:_

1503 1240 939 620
c==•••••••=••a.:••••••••••:::.:••: •••••:c••••••·=-:
**************-************************************
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: a ••=•••••••••••••••••••••••
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS................................................................................................................................
80lLER TYPE: 80lLER
80lLER CAPACITY (MM8tu/hr): 800
FUEL TYPE: COAL
CONTROL METHOD: SNCR - AMMONIA I

CHAP. 6 REFERENCES I COST 8ASE
-------------------------------------- -------------------------
Exxon. 1990 1992 DOLLARS

................................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
..........................................................................................................................s •••••

BOILER CAPACITY FACTOR

***

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP, SP (as requIred)

4. 8UILDINGS, 8LDG (as requIred)

EQP

PEC

DIC

SP

8LDG

0.8

$265,776

$7,973
$13,289

$287.038

$89,910

0.66

$265.776

$7.973
$13,289

$287.038

$89.910

0.5

$265.776

$7,973
$13.289

$287,038

$89.910

0.33

$265,776

$7,973
$13,289

$287,038

$89.910

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+8LDG)

DCC $376.948 $376.948 . 5376.948 $376,948

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELO EXPENSES
3. CONSTRUCTION FEE
4. ONE-TIME ROYALITY FEE (NO CONTINGENCY ON THIS)
5. OTHERS

*** TOTAL INOIRECT CAPITAL COST

C. CONTINGENCY (15 percent of dIrect and lndlrect)

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CDNT)

$66.222 $66.222 $66.222 $66.222
$36,999 $36.999 $36.999 $36.999
$32.071 $32,071 $32.071 $32,071

$134.179 $134.179 $134.179 $134.179

-------- ... - ... - -_ ... _----- ... -- ----_ .. ------ -----_ ............ _-
ICC $269.471 $269.471 $269.471 $269,471

--------_ ... _- - ... _-_ ... _--_ ..... -----_ ... _... _-- ------------
... _-_ ... _........._... - ---_ ...... _--_ .. - ------------ ------------

CONT $76.836 576.836 $76.836 $76.836
-------_ ... __ ... _... _-- ... _... _--- --------_ ... _... ---_ ... _------
••••c•••=s== =====••=ac::= 1:&=.-==- •••• .:•••=:_===1:

TCIC $723.255 $723.255 $72~.255 $723.255
=IEC========= ==========::= =====s:==::=== c=••====:=:::

CONTINUEO ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
c c •••••: ••••••=_:••••••:••••••::
BOllER TYPE: BOllER
BOllER CAPACITY (MHBtu/hr): 800
FUEL TYPE: COAL
CONTROL METHOD: SNCR - Nt40N IA

CHAP. 6 REFERENCES I COST BASE
------------------------------------~- -------.----------------.
Exxon. 1990 1992 DOllARS

...............................................................................................................................:

ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)

CAPACITY FACTOR 0.8 0.66 0.5 0.33

.".

A. DIRECT ANNUAL COSTS (DAC)
I. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
S. ELECTRICITY I $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. AMMONIA (I $250/TON)
10. OTHER

TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF LABOR &MAINTENANCE MATl)
2. ADMIltiSTRATlVE (2X OF TCIC)
3. PROPERTY TAX (IX OF TCIC)
4. INSURANCE (IX OF TCIC)
5. OTHER

"". TOTAL IItDIRECT ANNUAL COSTS

••• TOTAL ANNUAL OPERATIItG AND MAINTENANCE COSTS .".
(DAC+IAC)

$612.850 $505.601 $383.031 $252.800

$324.120 $267.399 $202.575 $133.700

------------ ------------ ------------ ------------
DAC $936.970 $773.000 $585.606 $386.500

------------ ------------ ------------ ------------

$14.465 $14.465 $14.465 $14.465
$7.233 $7.233 $7.233 $7.233
$7.233 $7.233 $7.233 $7.233

------------ ------------ ------_ .. ---- ----------- ..
lAC $28.930 $28.930 $28.930 $28.930

------------ ------------ ------------ ----------- ...
~.aac~==*.a= ~=a.=;.c==c.:;. ========:.a= ===:1~:===:I::=:t::

O&H $965.900 $801.930 $614.536 $415.430
•••••••=&=••~k=.===.===============aa=z===== •••=c=:t::

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capltal and O&M)
I. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 o 1627 0.1627
TOTAL CAP.TAL INVESTMENT COSTS (TCIC. above) $723.255 $723,255 $723.255 $723.255

------------ ------------ ------------ ------------"". ANNUALIZED CAPITAL INVESTMENT COST """ ACIC $117.706 $117,706 $117,706 $117.706
------------ ------------ ------------ ------------

2. AItNUAL O&H COSTS (O&M. above) O&H $965,900 $801.930 $614.536 $415,430
------------ ------ ...----- ------ ... ----- ------------:ZC&cc:=.c:== :===zz===:== ========ca:c .:=====uc..s==

*** TOTAL ANNUALIZED COST *.* ACIC+O&M $1. 083.606 $919.637 $732,243 $533.137
a===s======= ====::=====:= ======:=s:== .as:========

B. Itox REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOxll 0.7 0.7 0.7 0.7
2. CONTROLLED NOx lEVEL (lb/HHBtu) (NOx)2 0.39 0.39 0.39 0.39
3. NOx REHOVAL EFFICIENCY (X) 45 45 45 45
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
S. BOllER HEAT INPUT CAPACITY (MHBtu/hr) CAP 800 BOO 800 800

,.." NOx REMOVED PER YEAR (TONS/YR) *""
(CA~Ct*(24 hr/daY)*(365 days/yr))"[(NOx}I-(NOx}2)/2000

.". CDST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) "••

883 728 552 364
ca.c=~.=& ••=a=c=••••==&======c==:t::=s:=·==··=·····====
***************************************-***********

$1.227 I $1.262 I $1.327 I $1.464
***************************************************
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................................................................................................................................
COST EFFECTIVENESS OF RETROFIT HOx CONTROLS................................................................................................................................
BOILER TYPE: TANGENTIAL FIRED UTiliTY BOILER
BOILER CAPACITY (MMBtu/hr): 1255
FUEL TYPE: COAL
CONTROL METHOD: SHCR - AMMONIA................................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)................................................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (BeC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

..* TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

EQP

PEC

O.B

$414.985

$12.450
$20,749

$448.184

0.66

$414.985

$12.450
$20.749

$448.184

0.5

$414.985

$12.450
$20.749

$448.184

0.33

$414.985

$12.450
$20.749

$448.184

*** TOTAL DIRECT INSTALLATION COST *** .... DIC $196.519 $196.519 $196.519 $196.519

3. SITE PREP. SP (as requIred)

'"4. BUILDINGS. BLDG (as requIred)

TOTAL DIRECT CAPITAL COST
(PEC~DIC~SP~BLDG)

***

SP

BLDG

DCC $644.703 $644.703 - $644.703 $644.703

B. INDIRECT CAPITAL COST (ICC)
I. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. ONE-TIME ROYALITY FEE (NO CONTINGENCY ON THIS)
5. OTHERS

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY (IS percent of direct and Indlrect)

*** TOTAL CAPITAL INVESTMENT COST ***
(OCC+ICC~CONT)

$88.195 $88.195 $88.195 $88.195
$80.868 $80.868 $80.868 $80.868

$124.202 $124.202 $124.202 $124.202
$169.037 $169.037 $169.037 $169.037

------- ... _--- ------------ ----------_ . ... _... _--------
ICC $462.302 $462.302 $462.302 $462.302

------------ ------------ - ... - .. _------- ----_ ...._...... -

------------ ------------ ----- ..... _-_ .... _.. _---------
CONT $140.695 $140.695 $140.695 $140.695

------------ ------------ ------------ --- .. --- ... ----
.~=a:ac.c.&.= C===C&&C==== c==::::•••:.:,: c=.ac:=:=-=::

TCIC $1.247,701 $1.247.701 $1.247.701 $1.20.701
=:ct:_:==:=:: :==:::11;:::::;= ======:::=:= ==_a;:::==::.::

CONTINUED ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS.....................................~.................................................•..•.....................................
BOILER TYPE: TANGENTIAL FIREO UTILITY BOILER
BOILER CAPACITY (MHBtu/hr): 1255
FUEL TYPE: COAL
CONTROL METHOD: SNCR - AHHONIA

CHAP. 6 REFERENCES I COST BASE
-------------------------------------- -------------------------Exxon. 1991 1992 DOLLARS

..........................................................................................................=•••¥ ••••s ••=•••==.==~
ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)

CAPACITY FACTOR 0.8 0.66 0.5 0.33

***

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY 1 $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. AHHONIA (I $250/TON)
10. OTHER

TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
I. OVERHEAD (60X OF LA80R &MAINTENANCE MATL)
2. ADMINISTRATIVE (2X OF TCIC)
3. PROPERTY TAX (IX OF TCIC)
4. INSURANCE (IX OF TCIC)
5. OTHER

*** TOTAL INDIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL DPERATING ANO MAINTENANCE COSTS ***
(DAC+IAC)

$220.051 $181.542 $137.532 $90,771

$711.750 $587.194 $444,844 $293.597

-- ... _-------- ... ----------- ------------ ------------
DAC $931.801 $768,736 $582,376 $384.368

------------
___ eo ________

------------ ------------

$24,954 $24.954 $24,954 $24.954
$12.477 $12.477 $12,477 $12,477
$12,477 $12.477 $12,477 $12.477

------------ ------------ --------- ...... - ------_ ..... _--
lAC $49.908 $49.908 $49.908 $49.908

-- ... _... ------- -...---- ...----- ------------ ------------
=:1:3:========= ============ ==========z= ==z=========

O&M $981. 709 $818.644 $632.284 $434.276
a.*a:====:====~=================a============s=====

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (Incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 O. 1~?7 o 1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $1,247,701 $1.24i,70. $1.247,701 $1.247,701

------------ -... ---------- ------ ... ----- ------------
ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $203.058 $203.058 $203,058 $203.058---_ ..------- ------------ ------ ..----- --------- ..--

2. ANNUAL O&H COSTS (D&M. above) O&H $981,709 $818.644 $632.284 $434.276
------------ ------------ ------------ --------......--
_=======:z=== ============= ============= ============

*** TOTAL ANNUALIZED COST *** ACIC+O&M $1.184.767 $1.021. 702 $835,341 $637.334
====s======= =:====s===== ============ ===========:

8. HOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/HM8tu) (NOx) 1 0.7 0.7 0.7 0.7
2. CONTROLLED NOx LEVEL (lb/HMBtu) (NOx)2 0.39 0.39 0.39 0.39
3. NOx REMOVAL EFFICIENCY (X) 4S 4S 45 4S
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (HHBtu/hr) CAP 1255 1255 1255 1255

*** NOx REMOVED PER YEAR (TDNS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr»)*[(NOx)1-(NDx)2)/2000

*** COST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) ***

1385 1143 866 57J
•••••:I:•••••••:I:•••••••••••=.==.=:I::I::I:=.=:l:z.:I:=:l:c••••===
**************-***************.**.*•••*.**.*.***•••

$855 I $894 I $965 I $1.11 5
******.*.***.*•••**.*.****.*.****.*.**.******••****
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
................................................_ ca

BOILER TYPE: PC BOILER
BOILER C~PACITY (MMBtu/hT): 2361
FUEL TYPE: COAL
CONTROL METHOD: SNCR - AMMONIA

CHAP. 6 REFERENCES I COST BASE
-------------------------------------- .------------------------
Exxon. 1992 1992 OOLLARS

................................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)................. .........................................................................................................

