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1.0 INTRODUCTION 


The 1990 Amendments (1990 Amendments) to the Clean Air Act 


amended title I of the Clean Air Act (ACT) by adding a new 


subpart 2 to part D of section 103. The new subpart 2 

addresses ozone nonattainment areas. Section 183 (c) of the 


new subpart 2 provides that: 


[wlithin 3 years after the date of the 

enactment of the [ C A M ] ,  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 pollutant. 


These documents are to be subsequently revised and updated as 


the Administrator deems necessary. 


Fossil fuel-fired utility boilers have been identified as a 


category of stationary sources that emit more than 25 tons of 


nitrogen oxides (NO,) per year. This alternative control 


techniques (ACT) document provides technical information for 


State and local agencies to use in developing and implementing 


regulatory programs to control NOx emissions from fossil 


fuel-fired utility boilers. Additional ACT documents are 

being or have been developed for other stationary source 

categories. 


The information provided in this ACT document has been 


compiled from previous EPA documents, literature searches, an8 


contacts with utility boiler manufacturers, individual utility 

companies, engineering and construction firms, control 
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equipment vendors, and Federal, State, and local regulatory 


agencies. A summary of the findings from this study is 


presented in chapter 2.0. Descripti~nsof fossil fuel-fired 

utility boilers are given in chapter 3.0. A discussion of 


uncontrolled and baseline NOx emissions from utility boilers 


is presented in chapter 4.0. Alternative NOx control 

techniques and expected levels of performance are discussed in 


chapter 5.0. Chapter 6.0 discusses costs and cost 


effectiveness of each NOx control technique. Chapter 7.0 


discusses the environmental and energy impacts associated with 

NOx control techniques. Information used to derive the costs 


of each NOx control technology is contained in appendix A. 



The purpose of this document is to provide technical 

information that State and local agencies can use to develop 

strategies for reducing nitrogen oxides (NOx) emissions from 

fossil fuel-fired utility boilers. This chapter presents a 

summary of the information contained in this document, 

including uncontrolled and controlled NOx emissions data, 

alternative control techniques (ACT'S), kapital and annual 

costs, cost effectiveness, and secondary environmental and 

energy impacts associated with the various NOx control 

techniques. Section 2.1 presents a summary of fuel use in 
utility boilers, section 2.2 presents an overview of NOx 
formation, and section 2.3 describes utility boiler types and 

uncontrolled NOx emission levels. Section 2.4 gives an 

overview of ACT'S. The performance and costs of NO, controls 

for coal-fired boilers is presented in section 2.5. The 


performance and costs of NOx controls for natural gas- and 
oil-fired boilers is given in section 2.6. Secondary 

environmental impacts of NOx controls are summarized in 

section 2.7. 

2.1 SUMMARY OF FUEL USE IN UTILITY BOILERS 

As of year-end 1990, the operable capacity of U. S. electric 

power plants totaled approximately 690,000 megawatts (MW) . Of 

this, coal-fired generating capacity accounted for 

approximately 43 percent, or 300,000 MW. Coal that is fired 


in utility boilers can be classified by different ranks, i.e., 

anthracite, bituminous, subbituminous, and lignite. Each ran& 

of coal has specific characteristics which can influence NOx 



emissions. These characteristics include heating value, 

volatile matter, and nitrogen content. 


As of year-end 1990, natural gas- and oil-fired boilers 

accounted for approximately 28 percent of the total U. S. 

generating capacity. Of this, natural gas-fired generating 

capacity accounted for about 17 percent (120,000MW) and oil- 

fired units, the remaining 11 percent (77,000M W ) .  The term 

I1fuel oilw covers a broad range of petroleum products--from a 

light petroleum fraction (similar to kerosene) to a heavy 

residue. However, utility boilers typically fire No. 6 oil 

(residual oil) . 
2 . 2  OVERVIEW OF NOx FORMATION 

The formation of NOx from a specific combustion device is 
determined by the interaction of chemical and physical 

processes occurring within the furnace. The three principal 

NOx forms are "thermalI1 NO,, "promptMNOx, and I1fuelnNOx. 
Thermal and fuel NOx account for the majority of the NOx 
formed in coal- and oil-fired utility boilers; however, the 

relative contribution of each of the total NOx formed depends 

on the combustion process and fuel characteristics. Natural 

gas contains virtually no fuel nitrogen; therefore, the 

majority of the NOx in these boilers is thermal NO,. 