BOILER CAPACITY FACTOR

• u

A. OIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPMENT COST •••

2. DIRECT INST~LLATION COST (OIC)

••• TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as TequiTed)

4. BUILDINGS. BLDG (as Tequlred)

EQP

PEC

OIC

SP

BLDG

0.8

$463.810

$13.914
$23.191

$500.915

S114.420

0.66

$463.810

$13.914
$23.191

$500.915

SI14.420

0.5

$463.BIO

$13.914
$23.191

$500.915

S114.420

0.33

$463.810

$13.914
$23.191

$500.915

S114.420

TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLOG)

... DCC $615.335 $615.335 $615.335 $615.335

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. ONE-TIME ROYALITY FEE (NO CONTINGENCY ON THIS)
5. OTHERS

••• TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY (15 percent of dIrect and indlrect)

••• TOTAL CAPI1~~ INVESTMENT COST •••
(DCC+ICC+CONT)

$32B.950 $328.950 $328.950 $328.950
$35.017 $35.017 $35.017 $35.017
$47.600 $47.600 S47.600 $47.600

$506.100 $506.100 $506.100 $506.100

-------_ .. _- ... ------------ ------------ ------------
ICC $917.667 S917.667 $917.667 S917.667

------------ ------------ ------------ ------------
------------ ------------ ------------ ------------

CONT $154.035 $154.035 $154.035 S154.035
------------ ------------ ----- ..------ --------_ ..... -
aca:==a: •••=:.c= ==.=.==a:==== =======z==== a:==========z

TCIC $1, 687 .037 $1. 687.037 $1, 687.037 $1,687.037
a::.a:••••••=:.s. ==.c-======== =======z==== =====ZZ&Z:II:==

CONTJ~UED ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
c •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••ce•••••••••••••••:::

BOILER TYPE:
BOILER CAPACITY
FUEL TYPE:
CONTROL METHOD:

PC BOILER
(HMBtu/hr): 2361

COAL
SNCR - AMMONIA I

CHAP. 6 REFERENCES I COST BASE
-------------------------------------- ------~------------------Exxon. 1992 1992 DOLLARS

••••••••ca c •••••c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)

CAPACITY FACTOR O.B 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY e $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. AMMONIA (i $250/TON)
10. OTHER

TOTAL OIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60~ OF LABOR &MAINTENANCE MATl)
2. ADMINISTRATIVE (2~ OF TCIC)
3. PROPERTY TAX (IX OF TCIC)
4, INSURANCE (I~ OF TCIC)
5. OTHER

••• TOTAL INDIRECT ANNUAL COSTS

••• TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ••~
(OAC+IAC)

$2B3.824 $234.155 $177.390 $117.077

$952.650 $785.936 $S95.406 $392.968

------------ ------------ ----------- ... ...... ----------
DAC $1.236.474 $1.020.091 $772 .796 $510.046

----------_ ... ------------ ---- ... _---- ... - ------------

$33.741 $33,741 $33,741 $33.741
$16.870 $16.870 S16.870 $16.870
$16.870 $16.870 S:S.870 $16.870

------------ -- .. _-------- ------- ... -_.... ------------
lAC $&7.481 $67.481 S67.481 $&7.481

------------ ------------ ------------ ------------
C:'::Es,=====**= ====:,:======= ============ ============

DlM $1.303.955 $1. 087 •573 $840.278 5577 .527
==*==&=====-=====&========================-========

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (Incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAP ITAL INVESTMENT COSTS (i~lr,. above) $1.687.037 $1.687.037 51.667.037 $1. 687.037

------------ -._------_ ... - --------_ .._- ------------... ANNUALIZED CAPITAL INVESTMENT COST ACIC $274.558 $274.558 $274.558 S274.558
... ----------- ------------ ------------ ------------

2. ANNUAL O&M COSTS (O&M. above) O&M $1.303.955 $1.087.573 $B40.278 5577 .527
------------ ------------ --------_ ....- --_ ... __ ...._---
tcce_ace••c& &lZC:••C&::CC.E &-=:&:11::11::11::=&••=••••c •• :===-=

••• TOTAL ANNUALIZED COST ••• ACIC+O&M $1.578.513 $1.362.130 51.114.835 5852.0B5
.CC==_E••==C ClZ==C&IlIl:&Z:C== ========&cc= s===========

B. NOx REMOVAL PER YEAR
1- BASELINE NOx LEVEL (lb/MHBtu) (NOx)! 0.7 0.7 0.7 0.7
2. CONTROLLED NDx LEVEL (lb/HHBtu) (NDx)2 0.39 0.39 0.39 0.39
3. MOx REMOVAL EFFICIENCY (~) 45 45 45 45
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
S. BOILER HEAT INPUT CAPACITY (HMBtu/hr) CAP 2361 2361 2361 2361

NOx REMOVED PER YEAR (TONS/YR) •••
[CAp·CF*(24 hr/day)·(365 days/yr))·[(NOx}I-(NOx)2]/2000

••• COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) •••

2606 2150 1629 1075•••••••••••••==••••e.=•••==cw=:tt••••••••s •••======••**t_**t a*•••• * •••_. ••••·······_·

$606 I $634 I $684 I $793*a__• __t_t_._._.__.__.._._....._._._._._._······---
.............................................................·••••··••••· ..•••····.········=•..••==.s.=======c=.===••••••••••••:
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...............................................................................................................~.••••........••
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS................................................................................................................................
BOllER TYPE: BOllER
BOllER CAPACITY (HMBtu/hr): 2B70
FUEL TYPE: PULVERIZED COAL
CONTROL METHOD: SNCR - AMMONIA

CHAP. 6 REFERENCES I COST BASE
------------------------.------------- -------------------------
Exxon. 1989 1992 DOllARS

................................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)................................................................................................................................

BOllER CAPACITY FACTOR

$796.367 $796.367' $796.367 $796.367

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

*-t TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTAllATION COST (DIC)

*t* TOTAL DIRECT INSTAllATION COST ***

3. SITE PREP. SP (es reqUIred)

4. BUllOINGS. BLDG (es requIred)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BlDG)

EQP

PEC

OIC

SP

BLDG

OCC

0.8

$566.549

$16.996
$28.327

$611.873

$184.494

0.66

$566.549

$16.996
$28.327

$61\.873

$184.494

0.5

$566.549

$16.996
$28.327

$611.873

$184.494

0.33

$566.549

$16.996
$28.327

$611.873

$184.494

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. ONE-TIME ROYAliTY FEE (NO CONTINGENCY ON THIS)
5. OTHERS

*** TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY (15 percent of direct end indIrect)

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

$326.368 $326.368 $326.368 5326.368
565.034 $65.034 56S.034 565.034

$116.607 5116.607 $116.607 5116.607
$901.397 $901.397 5901. 397 $901.397

... _---------- ------------ ------.- ....._.. --_ .. _. __ ........
ICC $1,409.406 $I. 409.406 $1.409.406 $1.409.406-_ ... _-------- ------------ ------_ ... - .... - --_ .. -_ ............. -

----------_ .. --_ ......._----- ------------ --------_ .......
CONT $195.656 $195.656 5195.656 $195.656

------------ ------------ ------_ ...... _-- ... _----------
~··.·=·•••~~1··=¥~···2 ••• ===~.=z===~c ._••_z••••••

TCIC
x!~~~~:~~:~=lx!:~~~:~~:~=

$2.401. 430 $2.401,430
============ =======:::::

·CONTINUED ON NEXT PAGE
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................................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
.....................................n ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

BOILER TYPE: BOILER
BOILER CAPACITY (MHBtu/hr): 2B70
FUEL TYPE: PULVERIZED COAL
CONTROL METHOD: SNCR - AMMONIA

CHAP. 6 REFERENCES I COST BASE
-------------------------------------- --------.----------------
Exxon. 1989 1992 DOLLARS

................................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)
.......................................................................................................................s •••: ••••

CAPACITY FACTOR O.B 0.66 0.5 0.33

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

$380.BB5 $314.230 $238.053 $157.115

$996.450 $822.071 $622.781 $411.036

---_ .. _------ .. _-----_ .._-- ----------_ .. ------------
DAC $1.377.335 $1.136.301 $860.834 $S68.151

------_ .... _-- --- ... -------- ------------ ------------
$0 $0 $0 $0

$48.029 $48.029 $48.029 $4B.029
$24.014 $24.014 $24.014 $24.014
$24.014 $24.014 $24.014 $24.014

------------ ------------ ------------ ------------
lAC $96.057 $96.057 $96.057 $96.0S7

------------ ------------ ------- ... _--- --_ ... ----- .. --
.=:.:cc:....ca cC=C.C".CC.,c &cacaa.~:.ca. a:ccc===a:;c::

O&M $1.473.392 $1.232.358 $956.891 $664.208
=======================~=.=======~=====c=======c==:

****** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF LA80R &MAINTENANCE MATL)
2. ADMINISTRATIVE (2X OF TCIC)
3. PROPERTY TAX (IX OF TCIC)
4. INSURANCE (lX OF TCIC)
5. OTHER

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
S. ELECTRICITY 1 $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. AMMONIA (I $250/TON)
10. OTHER

COST EFFECTIVENESS
c••••••••••••••••••••••••••••••: •••••••••••:=.:.::=:_:ccc=:==::::::::::=••:=:::=::==:::==_.:=:==:=:=:::::=:===:========:::::=:::

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 O.IE~'

TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $2.401.430 $2.401.430 $2.401. 430 $2.401,nr
----.. ------- ------------ ------------ ------------...... ANNUALIZED CAPITAL INVESTMENT COST ACIC $390.822 $390.822 $390.822 $390.822
------------ ------------ ------------ ------------

2. ANNUAL O&H COSTS (O&H. above) O&H $1.473.392 $1.232.358 $956.891 $664.208
------------ ------------ ------------ ------------
============ :::::=:::==:::= ============ =============

*** TOTAL ANNUALIZED COST *** ACIC+O&M $1.864.214 $1.623.180 $1.347.713 $1.055.029
============ ==u.======== c=========c= &==1:.===:=:==

B. NOx REMOVAL PER YEAR
1. BASELINE NDx LEVEL (lb/MHBtu) (NOxll 0.7 0.7 0.7 0.7
2. CONTROLLED NOx LEVEL (lb/HHBtu) (NOx}2 0.39 0.39 0.39 0.39
3. NOx REMOVAL EFFICIENCY (%) 45 45 45 45
4. CAPACITY FACTOR CF O.B 0.66 0.5 0.33
S. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 2870 2B70 2B70 2870

*** NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day}*(365 days/yr}]*[(NOx}1-(NOx}2]/2DOO 316B 2613 19BO 1307

••••••ccc•••••=••••••••scc•••a.==ac••••••••• c ••====
•••••*.*.***•••_***•••**••**************•••*••*****

*** COST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) *** S58B I $621 I $681 I $807
*.*.*._-*._*.-.-.-••*.*••*.*_••••••_•••- •••••••••••

........................................................:••::••••:•••••••••••c••••c•••:.C••::::a•••:a.==•••:c••••=:.====a===.c====
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS................................................................................................................................
BOILER TYPE: PC BOILER
BOllER CAPACITY (MMBtu/hr): 6BOO
FUEL TYPE: COAL
CONTROL METHOD: SNCR - AMMONIA

CHAP. 6 REFERENCES I COST BASE
-------------------------------------- .------------------------
Exxon. 1992 1992 DOLLARS

..............................................................................................................................a.

TOTAL CAPITAL INVESTMENT COST (TCIC)................................................................................................................................
BOILER CAPACITY FACTOR

***

$1.301.846 $1.301.846 -$1.301,846 $1.301.846

A. OIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (OIC)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as requIreD)

4. BUllbINGS. BLDG (as reqUlreo)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BlOGI

EQP

PEC

DIC

SP

BLDG

OCC

0.8

$1.006.700

$30.201
$50.335

$1.087.236

$214,610

0.66

$1,006,700

$30.201
$50.335

$1,087.236

$214.610

0.5

$1,006.700

$30.201
$50.335

$1.087.236

$214.610

0.33

$1.006,700

$30.201
$50.335

$1.087.236

$214.610

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. ONE-TIME ROYALITY FEE (NO C:NTINGENCY ON THIS)
5. OTHERS

*** TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY (15 percent of dIrect and Indirect)

*** TOTAL CAPITAL INVESTMENT COST ***
(OCC+ICC+CONT)

$392.500 $392.500 $392.500 $392.500
$90.780 $90,780 $90.780 $90,780
$89.280 $89,280 $89.280 $89.280

$950.000 $950,000 $950,000 $950,000

------------ ------------ -.---------- ------------
ICC $1.522.560 $1.522.560 $1. 522.560 $1.522.560

------------ ----_.------ ------------ ------------
------------ ------------ ---------_.- ---------- ... -

CONT $281.161 $281.161 $281.161 $281.161
-- ...... _--- ... - ... - -_ ... _-------- ---_ ... _------ ------------
&&.=••a_.=:II:. .=ca.:._.::= =sa.It••••••• a===._••_.==

TCIC $3.105.567 $3.105.567 $3.105.567 $3.105,567
.=c.:•••===z= z••=_=••••== ••a.EEE•••C: ::::===::===

CONTINUEO ON NEXT PAGE
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ze•••••••••••••••••••••••••••••••••••••••••••••••••••• : ••••••••••••••••••••••::

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS..............................................................................................................................:.

:~:t~: ~~~~~ITY (~~t~~~~~~ 6800 ------~~~:-~-~:~:~:~:::--------------I----:~::-~~::------------
FUEL TYPE: COAL Exxon. 1992 1992 DOLLARS
CONTROL METHOD: SNCR - AMMONIA

ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)

CAPAC lTY fACTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY i $O.05/kW-hr
6. STEAM
7. fUEL
8. WASTE DISPOSAL
9. AMMONIA (i $250/TON)
10. OTHER

*** TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF LABOR &MAINTENANCE MATL)
2. ADMINISTRATIVE (2X OF TCIC)
3. PROPERTY TAX (IX OF TCIC)
4. INSURANCE (IX OF TCIC)
5. OTHER

*** TOTAL INDIRECT ANNUAL COSTS

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

OAC

lAC

0&1'1

$833.952 $688.010 $521.220 $344.005

$2.923.650 52.412.011 $1.827.281 $1.206.006

------------ ------------ ------------ ------------
$3,757.602 53.100.022 $2.348.501 $1.550.011

------------ ------_ ..---- ------------ -- ... -....... _----

562.111 $62.111 $62.111 562.111
531.056 $31.056 $31.056 $31. 056
$31.056 $31. 056 $31.056 $31.056

------------ ------------ -------_... --- ------------
$124.223 $124.223 $124.223 $124.223

------------ -.....--------- ------------ ------------=s=••••:c=•• =11::::-====:===== ============ z::==:::=====lI==
$3.881.825 $3.224.244 $2.472.724 $1.674.234
===a==========~==:====================.=c==========

COST EffECTIVENESS

A'. TOTAL ANNUALIZED COST llncl. capital and O&M}
1- ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

,EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS ITCIC. above} $3.105.567 $3.105.567 53.105.567 $3.105.567

------------ -..._--------- ------------ ----------_ ..
*** ANNUALIZED CAPITAL INVESTMENT COST ""* ACIC $505.417 $505.417 $505.417 5505.417

------------ ------------ ..._--------- ------------
2. ANNUAL O&M COSTS (O&M. above) O&M $3.881.825 $3.224.244 $2.472.724 $1.674.234

------------ -- ...--------- ------------ ------------
••=••==c=_.= =~==z==:s::=== ============ =========-===

*** TOTAL ANNUALIZED COST *** ACIC+O&M $4.387.241 $3.729.661 $2.978.141 $2.179.650
z¥z:=••s===z: Sl:1I:===.===S&. =========c:c= 11:&:1:=========

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MHBtul (NOxll 0.7 0.7 0.7 0.7
2. CONTROLLED NOx LEVEL (lb/MH8tu) (NOx)2 0.39 0.39 0.39 0.39
3. NOx REMOVAL EffiCIENCY (X) 45 45 45 45
4. CAPACITY fACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MM8tu/hr) CAP 6800 6800 6800 6800

**- COST EffECTIVENESS ($/TON NOx REMOVED. 1992 OaLLARS) **-

..••••••••=••=z:cc.cc:••••:.c=.s=S••••••·=·=·s••====
****••**.*****.**.**•••*•••••••••**.*.***.*********

$585 I $602 I $635 I $704
******.**********••**•••***.***.***••••****.*****••

*** NOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(Z4 hr/day)*(365 days/yr»)*[(NOx)I-(NOx)2)/2000 7506 6192

=_=_.a:.:II:."C.
4691

•••ccc.ce===
3096
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS.......................................................-••...••.•.•..••...••.....•••••..•.•••..•..•••••.•••••..••..•...•.....•..
BOILER TYPE: BOILER
BOILER CAPACITY (HMBtu/hr): BOSS
FUEL TYPE: COAL
CONTROL METHOD: SNCR - AMMONIA I

CHAP. 6 REFERENCES I COST BASE

Exxon. 1990 1992 DOLLARS

................................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)
..............................................................................................................................a.

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EOP)
CEM SYSTEM
1NSTRUMENTAT1 ON
SALES TAX
F1EIGHT

EOP

0.8

$1.078.91B

$32.368
$53.946

0.66

$1.078.918

$32.368
$53.946

0.5

$1.078.918

$32.368
$53.946

0.33

$1.078.918

$32.368
$53.946

*** TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST

. PEC

DIC

$1.165.231

$1.085.967

$1, 165.231

$1,085.967

$1.165.231 $1.165.231

$1.085.967 SI.085.967

3. SITE PREP. SP (as requIred)

4. BUILDINGS. BLDG (as requIred)

TOTAL DIRECT C~PITAL COST
(PEC+DIC+SP+BLDG)

SP

BLDG

DCC S2.251.198 S2.251.198 i2.251.198 S2.251.198

C. CONTINGENCY (15 percent of direct and indlrect)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
Z. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. ONE-TIME ROYALITY FEE (NO CONTINGENCY ON THIS)
5. OTHERS

-** TOTAL INDIRECT CAPITAL COST ***

$397.369 $397.369 S397.369 $397.369
$121.081 $121.081 5121.081 S121,081
5119.459 $119.459 S119.459 $119.459

$1.680.539 Sl.680.539 $1.680.539 51.680.539

------------ ------------ -_ .. --------- _............. _... _-_ .. -

ICC $2.318.449 $2.318.449 $2.318.449 52.318.449
------------ ------------ ...... _--_ .... _-- ---------_ .. -
------------ ------------ ---_ .. _------ --_ .. _-------

CONT $433.366 $433.366 $433.366 S433.366
------------ ------------ -------_ .._-- ------------............ .====ac==.&= =a.&&==.=.~~l~~&.a••&&.==

*** TOTAL CAPITAL INVESTMENIo~~~ic~:~ONT) TCIC &!:~~~:~~~:= =!:~~~:~~~:= =!:~~~:~~::=I=!~~~~::~::=
..........................................................:==••==cacc::••========cc&&s==a========================c=~============

CONTIN~ED ON NEXT PAGE
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.........................................................•••••••••••••~••••••••••••••••••••••••••••••••••••••••s ••••••••••••••••

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
....................................r .

BOILER TYPE: BOILER
BOILER C~PACITY (MMBtu/nr): 8055
FUEL TYPE: COAL
CONTROL METHOD: SNCR - AMMONIA I

CHAP. 6 REFERENCES I COST BASE
-------------------------------------- -------------------------
Exxon. 1990 1992 DOLLARS

ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)................. ..........................................................................................................=

CAPACITY F~CTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY I $0.05/kW-nr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. AMMONIA (I $250/TON)
10. OTHER

TOTAL OIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD (60X OF LABOR l MAINTENANCE MATLI
2. ADMINISTRATIVE (2X OF TCIC)
3. PROPERTY TAX (IX OF TCIC)
4. INSURANCE (IX OF TCIC)
5. OTHER

*** TOTAL INDIRECT ANNUAL COSTS

-** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

OAC

lAC

D&M

$1.178,746 $972,465 $736,716 $486,233

$2.474,700 52.041, 628 $1.546.688 51.020.814

.---------... ---_ ... ------- ------ .... ---- ------------
$3,653.446 53.014.093 52,283.404 51,507,046

------------ ------------ ------ ..... --- .. ------------

$100.060 $100.060 S100.060 SJOO.06o
$50,030 $50.030 $50,030 $50.030
S50,030 $50,030 $50.030 $50.030

------------ --------- ... -- ---- ......... ----
-----------~

$200,121 $200,121 $200,121 $200,121
... ----------- ------------ ... _.. ---_.. ---- ....----------
~••&C&=••••• ====a.====== E========'.=: =c====::=-:==
$3,853,566 53,214.213 S2.483.524 $1,707.167

.==.::•••:=_z:==::::==::==:=::====:==:_:::_==::===:

COST EFFECTiVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZEO CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITI L l'IVESTMEHT COSTS (TCIC. above) $5.003,013 55,003,013 $5,003.013 $5,003,013

... ----------- ------------ ------------ --- .. - ... ----_ ..
*u ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $814,217 $814,217 $814,217 S814,217

... ---_.. ------ ------------ ------------ ------- ..----
2. ANNUAL OlM COSTS (OlM, above) OlM $3,853,566 $3,214,213 $2,483,524 $1,707,167

... ----------- ------------ -- ..--------- ------------
c.=.:=:===:= :1:============ ==========:= ============

*** TOTAL ANNUALIZED COST *** ACIC+08.M $4,667,784 $4,028,431 $3,297,741 $2,521.384
=&2:&&====•• &11:1:&=:::&====== ======:=;::==== =========:=;==

B. MOx REMOVAL PER YEAR
1. BASELINE HOx LEVEL (lb/MMBtu) (HOx )l 0.7 0.7 0.7 0.7
2. CONTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.39 0.39 0.39 0.39
3. MOx REMOVAL EFFICIENCY (X) 45 4S 45 45
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
S. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 8055 8055 8055 8055

*** MOx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 nr/day)*(365 days/yr))*[(NOx)I-(NOx)2)/2000

*** COST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) ***

8B91 7335 5557 3667
••====.&•••a==~•••===&=s=.=====.t==================
.****.**************.************.**.**.*•••••••*••

SS25 I $549 I $593 I $688
*•••**.**********.**•••••••*••••••••••••••••**•• t ••
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
.........................................&&a .