Thermal NOx results from the oxidation of atmospheric 
nitrogen in the high-temperature, post-flame region of a 


combustion system. The major factors that influence thermal 

NOx formation are temperature, concentrations of oxygen and 
nitrogen, and residence time. If the temperature or the 

concentration of oxygen or nitrogen can be reduced quickly 

after combustion, thermal NOx formation can be suppressed or 
quenched. 


Prompt NO, is formed in the combustion system through the 


reaction of hydrocarbon fragments and atmospheric nitrogen. 

As opposed to the slower formation of thermal NO,, prompt NOx 

is formed rapidly and occurs on a time scale comparable to the 

energy release reactions (i-e., within the flame). Thus, it 

is not possible to quench prompt NOx formation as it is for 
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thermal NOx formation. However, the contribution of prompt 

NOx to the total NOx emissions of a system is rarely large. 


The oxidation of fuel-bound nitrogen (fuel NO,) is the 


principal source of NOx emissions from combustion of coal and 


some oils. All indications are that the oxidation of fuel-

bound nitrogen compounds to NOx is rapid and occurs on a time 

scale comparable to the energy release reactions during 

combustion. The primary technique for controlling the 

formation of fuel NOx is delayed mixing of fuel and air so as 
to promote conversion of fuel-bound nitrogen to N2 rather than 

NOx. As with prompt NOx, fuel NOx formation cannot be 


quenched as can thermal NO,. 

The formation of thermal, prompt, and fuel NOx in combustion 


systems is controlled by modifying the combustion gas 

temperature, residence time, and turbulence (sometimes 

referred to as the "three T'sv). Of primary importance are 

the localized conditions-within and immediately following the 


flame zone where most combustion reactions occur. In utility 

boilers, the "three T1suare determined by factors associated 

with boiler and burner design, fuel characteristics, and 

boiler operating conditions. 

2.3 DESCRIPTION OF BOILER TYPES AND UNCONTROLLED NOx 


EMISSIONS 

The various types of fossil fuel-fired utility boilers 


include tangentially-fired, single and opposed wall-fired, 

cell burner, cyclone, stoker, and fluidized bed combustion 

(FBC). Each type of furnace has specific design 

characteristics which can influence NOx emissions levels. 


These include heat release rate, combustion temperatures, 

residence times, combustion turbulence, and oxygen levels. 


As mentioned, NOx emission rates are a function of various 
design and operating factors. Pre-new source performance 


standards (NSPS)boilers were not designed to minimize NOx 

emission rates; therefore, their NOx emissions are indicative 


of uncontrolled emission levels. Boilers subject to the 

subpart D or Da NSPS have some type of NOx control and their 
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NOx emissions are considered to be baseline emissions. To 

define uncontrolled NOx emissions for the pee-NSPS boilers, 

emissions data from various databases and utility retrofit 

applications were examined. To define baseline NOx emissions 


for the subpart D and Da boilers, the NSPS limits as well as 

emissions data from various databases were examined. 


Table 2-1 summarizes the uncontrolled and baseline NO, 


emission levels from conventional utility boilers. The NOx 


levels are presented as a range and a typical level. The 

typical level reflects the mode, or most common value, of the 


NOx emissions data in the various databases for the different 


types of boilers. 

The range reflects the NOx emissions expected on a short-


term basis for most boilers of a given fuel and boiler type. 

However, the actual NOx emissions from a specific boiler may 

be outside this range due to unit-specific design and 

operating conditions. Additionally, averaging time has an 


important impact on defining NOx levels. The achievable 


emission limit for a boiler increases as the averaging time 

decreases. For example, a boiler that can achieve a 

particular NO, limit on a 30-day basis may not be able to 
achieve that same limit on a 24-hour basis. 


The tangential boilers are designed with vertically stacked 


nozzles in the furnace corners that inject stratified layers 


of fuel and air into relatively low-turbulence areas. This 


creates fuel-rich regions in an overall fuel-lean environment. 

The fuel ignites in the fuel-rich region before the layers are 

mixed in the highly turbulent center fireball. Local peak 

temperatures and thermal NOx are lowered by the off- 

stoichiometric combustion conditions. Fuel NOx formation is 


suppressed by the delayed mixing of fuel and air, which allows 

fuel-nitrogen compounds a greater residence time in a fuel-

rich environment. 