BOILER TYPE: WALL-FIRED
BOILER CAPACITY (MHBtu/hr): 400
FUEL TYPE: PULVERIZED COAL
CONTROL METHOD: SNCR - UREA I

CHAP. 6 REFERENCES I COST BASE
------------------------------------ -----------------------
NALCO FUEL TECH. 1994 1992 DOLLARS

.~ .
TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
I. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EC~IPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

EQP

0.8 0.66 0.5 0.33

$580.000 $580.000 $580.000 $580.000

*** TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as requIred)

4. BUILDINGS. BLDG (as requlrec)

*** PEC

DIC

SP

BLDG

$580.000

$177.000

$580.000

$177.000

$580.000

$177.000

$580.000

$177 .000

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLOG)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPEhSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

DCC $757.000 $757.000 ~757.000 $757,000

*** TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY (10 PERCENT - het considered by NALtO)

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

----------- - .. --------- ----_ .. _... --- _... __ ... ------
ICC Included Included Included Included

-- ...... _------ -------- ... -- --------_ .... ......... _-------
----------- ----------- -------_ .. -- -----------

CONT $75.700 $75.700 $75,700 $75,700
----------- -------_ ... _- ----------- --_ ... _------
ae••e=e:••• =='*=:===-=== •••••=K:.:Z. •••==••••c:

,CIC $832.700 $832,700 $832.700 $832,700
==c:::====== ==:======== ====*=c.:=. &:11=:========

CONTINUED ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
c ca•••••••••••••••••••••••••••••••••••••••• :

BOILER TYPE: WALL-FIREO
BOILER CAPACITY (MHBtu/hr): 400
FUEl TYPE: PULVERIZED COAL
CONTROL METHOD: SNCR - UREA I

CHAP. 6 REFERENCES I COST BASE
-------------.---------------------- -----------------------
NALCO FUEl TECH, 1994 1992 DOLLARS

..........................aa••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

ANNUAL OPERATING AND MAINTENANCE COSTS (O&M)

CAPACITY FACTOR 0.8 0.66 0.5 0.33

......

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4.' REPLACEMENT MATERIALS
5. ELECTRICITY i $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE
5. OTHER

....- TOTAL INDIRECT ANNUAL COSTS

_.- TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS _••
(DAC+IAC)

$10,600 $10.600 $10,600 $10.600

$8,376 $6.911 $5.235 $3.455

$303.059 $227,294 $189,412 $125,012

----------- ---------_ ... -------- ... _- ------_ .. ---
OAC $322.035 $244.805 $205.247 $139.067

----------- -- ... --- ... _--- ----------- -----------

----------- --------_ .. - ---_ ... - ... _--- -----------
lAC Included Included Included Included

----------- ----------- ----------- -----------
====:lI;:~===== =========== ::1:========= ====ClI:==C==

O&M $322,035 $244.805 $205.247 $139.067
._==••c••a.==c.=========c==c===c===cc•••cz••a==

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (Incl. capItal and O&M)
I. ANNUALIZEO CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 o.r 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $832.700 $832.700 !o·,2.700 $832.700

----------- -- ... -------- ----------- -----------...... ANNUALIZED CAPITAL INVESTMENT COST ..- ACIC $135.51B $135.518 $135.518 $135.518
----------- ... _--------- ----------- -----------

2. ANNUAL O&M COSTS (O&M. above) O&M $322.035 $244,805 $205.247 $139,067
----------- ----------- ----------- -----------
• =c••••~1ii=•• ==&:I:••Z=:II:•• =zz====za•• ••••a:::c=.c==

...... TOTAL ANNUALIZEO COST -..- ACIC+O&M $457,553 $380.323 $340.765 $274,585
••••==a:.:l:z= ===z.==z:=: ==:I::II:.:I=C==••• :ll:.a•••as•••=

B. NOx REMOVAL PER YEAR
I. BASELINE NOx LEVEL (lb/MMBtu) (NOx )l 0.7 0.7 0.7 0.7
2. CONTROLLEO MOx LEVEL (lb/MMBtu) (NOx)2 0.39 0.39 0.39 0.39
3. NOx REMOVAL EFFICIENCY (X) 45 45 45 45
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 400 400 400 400

...... NOx REMOVED PER YEAR (TONS/YR) --..
[CAP*CF"(24 hr/day)-(365 days/yr)J-[(NOx)I-(NOx)2]/2000

*..* COST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) ......

••••••••••• .z•••====== .=.c~==z.z. •••••••••==
441.5 364.2 275.9 182.1

•••••••••••••••* •••••:1:••••==.==.=••••••••••••==
*************••************.****.*.*•••**.*.*.*

$1,036 I $1,044 I $1.235 I $1.508
.**********************************************

& &••••••~••c ••••&••••••••••••••••••••••••••••••••••••••••••••••••••=••••••••••••••••••••:.
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: SPREADER STOKER
BOILER CAPACITY (MHBtu/hr): 303
FUEL TYPE: COAL
CONTROL METHOO: SNCR - UREA I

CHAP. 6 REFERENCES I COST BASE
------------------------------------ -----------------------
NALCO FUEL TECH. 1992 1992 DOLLARS

............................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)............................................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
I. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
CEM SYSTEM
INSTRUMENTATION
SALES TAX
FREIGHT

TOTAL PURCHASED EQUIPMENT COST •••

2. DIRECT INSTALLATION COST (OIC)

••• TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as requIred)

4. BUILDINGS. BLDG (as required)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

B. INDIRECT CAPITAL COST (ICC)
I. ENGINEERING
2. CONSTRUCTION ANO FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

EQP

PEC

DIC

SP

BLDG

OCC

0.8 0.66 0.5 0.33

••• TOTAL CAPITAL INVl~rMENT COST •••
(DCC+ICC+CONT)

••• TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY

... ----------- ----------- _... _--_ .. __ ..... -----------
ICC

----------- ----------- _..... _-----_. -----_ ... _---
----------- ----------- ----------- -----------

CONT
----------- ----------- ----------- -----------...••.....• ••11:••••: ••• • ••••:ss••• .........::

TCIC $360.360 $360.360 $360.360 $360.360
•••••s.=c•• .::l:s•••••••a =.=••••ea•• : ....: ...::

CONTINUED ON NEXT PAGE
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a ~ &&•••••••••..............r •••••••••••••••••••••••••••••••••••••••••=•••••••
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS

BOILER TYPE: SPREADER STOKER
BOILER CAPACITY (MHBtu/hr): 303
FUEL TYPE: COAL
CONTROL METHOD: SNCR - UREA I

CHAP. 6 REFERENCES I COST BASE
------------------------------------ --------------~--------
NALCD FUEL TECH. 1992 1992 DOLLARS

c= cc•••••••

ANNUAL OPERATING AND MAINTENANCE COSTS (DlM)

CAPACITY FACTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY e $0.D5/k~·hr

6. STEAM
7. FUEL
8. ~ASTE DISPOSAL
9. CHEMICALS
10. OTHER

TOTAL DIRECT ANNUAL COSTS *** DAC

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. AOMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE
5. OTHER

*** TOTAL INOIRECT ANNUAL COSTS lAC

.a.a.cs•••=======:===:====_==:==:==:==:========

e._=:::=._. ====:=::=:= ===a:===::= ==a=:::=z=:
*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***

(OAC+IAC)
O&M $366.912 $302.702 $229.320 $151,351

COST EFFECTIVENESS
a•••••=••••••••••••••••••••••••••==__••••••_=:=====:••=================:==:====::==::::::::=::::::=:::===:=:===::=:::=:==:==

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0.1627
$360,360 $360.360 $360.360 $360.360

----------- ----------- ----------- -----------
ACIC $58.647 $58.647 $58.647 $58,647

----------- ----------- ----------- -----------
O&M $366.912 $302.702 $229.320 $1~1.351

----------- ----------- ----------- -_ ..--------
::===:==.=== :Eze:::::==== =zz======== =::=z:=::z:=

ACIC+O&M $425,559 $361.349 $287,967 $209,998
._11::===::=_= c:::a:::::::=: ==:==:===== ==::.=======:

*** TOTAL ANNUALIZED COST ***

2. ANNUAL O&M COSTS (O&M, above)

A. TOTAL ANNUALIZED COST (incl. cap,tal and O&M)
1. ANNUALIZEO CAPITAL INVESTMENT COST (ACIC)

EXPECTEO LIFETIME OF EQUIPMENT. YEARS
INTEREST RATE
CAPITAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC. Gno~e)

ANNUALIZED CAPITAL INVESTMENT COST ***

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.53 0.53 0.53 0.53
2. CONTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.22 0.22 0.22 0.22
3. NOx REMOVAL EFFICIENCY (X) 58 58 58 58
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (HHBtu/hr) CAP 303 303 303 303

••• NOx REMOVED PER YEAR (ToNS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/2000 326.4 269.3 204.0 134.6..............................c..••••..···c••c.

***********************************************

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) *.* $1,304 I $1.342 I $1.412 I $1.560
***************************.**••***********.***
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APPENDIX G. ANNUAL COSTS OF RETROFIT NOx CONTROLS:

NONFOSSIL-FUEL-FIRED ICI BOILERS

This appendix contains cost spreadsheets for nonfossil-fuel-fired boilers retrofitted with

various NOx controls. The spreadsheets are based on data from actual boiler retrofit

experiences or studies. Capital annualization for all analyses are based on a 10-year amortization

period and a 10-percent interest rate. All costs presented are in 1992 dollars. For further

information on the methodology and assumptions made in these cost analyses, see Chapter 6.

This appendix contains cost spreadsheets for the following boilers:

Boiler and NOx Control Page

Wood-Fired:
Stoker, 190, 225, 300, 395, and 500 MMBtujhr, with urea-based SNCR G-3
FEC boiler, 250 MMBtujhr, with ammonia-based SNCR G-13

Paper-Fired:
Packaged watertube, 72 and 172 MMBtu/hr, with urea-based SNCR G-15

MSW-Fired:
Stoker, 108, 121, and 325 MMBtujhr, with urea-based SNCR G-19
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..........~~.n.n.n.~.' .
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: STOlCER
BOILER CAPACITY (MHBtu/hr):
FUEl TYPE: WOOD
CONTROL METHOD: SNCR - UREA

190
CHAP. 6 REFERENCES I COST BASE

--_._--------------------------- -------------------
NALCO FUEL TECH 1992 1992 DOLLARS

~..naau..~' .

TOTAL CAPITAL INVESTMENT COST (TCIC)........., .
BOILER CAPACITY FACTOR

***

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRUMENTATION
SALES TAX
FREIGHT
CEM SYSTEM

TOTAL PURCHASED EQUIPMENT COST ••• .

2. DIRECT INSTALLATION COST (OIC)

EQP

PEC

0.8 0.66 0.5 0.33

**. TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as required)

... OIC

SP

BLDG

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDGI

*u OCC

B. INDIRECT CAPITAL COST (ICC)
I. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST *~*

C. CONTINGENCY

••• TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

--------- --------- --------- ---------
ICC

--------- --------- --------- ---------
--------- --------- --------- ---------

CONT
--------- --------- --------- ---------.......•• .==•••••• =s•••••== =ac.c.:a._

lCIC $424,113 $424,113 $424,113 $424.113.......•. •••••c ••• ..:...... ••••••••a:

............................................................~ • •••••••¥ ••••••ca••••••••••••••••••••s •••••••••••••••••

CONTINUED ON NEXT PAGE
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......................................................................................................_•••••••••••a.
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: STOKER
BOILER CAPACITY (MMBtu/hr):
FUEL TYPE: WOOO
CONTROL METHOD: SNCR - UREA

190

I
CHAP. 6 REFERENCES I COST BASE

-------------------------------- -------------------NALCO FUEL TECH 1992 1992 DOLLARS

.......................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&H)
.....................a·'~ .

CAPACITY FACTOR

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $D.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

0.8 0.66 0.5 0.33

u* TOTAL DIRECT ANNUAL COSTS *** DAC

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

*** TOTAL INDIRECT ANNUAL COSTS ***

••* TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS •••
(OAC+IAC)

----..---- --------- --------- ... ---_ ..... _-
lAC

--------- --------- ----- ..--- ... -_ ... _----
c •••••••• a .. :c•••••:: =====11:=== ===e=c&==

O&M $7B.532 $66.930 $53.671 $39,583
a_acc•••a=::.=.==.=.===::======:=:=====:

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE o I 0,1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1MI 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $424,113 $424,113 $424.113 $424,113

--------- --------- --------- ---------
"'** ANNUALIZED CAPITAL INVESTMENT COST ACIC $69.023 $69,023 $69.023 $69.023

--------- --------- --------- --_ ... -----
2. ANNUAL O&M COSTS (O&M. above) O&M $78.532 $66.930 $53.671 $39.583

--------- --------- --------- ---------
:c==c===::= ==c=lun:== :====z=:= =a=====:=

*"'* TOTAL ANNUALIZED COST *** ACIC+O&H $147.555 $135.953 $122.693 $108.605
=c•••••== cc======:c= ========= =========

B. HOx REMOVAL PER YEAR
1. BASELINE HOx LEVEL (lb/MMBtu) (NOx)l 0.25 0.25 0.25 0,25
2. CONTROLLED NOx LEVEL (lb/MMBtu) (NOx)2 0.11 0.11 0.11 0.11
3. HOx REMOVAL EFFICIENCY (X) 55 55 55 55
4. CAPACITY fACTOR CF 0.8 0.66 0.5 0,33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 190 190 190 190

"""'" NDx REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

••••••••• ••••••••• ==a=:a=a= a==_C:C::

91.5 75.5 57.2 37.8
•••••••••••••••••••••••••c ••=••==······
••*****************••************.*••••

$1.612 I $1.800 I $2.144 I $2.876
*****.*****.*****••*•••••••****••••••••

a - ~~aa~uu. &••••=•••••••a a ••••••• a ••z •••a==••=.=a===:.s===as
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: STOKER
BOILER CAPACITY (MHBtu/hr): 225
FUEL TYPE: WOOO
CONTROL METHOO: SNCR - UREA

CHAP. 6 REFERENCES I COST BASE
-------------------------------- ---------_.~ ...--_.
NALCO FUEL TECH 1992 1992 OOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)· .

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRUMENTATION
SALES TAX
FREIGHT
CEM SYSTEM

*** TOTAL PURCHASED EQUIPMENT COST •••

2. DIRECT INSTALLATION COST (OIC)

••* TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as requIred).
4. SUILDINGS. BLDG (as requIred)

EQP

PEC

DIC

SP

BLDG

O.B 0.66 0.5 0.33

... TOTAL DIRECT CAPITAL COST
(PEC+OIC+SP+BLOG)

DCC

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELO EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

**. TOTAL INDIRECT CAPITAL COST •••

C. CONTI NGENCY

ICC

CONT

CONTINUEO ON NEXT PAGE
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COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
............................................................................................c ••••••••••••••••••••c ••

BOILER TYPE: STOKER
BOILER CAPACITY (HMBtu/hr): 225
FUEL TYPE: 1/000
CONTROL METHOD: SNCR - UREA

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------NALCO FUEL TECH 1992 1992 OOLLARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)....................................................................................................................

CAPACITY FACTOR

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY e SO.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

0.8 0.66 0.5 0.33

*** TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

*** TOTAL INDIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

OAC

--------- --------- --------- -------_ ...
lAC

--------- --------- --------- ---------c&c••a••= =:11::==:==:1:_== =====-=== =s=:=:::==
O&M $103.699 $87.964 $69.981 $50.875

=c=====c=====c===_=====================

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST {ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVEk~ F~CTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPlTAL lNVESTMENT COSTS {TCIC. above) $477.853 $477.853 $477.853 $477 .853

--------- --------- --------- ---------*** ANNUALIZED CAPITAL INVESTMENT COST ACIC $77.768 $77 .768 $77.768 $77 ,768
--------- --------- --------- ---------

2. ANNUAL OlM COSTS (O&M. above) O&M $103,699 $87,964 $69.981 $50.875
--------- --------- --------- ---------.c====c•• ===_c===-== ==:II:=====Z ======s==

*** TOTAL ANNUALIZED COST *** ACIC+O&M $181.467 $165.732 $147.750 $128.643
.c••••c•• c:zc=a:a:ca= ===II:W==== =WE.S=C==

B. HOx REMOVAL PER YEAR
l. BASELINE NDx LEVEL (lb/HMBtu) (NDx)l 0.25 0.25 0.25 0.25
2. CONTROLLED NDx LEVEL (lb/MMBtu) (NOx)2 0.11 0.11 0.11 0.11
3. NOx REMOVAL EFFICIENCY (X) 55 55 55 55
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (HMBtu/hr) CAP 225 225 225 225

*** HOx REMOVED PER YEAR (TOHS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr»)*[(NOx)I-(NOx)2)/2DOO

*** COST EFFECTIVENESS (S/TON NDx REMOVED. 1992 DOLLARS) ***

108.4 89.4 67.8 44.7
•••••••••••: •••=•••••===.=.=••a •••••••=
***************************************

SI.674 I SI.853 I $2.1Bl I $2.877
***************************************

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••s •••••••••••••••••••••••••••
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: STOr;ER
BOILER CAPACITY (HMBtu/hr):
FUEL TYPE: \/000
CONTROL METHOD: SNCR - UREA

300
CHAP. 6 REFERENCES I COST BASE

-------------------------------- -------------------
NALCD FUEL TECH 1992 1992 DOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)....................................................................................................................

BOILER CAPACITY FACTOR

_.

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRUMENTATION
SALES TAX
FREIGHT
CEM SYSTEM

TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

••• TOTAL DIRECT INSTALLATION COST ***

3. SITE PREP, SP (as required)

4. BUILDINGS. BLDG (as required)

EQP

PEC

DIC

SP

BLDG

0.8 0.66 0.5 0.33

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

Dec

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION ANO FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

••* TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY

*** TOTAL CAPITAL INVESTMENT COST ***
(OCC+ICC+CONT)

--.------ ._ .._- ..--- ------ .. _- ---------
ICC

--------- --------- ... _------- -----_ .. _-
--------- ----_.--- -------_ ... ---------

CONT
--------- --------- --------- ------_ ... -
• c:•••••• ==aal:aa•• ==••=*a=_ =ec••••=:

TCIC $595.417 $595.417 $595.417 5595.417
••••aca&& a ......... ........: ••••:=.::1:••

CONT1NUED ON NEXT PAGE
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...........................................................-•.•...•..•..........•••.....••••...•..........•..•......
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
.........................................................................................................=••••••••••
BOlLER TYPE: STOKER
BOILER CAPACITY (MMBtu/hr):
FUEL TYPE: 1/000
CONTROL METHOD: SNCR - UREA

3DO

I
CHAP. 6 REFERENCES COST BASE

-------------------------------- -------------------
NALCO FUEL TECH 1992 1992 DOLLARS

.............' an..dU._.' .
ANNUAL OPERATlNG AND MAINTENANCE CDSTS (OlM)..............................................................................................

CAPACITY FACTOR

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY i $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

0.8 0.66 0.5 0.33

*** TOTAL DIRECT ANNUAL COSTS ***

B. INOIRECT ANNUAL COSTS (lAC)
1. OVERHEAO
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

*** TOTAL INDIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING ANO MAINTENANCE COSTS ***
(DAC"lAC)

DAC

--- .._---- - ... ------- --------- ------_ ..-
lAC

--------- - ... ------- --------- ---------
==:1:&1:=::== ====&11:.===== ====:;::== =====:===

O&M $107.809 $91. 949 $73.822 $54,563
•••:1:•••••••••:1:•••••• :1:===.:=&:••••••====

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (Incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1

I
0.1

CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 J.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $595.417 $595,417 $595.417 $595,417

--------- --------- --------- ---------
*** ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $96.901 $96,901 $96.901 $96.901

--------- --------- --------- ---------
2. ANNUAL OlM COSTS (OlM. above) 0&'1 $107.809 $91.949 $73.822 $54.563

--------- --------- --------- ---------...•..•.. c.z••ace:=: ..a::a=c=a:z ccc•••sa:

*** TOTAL ANNUALIZED COST *** ACIC+O&M $204,710 $188.B50 $170.724 $151.464
=••:••••• aK:•••aac& =====•••c cca=_&C_=

B, HOx REMOVAL PER YEAR
1. BASELINE HOx LEVEL (lb/HHBtu) (NOx)l 0.25 0.25 0.25 0.25
2. CONTROLLED NOx LEVEL (lb/HHBtu) (NOx)2 0.11 0.11 0.11 0.11
3. NOx REMOVAL EFFICIENCY (X) 55 55 55 55
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (II4Btu/hr) CAP 300 300 300 300

*** HOx REMOVED PER YEAR (TDNS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)1-(NOx)2]/2000

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) ***

144.5 119.2 90.3 59.6
•••••••••••••••••••••••••••=••••••ca.==
.*_****t*tt_.*t.**.******.*****.*.*****

$1.416 I $1.584 I $1.890 I $2.540
-**_.-._--**----*--**--**.**.**********
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: STOKER
BOILER CAPACITY (MMBtu/hr);
FUEl TYPE; 1/000
CONTROL METHOD: SNCR· UREA

395
CHAP. 6 REFERENCES COST BASE

NALCO FUEL TECH 1992 1992 DOLLARS

....................................................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)........................................................................................•..........................~

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRUMENTATION
SALES TAX
FREIGHT
CEM SYSTEM

EQP

D.B 0.66 0.5 0.33

**" TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as required)

4. BUILDINGS, BLDG (as required)

*** PEC

DIC

SP

BLDG

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+8LDG)

*** DCC

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL CAPITAL INVEST~,NT COST ***
(DCC+ICC+CONT)

*** TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY

***
------_ .. - --------- --------- ---------

ICC
--------- --------- --------- ---------
--------- --------- -_ ... _... _--- ---------

CONT
--------- ..-------- --------- ---------......•.. ==••••••• =====•••= • •••••••=

TCIC $641. B34 $641.834 $641.834 $641.834
c •••••••• .•••..... =•••••a... .aa•••a.=

CONTINUED ON NEXT PAGE
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................

...........................................................................................