Tangential boilers typically have the lowest NOx emissions 


of all conventional utility boiler types. As shown in 
table 2-1, the coal-fired,pre-NSPS tangential boilers have 
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NOx emissions in the range of 0.4 to 1.0 pound per million 

British thermal unit (lb/MMBtu), with typical NOx emissions of 


0.7 ~ ~ / M M B ~ u . 
For the tangential boilers subject to subpart D 


standards, the NO, ,emissionsare in the range of 0.3 to 

0.7 lb/MMBtu with typical NOx emissions of 0.6 Ib/MMBtu. The 

NOx emissions for the subpart Da boilers are in the range of 


0.3 to 0.5 lb/MMBtu, with typical NOx emissions of 

0.5 lb/MMBtu. 


The oil-fired, pre-NSPS tangential boilers have NOx 

emissions in the range of 0.2 to 0.4 lb/MMBtu (0.3 lb/MMBtu 

typical). For the boilers subject to subpart D and Da 

standards, the NOx emissions are in the range of 0.2 to 

0.3 lb/MMBtu with typical emissions of 0.25 lb/MMBtu. The NOx 

emissions from the natural gas-fired, pre-NSPS tangential 

boilers range from 0.1 to 0.9 lb/MMBtu (0.3 lb/MMBtu typical). 

For the boilers subject to subpart D and Da standards, the NO, 

emissions are in the range of 0.1 to 0.2 lb/MMBtu with typical 


emissions of 0.2 lb/MMBtu. 

The various types of wall-fired boilers include single, 


opposed, and cell burner. Single wall-fired boilers have 

several rows of burners mounted on one wall of the boiler, 

while opposed wall-fired boilers have multiple rows of burners 

mounted on the two opposing walls. Cell-burner units have two 

or three vertically-aligned, closely-spaced burners, mounted 


on opposing walls of the furnace. Single, opposed, and cell 


burners boilers all have burners that inject a fuel-rich 

mixture of fuel and air into the furnace through a central 

nozzle. Additional air i s  supplied to the burner through 
surrounding air registers. Of these types of wall-fired 
boilers, the cell burner is the most turbulent and has the 

highest NO, emissions. 


Table 2-1 presents the ranges and typical NOx emissions for 

wall-fired boilers. For the pre-NSPS, dry-bottom, wall-fired 

boilers firing coal, the NOx emissions are in the range of 0.6 

to 1.2 lb/MMBtu w i t h  typical NOx emissions of 0.9 lb/M~~tu. 

The range of NOx emissions for these boilers subject to 




subpart D and subpart Da are in the range of 0.3 to 


0.7 lb/MMBtu and 0.3 to 0.6 lb/MMBtu, respectively. The 


typical NOx emissions for the subpart D, wall-fired boilers 


are 0.6 lb/MMBtu, while 0.5 lb/MMBtu is typical for the 

subpart Da boilers. 


~he'pre-NSPS,
wet-bottom, wall-fired boilers firing coal 


have NOx emissions in the range of 0.8 to 1.6 lb/MMBtu with 

typical NOx emissions of 1.2 l b / ~ ~ ~ t u . 
The pre-NSPS cell-type 


boiler has NOx emissions in the range of 0.8 to 1.8 lb/MM~tu 


with typical NOx emissions of 1.0 lb/MMBtu. 


The NOx emissions for the oil-fired pre-NSPS wall boilers 


are in the range of 0.2 to 0.8 lb/MMBtu with typical NOx 

emissions of 0.5 lb/MMBtu. The natural gas-fired pre-NSPS 


single wall-fired boilers have NOx emissions in the range of 


0.1 to 1.0 lb/MM~tu with typical NOx levels of 0.5 lb/MMBtu. 

The opposed wall, pre-NSPS boilers firing natural gas ranged 

from 0.4 to 1.8 lb/MMBtu with typical NOx of 0.9 l b / ~ ~ ~ t u .  


Vertical-fired boilers have burners that are oriented 


downward from the top, or roof, of the furnace. They are 


usually designed to burn solid fuels that are difficult to 


ignite. The NOx emissions from these boilers are shown on 

table 2-1 and range from 0.6 to 1.2 lb/MMBtu. The typical NOx 

emissions from these boilers are 0.9 lb/MMBtu. The vertical 


oil-fired boilers have NOx emissions in the range of' 0.5 to 


1.0 lb/MMBtu with typical NOx level of 0 . 7 5  lb/MMBtu. 