BOILER TYPE: STOKER
BOllER CAPACITY (MMBtu/hr):
FUEL TYPE: WOOD
CONTROL METHOD: SNCR - UREA---

395 I
CHAP. 6 REFERENCES COST BASE

---~---------------------------- -------------------
NAlCD FUEL TECH 1992 1992 DOLLARS

ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)._a ..............................................................................................

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
~. REPLACEMENT MATERIALS
5. ELECTRICITY' $O.OS/kW-hr
6. STEAM
7. FUEL
B. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

-** TDTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

CAPACITY FACTOR

DAC

O.B 0.66 0.5 0.33

_.. TOTAL INDIRECT ANNUAL COSTS •••

••• TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS •••
(DAC+IAC)

--------- --------- --------- ---------
lAC

--------- --------- - ... ----_ ... - ---------
==e:l:=•••= ._======== =====....== cec....ec:

O&M $50.263 $44.707 $38.358 $31.612
•••==••••c=••••==ca==========•••=••c.=.

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $641,834 $641.834 $641,834 $641.834

--------- ----- ...--- --------- ----_ ... _--
-*- ANNUALIZED CAPITAL INVESTMENT COST ACIC $104.456 $104.456 $104.456 $104.456

--------- --------- --------- ---------
2. ANNUAL O&M COSTS (D&M. above) O&M $50.263 $44.707 $38.358 $31.612

--------- --------- --------- ---------
.......==c ••••===== =:I:=az..=::= ....:c•••••

--* TDTAL ANNUALIZED COST .*. ACIC+O&M $154.719 $149.163 $142.814 $136.068
.c••••••• ••=._s...s c:........ .:11:•••••••

B. HOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtul (NOxll 0.25 0.25 0.25 0.25
2. CONTROLLED NOx LEVEL (lb/HMBtu) (NOx)2 0.11 0.11 0.11 0.11
3. HOx REMOVAL EFFICIENCY (%) 55 55 55 55
~. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (HH8tu/hr) CAP 395 395 395 395

... NOx REMOVED PER YEAR (TONS/YR) *••
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NOx)2]/2DOO

.** CDST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) ***

...•..... •....•••. .•.......
190.3 157.0 118.9 78.5.......................................

**.************************************

$813 I $950 I $1.201 I $1.733
***************************************
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..................................................................a •••••••••••••••••••••••••••••••••••••••••••••••••

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
500 ------~~~:_~-~:~:~:~~:~--------I----~~~:_~~~:_-----

NALCO FUEL TECH 1992 1992 OOLLARS

....~Bn ,.........................................................••••••••••••••••••••••••••••

BOILER TYPE: STOKER
BOILER CAPACITY (MMBtu/hr):
FUEL TYPE: WOOO
CONTROL METHOO: SNCR - UREA

TOTAL CAPITAL INVESTMENT COST (TCIC)--_..._---- ....................................................................................
BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EOP)
INSTRUMENTATION
SALES TAX
FREIGHT
CEM SYSTEM

EOP

O.B 0.66 0.5 0.33

TOTAL PURCHASEO EQUIPMENT COST •••

2. DIRECT INSTALLATION COST (DIC)

PEC

.** TOTAL DIRECT INSTALLATION COST •••

3. SiTE PREP, SP (4S required)

4. BUll~INGS, BLDG (4S required)

DIC

SP

BLDG... TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

DCC

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELO EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

... TOTAL INDIRECT CAPITAL COST

C. CONTINGENCY

--------- -------_ ... -------- ... ...--------
ICC

--------- --------- ... _------- ---_ ... _---
--------- --------- --------- ---------

CONT
--------- --------- -- ----- ---------

TCIC i~~~:~;;e i~~~:~~;eli~~~:~~;= i~~~:;~;'......... ...c..... . .
..........................................................=•••••••••••••••••••••••••••c=c•••c•••••••========a:.===••

••• TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

CONTINUED ON NEXT PAGE
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............................................................................................................E••C•••=

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS
..................................w .

BOILER TYPE: STOKER
BOILER CAPACITY (MMBtu/hr):
FUEL TYPE: WOOO
CONTROL METHOO: SNCR - UREA

500
C!lAP. 6 REFERENCES COST B~SE

NALCO FUEL TECH 1992 1992 OOLLARS

............~Maaa..~ ~ • ••••••••••••••••............................................&•••••••

ANNUAL OPERATING AHO MAINTENANCE COSTS (OlM)............................................................................................
CAPACITY FACTOR

A.· DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENAHCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY' lO.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

O.B 0.66 \l.S \l.33

..** TOTAL DIRECT ANNU~L COSTS ..**

B. INDIRECT ANNUAL COSTS (lAC)
I. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

*... TOTAL INDIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(OAC+IAC)

D~C

--------- --------- -------~-
-_ .. ------

I~C

--------- --------- ------_..... ---------
=111::1::1:••-=:1:= =====a=== :=11::=:::= =========

OlM $134.437 $114.193 $91,057 $66,474
••&•••••••••&•••••••••&.&.=••••• 111:•••••=

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1- ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECT EO LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $650,123 $650.123 $650,123 $650.123

--------- --------- ..-----_ .. - ---------....... ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $105,805 $105.805 $105,805 $105.805
------ ..-- --------- ..-------- ---------

Z. ANNUAL O&M COSTS (O&M. above) O&M $134,437 $114.193 $91,057 $66,474
--------- --------- ------_ .. - ---------......•.. ••••••acc c •••••s.= ••••:c•••

...... TOTAL ANNUALIZED COST ..** ACIC+O&M $240,242 $219.998 $196.861 $172,279.....••.. ...••.... •......•. ••••••E.&"

B. NOx REMOVAL PER YEAR
1. 8ASELINE NOx LEVEL (lb/MHBtu) (NDxll 0.25 0.25 0.25 0.25
z. CONTROLLED NOx LEVEL (lb/HHBtul (NDx12 0.11 0.11 0.11 0.11
3. NOx REMOVAL EFFICIENCY (X) 55 55 55 55
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 500 500 500 500

..........&••••••••••••&&•••••••••••••=
***************************************

... NOx REMOVED PER YEAR (TONS/YR) ....*
[CAP"Cr"(24 hr/day)*(365 days/yr»)*[(NOx)I-(NOx)2)/2000 240.9 19B.7 150.6

c ••••a •••

99.4

**.. COST EFFECTIVENESS ($/TON HOx REMOVEO. 1992 DOLLARS) *** $997 I $1.107 I $1,308 I $1.734
***************************************

..........~~~aada~.~.~......_,................................••••••••••••••=•••••••••••••••••••:I:•• 111:••••••=.a1ll:=••&:••
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: FLUIDIZED BED COMBUSTOR (BUBBLING BEO)
BOILER CAPACITY (MMBtu/hr): 250
FUEL TYPE: WOOD
CONTROL METHOD: SNCR - AMMONIA

CHAP. 6 REFERENCES COST BASE

HURST. 19BB 1992 DOLLARS

...............~..__.......n..* ......................................................•••••••••••••••••••••••••••••••••
TOTAL CAPITAL INVESTMENT COST (TCIC)................... ...........................................................................................

BOILER CAPACITY FACTOR

***

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRUMENTATION
SALES TAX
FREIGHT
CEM SYSTEM

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

EQP

PEC

0.8

$203.291

0.66

$203.291

0.5

$203.291

0.33

$203.291

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

3.

4.

*** TOTAL DIRECT INSTALLATION COST ***

SITE PREP. SP (as required)

BUILOINGS. BLDG (as required)

OIC

SP

BLDG

DCC

---------------------------------------
included above included above
--_ ...----- --------- --------- ... --------
--------- --------- --------- ----- ...---

--------- --------- --------- ---------
$203.291 $203.291 $203.<91 $203.291
--_ ... ----- --------- --------- ---------

B. INOIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTI NGENCY

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

--_ ..._---- --------- -------_ ... ---------
ICC $B8.137 $8B.137 $88.137 $88.137

--------- --------- --------- ---------
--------- --------- --------- ---------

CONT included above included above
--------- --------- --------- ---------
=•••••••• ••••••••e ....•.... ••••••••c

TCIC $291. 42B $291,42B $291.428 $291.42B......... .••••.... • •••••c •• c ••••••••

CON~INUED ON NEXT PAGE
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...................................................................................................................:

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: FLUIDIZED BED COMBUSTOR (BUBBLING BED)
BOILER CAPACITY (HMBtu/hr): Z50
FUEL TYPE: IlOO0
CONTROL METHOD: SNCR - AMMONIA

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------HURST. 19BB 199Z DOLLARS

....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OLM).-.....

CAPACITY FACTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
Z. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY e $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS (AMMONIA i $Z50/TON)
10. OTHER

••• TOTAL DIRECT ANNUAL COSTS •••

B. INOIRECT ANNUAL COSTS (lAC)
1. OVERHEAO (601' OF SUM OF ALL LABOR

AND MAINTENANCE MATERIALS)
2. ADMINISTRATIVE (O.OZ-TCIC)
3. PROPERTY TAX (O.OI-TCIC)
4. INSURANCE (O.Ol-TCIC)

••* TOTAl INOIRECT ANNUAL COSTS

._. TOTAL ANNUAL OPERATING AND HAINTENANCE COSTS .-.
(DAC+IAC)

DAC

lAC

08.M

$7.080 $5.841 $4.4Z5 $Z.9Z1

$109.600 $90.4Z0 $68.500 $45.ZI0

--------- --------- --------- ---------
$116.680 $96.Z61 $72.9Z5 $48.131
--------- --------- --------- ---------

$0 $0 $0 $0
$5.8Z9 $5.8Z9 $5.8Z9 $5.8Z9
$Z.914 $Z.914 S2".914 $Z.914
$Z.914 $Z.914 $Z.914 $Z.914

--------- --------- --------- ---------
$11.657 $11.657 $11.657 $11.657

--------- --------- --------- -------- ..
••••••••=.....c •••• .•....... •••••=••a

$lZ8.337 $107.918 $84.58Z $59.788
•••••••••••••=.==.===~.c=== ••=.c.=~=.==

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and 08.M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.16Z745 (l 16Z745 0.16Z745 0.162745
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $Z91.4ZB ISZ~1.4Z8 $291.4Z8 $291.428

--------- --------- --------- ---------
*-- ANNUALIZEO CAPITAL INVESTMENT COST ..- ACIC $47.4Z9 $47.4Z9 $47.4Z9 $47.4Z9

--------- --------- --------- ---------
2. ANNUAL OLM COSTS (OLM. above) 08.M $128.337 $107.918 $84.58Z $59.788

--------- --------- --------- ---------
:c.....eee= ==e•••••• e=ee==••: •••••••e.

... TOTAL ANNUALIZEO COST --- ACIC+08.M $175,766 $155.347 $13Z.011 $107.Z16
••&.ee••= .acace.c. ••••==••= .a••••••=

B. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.25 0.Z5 0.Z5 0.Z5
Z. CONTROLLED NOx LEVEL (lb/MMBtu) (NOx)Z 0.11 0.11 0.11 0.11
3. NOx REMOVAL EFFICIENCY (X) 55 55 55 55
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 250 250 Z50 Z50

... NOx REMOVED PER YEAR (TONS/YR) -**
[CAP*CF*(Z4 hr/day)*(365 days!yr)]*[(NOx)l-(NOx)Z]!ZOOO

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 199Z DOLLARS) *~*

••••••••• • ••••ca.. ••••••••• • ••••••••

1Z0.5 99.4 75.3 49.7..................................•....
***************************************

$1.459 I $1.563 I $1.754 I $Z,158
*************~*************************
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...........................................................................................................=••••••••
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
SOlLER TYPE: PACKAGED WATERTUSE
SOlLER CAPACITY (HHBtu/hr): 72
FUEL TYPE: PAPER
CONTROL METHOD: SNCR - UREA

CHAP. 6 REFERENCES I COST BASE
___________________________________________ w _

NALCO FUEL TECH 1992 1992 DOLLARS

...................·~ ~· nnpan .