Another type of utility boiler is the cyclone furnace. 


Cyclone furnaces are wet-bottom and fire the fuel in a highly 

turbulent combustion cylinder. Table 2-1 shows the range (0.8 


to 2.0 lb/MMBtu) and typical NOx level (1.5 lb/MMBtu) for 


these boilers. There have not been any wet-bottom wall-fired, 

cell, cyclone, or vertical boilers built since the subpart D 


or subpart Da standards were established. 
Stoker boilers are designed to feed solid fuel on a grate 


within the furnace and remove the ash residual. The NOx 


emissions from these boilers are in the range of 0.3 to 

0.6 lb/MMBtu with typical NOx levels of 0.5 lb/MMBtu. 




.uidized bed comb1 dstion is an integrated technology for 


reducing both sulfur dioxide (SO2) and NOx during the 

combustion of coal. These furnaces operate at much lower 


temperatures and have lower NOx emissions than conventional 


types of utility boilers. While larger FBC units may be 


feasible, at this time the largest operating unit is 203 MW. 

Table 2-2 gives the NOx emissions for the FBC using combustion 


controls to limit NOx formation, and also when using selective 

noncatalytic reduction (SNCR). The NOx emissions from FBC 

without SNCR are in the range of 0.1 to 0.3 lb/MMBtu with 


typical NOx levels of 0.2 lb/MM~tu. The NOx emissions from 
FBC with SNCR are in the range of 0.03 to 0.1 lb/MMBtu with 

typical NOx levels of 0.07 lb/MMBtu. 


2.4 OVERVIEW OF ALTERNATIVE CONTROL TECHNIQUES 


Alternative control techniques for reducing NOx emissions 


from new or existing fossil fuel-fired utility boilers can be 

grouped into one of two fundamentally different methods-- 

combustion controls and post-combustion controls (flue gas 


treatment). Combustion controls reduce NOx formation during 


the combustion process and include methods such as operational 
modifications, flue gas recirculation (FGR) , overfire air 
(OFA), low NOx burners (LNB), and reburn. The retrofit 


feasibility, NOx reduction potential, and costs of combustion 


controls are largely influenced by boiler design and operating 


characteristics such as firing configuration, furnace size, 

heat release rate, fuel type, capacity factor, and the 


condition of existing equipment. Flue gas treatment controls 


reduce NOx emissions after its formation and include SNCR and 
selective catalytic reduction (SCR) . 

Operational modifications involve changing certain boiler 


operational parameters to create conditions in the furnace 

that will lower NOx emissions. Burners-out-of-service (BOOS) 


consists of removing individual burners from service by 


stopping the fuel flow. The air flow is maintained through 

the idle burners to create a staged-combustion atmosphere 

within the furnace. Low excess air (LEA) involves operating 




TABLE 2 - 2 .  NOx EMISSION LEVELS FROM FLUIDIZED BED 
COMBUSTION BOILERS 


Classification 


Combustion controls only 


With S N C R ~  

aNO, emissions shown are the expected ranges from 

table 4 - 5 .  ,Thetypical NOx level is shown in parentheses. 

b~luidizedbed boilers with SNCR reduction for NOx control 
as original equipment. 




the boiler at the lowest level of excess air possible without 


jeopardizing good combustion. And, biased firing (BF) 

involves injecting more fuel to some burners and reducing the 


amount of fuel to other burners to create a staged-combustion 

environment. To implement these operational modifications, 


the boiler must have the flexibility to change combustion 

conditions and have excess pulverizer capacity- (for coal 


firing). Due to their original design type or fuel 

characteristics, some boilers may not be amenable to the 

distortion of the fuel/air mixing pattern imposed BOOS and 


BF. Also, some boi lers  may already be operating at the lowest 
excess air level. 


Flue gas recirculation is a flame-quenching strategy in 

which the recirculated flue gas acts as a diluent to reduce 


combustion temperatures and oxygen concentrations in the 

combustion zone. This method is effective for reducing 


thermal NOx and is used on natural gas- and oil-fired boilers. 

Flue gas recirculation can also be combined with operational 


modifications or other types of combustion controls on natural 


gas- and oil-fired boilers to further reduce NOx emissions. 


Flue gas recirculation is used on coal-fired boilers for steam 

temperature control but is not effective for NOx control on 

these boilers. 