TOTAL CAPITAL INVESTMENT COST (TCIC)...............................................................................................
BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
I. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRUMENTATION
SALES TAX
FREIGHT
CEM SYSTEM

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as required)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

EQP

PEC

DIC

SP

BLDG

DCC

O.B 0.66 0.5 0.33

*-* TDfAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

*** TOTAL INDIRECT CAPITAL COST

C. CONTI NGENCY

..- --......_- --------- --------- ---------
ICC

--------- --------- --------- ---------
--------- --------- --------- ww .. ______

CONT
--------- --------- ------_ .... ---------
a.cca•••• ••••c •••• c::===:==: :::c.::.::

TClC $225.789 $225.789 $225.789 5225.789......... a •••••••• c.:_:aa:: :::=::aa:

.....................................................................................:.=•••••:_:.=:===•••::z:.:ZE=:=

CONTINUED ON NEXT PAGE
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..................~aaaa~.'••••••••••••••••••••••••••••••••c ••.......a :

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS.--...... ...............................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (HMBtu/hr): 72
FUEL TYPE: PAPER
CONTROL METHOD: SNCR - UREA I ------:~~~-~-~~~~~~~:~:_-------I----:~:~-~~:~------NALeo FUEL TECH 1992 1992 DOLLARS

..........aaaaAnRn .

ANNUAL OPERATING AKO MAINTENANCE COSTS (OLM)
I~Annn ' aaRU~.' .

CAPACITY FACTOR

A•. DIRECT ANNUAL COSTS (OAC)
1. OPERATING lABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

0.8 0.66 0.5 0.33

*** TOTAL DIRECT ANNUAL COSTS ***

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

*** TOTAL INDIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(DAC+IAC)

OAC

--------- --------- --------- - ... _------
lAC

--------- --------- --------- -._------
z •••••••• ...•••... z •••••••_ =a:aa••*.=

OLM $54.265 $45,909 $36.359 $26.211
•••••••••••••••••c •••=••: ••••••c •••••••

COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTv~ 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC, above) $225,789 $225,789 $225,789 $225.789

-_....._---- --------- --------- -... _------
*.... ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $36,746 $36,746 $36,746 $36.746

--------- --------- --------- ---------
2. ANNUAL OlM COSTS (O&M. above) OLM $54.265 $45.909 $36,359 $26.211

--------- --------- --------- ---------.......... •••=cca•• ====.==== _ •••••c ••

*** TOTAl ANNUALIZED COST *** ACIC+OLM $91. 012 $82,655 $73,105 $62,957•••...... .......... .:.:s•••••• =••ac.....=

B. HOx REMOVAL PER YEAR
l. BASELINE NOx lEVEL (lb/MHBtu) (NOxll 0.5 0.5 0.5 0.5
2. CONTROLLED NDx LEVEL (lb/MMBtu) (NOx)2 0.23 0.23 0.23 0.23
3. HOx REMOVAL EFFICIENCY (X) 55 55 55 55
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOllER HEAT INPUT CAPACITY (MM8tu/hr) CAP 7Z 72 7Z 7Z

.••..........•.........................
*************-*************************

......... ..._..... .~....... . .HOx REMOVED PER YEAR (TONS/YR) ***
{CAP*CF*(24 hr/day)*(365 days/yr)]*((NOx)1-(NOx)2]/2000 69.4 57.2 43.4 28.6

*.... COST EFFECTIVENESS (S/TON MOx REMOVED. 1992 DOLLARS) *** $1.312! $1.444 I $1.686 I $2,200
********* ***-*************************
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: PACKAGED WATERTUBE
BOILER CAPACITY (MMBtu/hr): 172
FUEL TYPE: PAPER FIBER WASTE
CONTROL METHOD: SNCR - UREA

CHAP. 6 REFERENCES I COST BASE
-------------------------------- -------------------
NALCO FUEL TECH 1992 1992 DOLLARS

.....................................................................................
TOTAL CAPITAL INVESTMENT COST (TCIC)...........................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRIJ4ENTATI ON
SALES TAX
FREIGHT
CEM SYSTEM

EQP

0.8 0.66 0.5 0.33

*** TOTAL PURCHASED EQUIPMENT COST *** PEC

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST

3. SITE PREP, SP (as required)

4.

***

B~ILDINGS, BLDG (as required)

TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

DIC

SP

BLDG

DCC

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTI NGENCY

--------- --------- --------- ---------
ICC

--------- --------- --------- ---------
--------- --------- --------- ---------

CONT
--------- --------- --------- ---------

TCIC 'I$~;~~;;~~ $5;~~;;~* $;;~~;;~* $;;~~;;~=
..•...... .•....... . .

........................................................................................s •••••••••••••••••••••••••••

*** TOTAL CAPITAL INVESTMENT COST ***
(OCC+ICC+CONT)

CONTINUED ON NEXT PAGE
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
:~:t~: ~:~~ITY (~:~~~~~:WATERI~~E I------~~~:_~_~~~~~~~~~~ I ~~~:.~~~~ _
FUEL TYPE: PAPER FIBER WASTE HALCO FUEL TECH 1992 1992 DOLLARS
CONTROL METHOD: SNCR - UREA...................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (O&H)-_.." ...............................................................................................

*"'*

A. DIRECT ANNUAL COSTS (DAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
S. ELECTRICITY' $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

CAPACITY FACTOR

DAC

0.8 0.66 0.5 0.33

*"'" TOTAL INDIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(OAC+IAC)

--------- --------- --------- -- ..------
lAC -- .._--_ .... --------- -----_ .. _.. ---------......... ••c==e••• ......... • •••••=:=

O&H $136.352 $115.211 $91.049 $65.377
••••••••••••••••••=••••••••••••••••••••

....................................................................................................................
COST EFFECTIVENESS
.....................................................................................................:•••••••••••••=

A. TOTAL ANNUALIZED COST (incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 ~ .1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.le?7
TOTAL CAPITAL INVESTMENT COSTS (TeIC. above) $538.776 $538.776 $538.776 $538.776

--------- --------- --------- ---------
*** ANNUALIZED CAPITAL INVESTMENT COST *** ACIC $87.683 $87.683 $87,683 $87.683

--------- --------- --------- ---------
2. ANNUAL OlM COSTS (O&M. above) O&H $136.352 $115.211 $91, 049 $65.377

--------- --------- --------- ---------....••... ......... ........• ••••••II:.e

*** TOTAL ANNUALIZED COST *** ACIC+O&H $224.036 $202.894 $178,732 $153.060...__... .......... .....•..• &•••••••a

8. NOx REMOVAL PER YEAR
1. BASELINE NOx LEVEL (lb/MMBtu) (NOx)l 0.5 0.5 0.5 0.5
2. CONTROLLED NOx LEYEL (lb/MMBtu) (NOx)2 0.23 0.23 0.23 0.23
3. NOx REMOVAL EFFICIENCY (X) 5S 55 55 55
4. CAPACITY FACTOR CF O.B 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr) CAP 172 172 172 172

.......................................
***************************************

......... . .*** NOx REMOVED PER YEAR (TONS/YR) ***
(CAP*CF*(24 hr/day)* (365 days/yr))*[(NOx)l- (NOx)2) /2000 165.7 136.7 103.6

.........
6B.4

*** COST EFFECTIVENESS ($/TON NOx REMOVED. 1992 DOLLARS) *** $1.352 1 $1.484 1 $1.725 1 $2.239
********* ********* ********* *********

..........na~~na~ .
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................
BOILER TYPE: STOKER
BOILER CAPACITY (HHBtu/hr): 108
FUEL TYPE: MUNICIPAL SOLID WASTE
CONTROL METHOD: SNCR - UREA

CHAP. 6 REFERENCES I caST BASE
-------------------------------- -------------------
NALCO FUEL TECH 1992 1992 OOLLARS

................~.~ ~..~..nn.~.~.' .
TOTAL CAPITAL INVESTMENT COST (TCIC).........................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (OCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRlJ4ENTATlON
SALES TAX
FREIGHT
tEN SYSTEM

*** TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (OIC)

*** TOTAL DIRECT INSTALLATION caST

3. SITE PREP. SP (as required)

4. BUILDINGS. BLDG (as required)

EQP

PEC

OIC

SP

BLOG

0.8 0.66 a.5 0.33

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

DCC

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

**. TOTAL INDIRECT CAPITAL COST •••

C. CONTI NGENCY

••• TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

--------- --------- --------- ---------
ICC

--------- ------_...- ----- .. _-- ---------
--------- --------- --------- ... --_ ... _---

CONT
--------- ------_...- --------- ---------..••..... • •••••••c • c ••••••• .........

TCIC $424.666 $424.666 $424.666 $424.666......... ......... ••••a=:e: .........
CONTINUED ON NEXT PAGE
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...........'...aaa~·~·' ••• • ........................................................

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS...................................................................................................-_..-=
BOILER TYPE: STOKER
BOILER CAPACITY (MHBtu/hr): 108
FUEL TYPE: MUNICIPAL SOLID WASTE
CONTROL HETIlOO: SNCR· UREA

CHAP. 6 REFERENCES COST BASE

NALCO FUEL TECH 1992 1992 DOLLARS

_.·_._••_.__ aa_ _ _aa .

ANNUAL OPERATING AND MAINTENANCE COSTS (O&H)

aaa

A. DIRECT ANllUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

TOTAL DIRECT ANNUAL COSTS aaa

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

CAPACITY FACTOR

DAC

0.8 0.66 0.5 0.33

aaa TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ••a
(DAC+IAC)

a** TOTAL INDIRECT ANNUAL COSTS **a --------- --------- --------- ---------
lAC

--------- --------- --------- ---------......... •...•••.. ••••••=.e •••••••s:c

O&H $B2,718 $70,386 $56.293 $41.319
..............................s •••••: ••

______"' na....a.' ~••••••••••••••••••••

COST EFFECTIVENESS
____.c a an..__ .

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above) $424,666 $424,666 $424.666 $424.666

--------- --------- --------- ---------
*** ANNUALIZED CAPITAL INVESTMENT COST ... ACIC $69.112 $69,112 $69.112 $69.112

--------- --------- --------- ---------
2. ANNUAL O&H COSTS (O&H, above) O&H $82.718 $70.386 $56.293 $41.319

--------- --------- --------- ---------.••....•• • a:••••••• •.......• ..........
... TOTAL ANNUALIZED COST aaa AC1C+O&H $151.830 $139.498 $125.405 $110.431......... •......•• .......... ..........
B. lOx REMOVAL PER YEAR

1. BASELINE Ntlx LEVEL (lb/HHBtu) (NOx)l 0.4 0.4 0.4 0.4
2. CONTROLLED NOx LEVEL (lb/HHBtu) (NOx}2 0.18 0.18 0.18 0.18
3. HOx REMOVAL EFFICIENCY (X) 55 S5 S5 55
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MIlBtu/hr) CAP 108 108 108 108

...........a .

***********.-**************************

......... •........ . .... lOx REMOVED PER YEAR (TONS/YR) aaa
[CAP*CF*(24 hr/day}a(365 days/yr}]a[(NOx}1'(NOx}2]/2000 83.3 6B.7 52.0 34.3

a** COST EFFECTIYENESS ($/TOII 1I0x REMOVED, 1992 DOLLARS) aaa $l,B24 I $2,031 1 $2,410 I $3,216
**********-******** *******************
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....................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOK CONTROLS....................................................................................................................

:~~t~: ~:~~lTY (~~~~~r): 121 ------~~~~-~-~~~~~~~~~~·_------I----~~~~-~~~~------
FUEL TYPE: MUNICIPAL SOLID WASTE NALCO FUEL TECH 1992 1992 DOLLARS
CONTROL METHOD: SNCR - UREA....................................................................................................................
TOTAL tAPITAL INVESTHENT COST (Ttlt)........_.... .........................., .

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRUMENTATION
SALES TAX
FREIGHT
CEM SYSTEM

TOTAL PURCHASED EQUIPMENT COST ***

2. DIRECT INSTALLATION COST (DIC)

a•• TOTAL DIRECT INSTALLATION COST aa.

3. SITE PREP. SP ('5 reqUired)

4. BUILDINGS. BLDG ('5 required)

EQP

PEC

DIC

SP

BLDG

0.8 0.66 0.5 0.33

... TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

... DCC

B. INDIRECT CAPITAL COST (ICC)
I. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
S. PERFORMANCE TEST

.a. TOTAL INDIRECT CAPITAL COST ._.

C. CONTINGENCY

••a TOTAL CAPITAL INVESTMENT COST •••
(DCC+ICC+CONT)

--------- --------- --------- ----_ ...---
ICt

... -------- --------- --------- ----_ ...---
--------- --------- --------- ---------

CONT
--------- --------- --------- ---------......... ..•...... ••••J.~.r• •..•.•...

TCIC $711.461 $711.461 $711.461 $711.461
::Ill•••••••• c.cc•••:. ce••••••• e.ecce&••

....................................................................................................................
CONTINUED ON NEXT PAGE
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· .
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS....................................................................................................................

:~~t~: ~:~~ITY (~~~~~r): 121 ------~~~:-~-~~~~~~~:~~--------I----:~~~-~~~~_·----
FUEL TYPE: MUNICIPAL SOLID WASTE NALCO FUEL TECH 1992 1992 DOLLARS
CONTROL METHOD: SNCR - UREA....................................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM).---- ............................................................................................

CAPACITY FACTOR 0.8 0.66 0.5 0.33

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. $0.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

*** TOTAL DIRECT ANNUAL COSTS

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

OAC

*** TOTAL INDIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(OAC+IAC)

--------- --------- --------- ---------
lAC

--------- --------- --------- ---------....•...• •...•.... •.•...... .....•...
O&M $77 .928 $67.B83 $56.402 $44.204......••••.••..•...••.•.....: ..........

COST EFFECTIVENESS
........................................................:.:••••••••••••••••••••••••••••••••••••••••••••••••••••••••c

38.558.377.093.3
•••••••••••••ca••••••••••••••••••••••••

***********t***************************

......... .....•... . .

10 10 10 10
0.1 0.1 0.1 0.1

0.1627 0.1627 0.1627 0.1627
$711.461 $711.461 $711.461 $711.461
--------- --------- --------- ---------

ACIC $115.787 $115.787 $115.787 $115.787
--------- --------- --------- ---_ .._---

OlM $77.928 $67.883 $56.402 $44.204
--------- --------- --------- ---------......••• • s ••••••• ......... ..••...••

ACIC+O&M $193.715 $183.670 $172.189 $159.991._....- ......... c •••••••• ••••••••c

(NOx)l 0.4 . 0.4 0.4 0.4
(NOx)2 0.18 0.18 0.18 0.18

55 55 55 55
CF 0.8 0.66 0.5 0.33

CAP 121 121 121 121

"Ox REMOVED PER YEAR (TONS/YR) ***
[CAP*CF*(24 hr/day)*(365 days/yr)]*[(NOx)I-(NOx)2]/2000

***

B. NOx REMOVAL PER YEAR
1. 8ASELINE NOx LEVEL (lb/MMBtu)
2. CONTROLLED NOx LEVEL (lb/MMBtu)
3. "Ox REMOVAL EFFICIENCY (X)
4. CAPACITY FACTOR
5. BOILER HEAT INPUT CAPACITY (MMBtu/hr)

A. TOTAL ANNUALIZED COST (Incl. capItal and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT. YEARS
JNTfREST RATE
~AP;TAL RECOVERY FACTOR
TOTAL CAPITAL INVESTMENT COSTS (TCIC. above)

*** ANNUALIZED CAPITAL INVESTMENT COST ***

2. ANNUAL OlM COSTS (OlM. above)

*** TOTAL ANNUALIZED COST ***

*** COST EFFECTIVENESS ($/TON "Ox REMOVED. 1992 DOLLARS) *** $2.077 1 $2.387 1 $2.954 1 $4.158
********* *t******* ********* *********

....................................................................................................................
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..........................................................................................................................a.

COST EFFECTIVENESS OF RETROFIT NOx CONTROLS............................................................................................................................
BOILER TYPE: STOKER
BOILER CAPACITY (MKBtu/hr): 325
FUEL TYPE: MUNICIPAL SOLID WASTE
CONTROL METHOD: SNCR - UREA

CHAP. 6 REFERENCES COST BASE

NALCO FUEL TECH 1992 1992 DOLLARS

...........~................................................................................................•.............
TOTAL CAPITAL INVESTMENT COST (TCIC)....................................................................................................

BOILER CAPACITY FACTOR

A. DIRECT CAPITAL COST (DCC)
1. PURCHASED EQUIPMENT COST (PEC)

PRIMARY AND AUXILIARY EQUIPMENT (EQP)
INSTRUMENTATION
SALES TAX
FREIGHT
tEM SYSTEM

*.. TOTAL PURCHASED EQUIPMENT COST

2. DIRECT INSTALLATION COST (DIC)

*** TOTAL DIRECT INSTALLATION COST **~

3. SITE PREP. SP (as required)

4. BUILDINGS, BLDG (as required)

*** TOTAL DIRECT CAPITAL COST
(PEC+DIC+SP+BLDG)

EQP

PEC

OIC

SP

BLDG

DCC

0.8 0.66 O.S 0.33

B. INDIRECT CAPITAL COST (ICC)
1. ENGINEERING
2. CONSTRUCTION AND FIELD EXPENSES
3. CONSTRUCTION FEE
4. STARTUP
5. PERFORMANCE TEST

*** TOTAL INDIRECT CAPITAL COST ***

C. CONTINGENCY

*** TOTAL CAPITAL INVESTMENT COST ***
(DCC+ICC+CONT)

-- ..------.- ----------- - ... --------- -----------
ICC

----------- ----------- ----------- -----------
----------- ----------- ----------- -----------

CaNT
----------- ----------- ----------- -- ..--------..........~ •••••••c ••• ••:1:&:•••=&,•• •••• 1:•••===

TCIC $1,011.932 $1.011.932 $1.011.932 $1.011.932•.........• ........... .»••••••••• ••••••••c.c

...........................................................................................................................~
CONTINUED ON NEXT PAGE
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............................................................................................................................
COST EFFECTIVENESS OF RETROFIT NOx CONTROLS........................-- ~ .

:g~t~: ~~~~~ITY (~~~~~r): 325 ------~~~:-~-~~~~~~~:~~------------I----~~~:-~~~:----------
FUEL TYPE: MUNICIPAL SOLID WASTE NALCO FUEL TECH 1992 1992 DOLLARS
CONTROL MElllOO: SNCR - UREA_...- .....................................................................................................
ANNUAL OPERATING AND MAINTENANCE COSTS (OlM)...........................................................................................................

A. DIRECT ANNUAL COSTS (OAC)
1. OPERATING LABOR
2. MAINTENANCE LABOR
3. MAINTENANCE MATERIALS
4. REPLACEMENT MATERIALS
5. ELECTRICITY. SO.05/kW-hr
6. STEAM
7. FUEL
8. WASTE DISPOSAL
9. CHEMICALS
10. OTHER

TOTAL OIRECT ANNUAL COSTS ***

B. INDIRECT ANNUAL COSTS (lAC)
1. OVERHEAD
2. ADMINISTRATIVE
3. PROPERTY TAX
4. INSURANCE

CAPACITY FACTOR

OAC

0.8 0.66 0.5 0.33

*** TOTAL INDIRECT ANNUAL COSTS ***

*** TOTAL ANNUAL OPERATING AND MAINTENANCE COSTS ***
(OAC+IAC)

......--------- ----------- ----------- -----------
lAC

----------- ----------- ----------- -----------............ .....: ..: .. c •••••••••• .............
OlM $194.596 $165,651 $132,570 $97,422.................................................

...............................................................................................=•••••••••••: ••••••••••••••••
COST EFFECTIVENESS

A. TOTAL ANNUALIZED COST (incl. capital and O&M)
1. ANNUALIZED CAPITAL INVESTMENT COST (ACIC)

EXPECTED LIFETIME OF EQUIPMENT, YEARS 10 10 10 10
INTEREST RATE 0.1 0.1 0.1 0.1
CAPITAL RECOVERY FACTOR 0.1627 0.1627 0.1627 0.1627
TOTAL CAPITAL INVESTMENT COSTS (TClC, above) $1.011.932 $1.011.932 $1,011,932 $1,011,932

----------- ----------- ----------- -----------
*** ANNUALIZED CAPITAL INVESTMENT COST *** AClC $164.687 $164.687 $164.687 $164.687

----------- ----------- ----------- -----------
Z. ANNUAL OlM COSTS (O&H. above) OlM $194.596 $165.651 $132.570 $97.422.

----------- ----------- ----------- ---------.-_......•.. ••..•....•. .....•.•... .............
*** TOTAL ANNUALIZED COST *** ACIC~&H $359.284 $330.338 $297,258 $262.110_........ ........... ..••.•...•• ...........
B. NOx REMOVAL PER YEAR

1. BASELINE NOx LEVEL (lb/MMBtu) (NOxl1 0.4 0.4 0.4 0.4
l. CONTROLLED HOx LEVEL (lb/HH8tu) (NOx)2 0.18 O.IB 0.18 0.18
3. NOx REMOVAL EFFICIENCY (X) 55 55 55 55
4. CAPACITY FACTOR CF 0.8 0.66 0.5 0.33
5. BOILER HEAT INPUT CAPACITY (MHBtu/hr) CAP 325 325 325 325

........... .•......... .....•..c.. .....•.....

...............................................
********-**************************.**••*******

.- MOx REMOVED PER YEAR (TONS/YR) ***
(CAP*CF*(24 hr/day)*(365 days/yr)]*[(NDx)l-(NOx)2]/2000 250.5 206.7 156.6 103.3

*** COST EFFECTIVENESS (S/TON NOx REMOVED. 1992 DOLLARS) *** $1.434 I $1.598 1 $1.898 1 $2,536
*******************.**. _•••••-._*-_ -_._.

.............................................................................••......•.••.•..•.•..........•.••....••..•.•..~
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