Overfire air is another technique for staging the combustion 


process to reduce the formation of NO,. Overfire air ports 

are installed above the top row of burners on wall and 

tangential boilers. The two types of OFA for tangential 

boilers are close-coupled overfire air (CCOFA) and separated 

overfire air (SOFA). The CCOFA ports are incorporated into 
the main windbox whereas the SOFA ports are installed above 


the main windbox using separate ducting. The two types of OFA 


for wall-fired boilers are analogous to the tangential units. 

Conventional OFA has ports above the burners and utilizes the 
air from the main windbox. Advanced OFA has separate ductwork 


above the main windbox and, in some cases, separate fans to 
provide more penetration of OFA into the furnace. 




Low NOx burners are designed to delay and control the mixing 

of fuel and air in the main combustion zone. Lower combustion 


temperatures and reducing zones are created by the LNB which 
lower thermal and fuel NO,. Low NOx burners can sometimes be 

fitted directly into the existing burner opening; however, 

there may be instances where changes to the high-pressure 

waterwall components may be required. Low NOx burners have 

been applied to both tangentially- and wall-fired boilers in 

new and retrofit applications. While tangential boilers have 

"coal and air nozzlesM rather than Ilburner~~~ 
as in wall-fired 

boilers, the term "LNBn is used in this document Eor both 
tangential and wall applications. 


Retrofit applications must have compatible and adequate 

ancillary equipment, such as pulverizers and combustion 

control systems, to minimize carbon monoxide and unburned 

carbon emissions and to optimize the performance of the LNB. 


The NSPS subpart D and subpart Da standards have been met with 

LNB on new boilers; however, they tend to have Larger furnace 

volumes than pre-NSPS boilers which results in lower NOx 

emissions. 

LOW NOx burners and OFA can be combined in some retrofit 


applications provided there is sufficient height above the top 

row of burners. However, there is limited retrofit experience 

with combining LNB and OFA in wall-fired boilers in the United 
States. There is more experience in retrofitting LNB and OFA 

in tangential boilers since most LNB for these boilers use 

some type of OFA (either CCOPA or SOFA). Some new boilers 
subject to subpart Da standards have used a combination of LNB 

and OFA to meet the NOx limits. Low NOx burners can also be 

combined with operational modifications and flue gas treatment 

controls to further reduce NOx emissions. 


Reburn is a NO, control technology that involves diverting a 
portion of the fuel from the burners to a second combustion 


area (reburn zone) above the main combustion zone. Completion 

air (or OFA) is then added above the reburn zone to complete 
fuel burnout. The reburn fuel can be either natural gas, oil, 




or pulverized coal; however, most of the experience is with 

natural gas reburning. There are many technical issues in 


applying reburn, such as maintaining acceptable boiler 


performame when a large amount of heat input is moved from 

the main combustion zone to a different area of the furnace. 

Utilizing all the carbon in the fuel is also an issue when 

pulverized coal is the reburn fuel. 


Reburn can be applied to most boiler types and is the only 

known combustion NOx control technique for cyclone boilers 


although flue gas treatment controls may be effective on these 

boilers. There are only four full-scale demonstrations of 

reburn retrofit on coal-fired boilers in the United States, 

two of which have been on cyclone boilers, one on a 

tangentially-fired boiler, and one on a wall-fired boiler. 

All of these installations are on boilers smaller than 200 MW. 


There is one full-scale reburn + LNB project on a 150 MW wall-

fired boiler. To date, there have not been any reburn 
installations on new boilers. 


A similar technology is natural gas co-firing which consists 

of injecting and combusting natural gas near or concurrently 


with the main fuel (coal, oil, or natural gas). There is one 

full-scale application of natural gas co-firing on a 400 MW 

tangential, coal-fired boiler reported in this document. 


Two commercially available flue gas treatment technologies 


for reducing NOx emissions from existing fossil fuel utility 


boilers are SNCR and SCR. Selective noncatalytic reduction 


involves injecting ammonia (NH3) or urea into the flue gas to 
yield elemental nitrogen and water. By-product emissions of 


SNCR are N20 and NH3 slip. The NH3 or urea must be injected 

into specific high-temperature zones in the upper furnace or 


convective pass for this method to be effective. If the flue 


gas temperature at the point of NH3 or urea injection is above 
the SNCR operating range, the injected reagent will oxidize to 


form NOx. If the flue gas temperature is below the SNCR 

operating range, the reagent does not react with NOx and is 

emitted to the atmosphere as NH3. Ammonia emissions must be 
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minimized because NH3 is a pollutant and can also react with 


sulfur oxides in the flue gas to form ammonium salts, which 

can deposit on downstream equipment such as air heaters. 


The other flue gas treatment method, SCR, involves injecting 


NH3 into the flue gas in the presence of a catalyst. 


Selective catalytic reduction promotes the reactions by which 


NOx is converted to elemental nitrogen and water at lower 

temperatures than required for SNCR. The SCR reactor can be 

placed before the air preheater (hot-side SCR) or after the 

air preheater (cold-side S C R ) .  The catalyst may be made of 

precious metals (platinum or palladium), base metal oxides 
(vanadium/titaniurn are most common), or zeolites (crystalline 

aluminosilicate compounds). The performance of the SCR system 

is influenced by the flue gas temperature and moisture, fuel 


sulfur and ash content, NH3/N0, ratio, NOx concentration at 

the SCR inlet, oxygen level, flue gas flow rate, space 


velocity, and catalyst condition. While SCR has been applied 


to some natural gas- and oil-fired boilers in the United 

States (primarily California), its use in the United States on 

coal has been limited to slip-stream applications. Several 


full-scale utility coal-fired SCR systems are currently under 


construction on new boilers, 


Flue gas treatment controls can be combined with combustion 


controls to achieve additional NOx reduction. Conceivably, 

either SNCR or SCR could be used with LNB; however, there is 

only one application of SNCR + LNB in the United States on a 
coal-fired boiler and it is in the early stages of 

demonstration. When combining LNB with SCR or SNCR, the 
design of the system is critical if the two NOx control 

technologies are to achieve maximum reduction. In some cases, 


LNB can be designed to achieve the majority of the NOx 
reduction, with SNCR or SCR used to "trimw the NOx to the 

desired level. 




2.5 SUMMARY OF PERFORMANCE AND COSTS OF NOx CONTROLS FOR 
COAL-FIRED UTILITY BOILERS 


2.5.1 Performance of NOx Controls-
A summary of NOx emissions from coal-fired boilers with 

combustion NOx controls is given in table 2-3. The table 


includes the NOx reduction potential, typical uncontrolled NOx 

levels, expected controlled NOx levels for pre-NSPS boilers, 


and typical baseline NOx levels for NSPS boilers. The typical 


uncontrolled NOx levels for the pre-NSPS boilers are based on 

actual retrofit applications, published information, the 


National Utility Reference File (NURF), the EPA's AP-42 

emission factors, and utility-supplied data. For the NSPS 

boilers, the typical baseline levels were derived from NOx 


emission data from boilers with NOx controls as original 
J 

equipment. The typical uncontrolled NOx level for a specific 


boiler may differ from those shown in table 2-3. Therefore, 

the expected controlled NO, emission level should be adjusted 


accordingly. The expected controlled NOx levels were 


determined by applying the range of NOx reduction potential 

(percent) to the typical uncontrolled NOx level. 


Operational modifications have been shown to reduce NOx 

emissions by 10-20 percent from pre-NSPS tangential boilers 

from uncontrolled NOx levels of 0.7 l b / ~ ~ ~ t u  
to approximately 


0.55 to 0.65 lb/MMBtu. Pre-NSPS wall-fired boilers with 


uncontrolled NOx emissions of 0.9 lb/MM~tu may be reduced to 


0.7 to 0.8 lb/MMBtu with operational modifications. Post-NSPS 


boilers may be originally designed to operate with LEA as part 

of the overall NOx control strategy; therefore, additional 

reductions with operational modifications may only reduce NOx 

marginally. There were no data available concerning the 

effectiveness of operational controls on these boilers. 


Emissions data from two pre-NSPS boilers indicate that 

retrofit of OFA can reduce NOx emissions from such boilers by 


20 to 30 percent. Based on these data, pre-NSPS tangential 

boilers with retrofit OFA are expected to have controlled NOx 


emissions of 0.50 to 0.55 lb/MM~tu. Corresponding wall-fired 
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TABLE 2-3. EXPECTED NOx EMISSIONS FROM COAL-FIRED BOILERS WITH COMBUSTION CONTROLS 

HSPS boi lers 
Pre-HSPS bo i le rs  110 levels 

NO, level  ( t b / ~ n ~ t u ~  ( l h ~ t u )  

Control technology 
UOx reduetian 
potent ia l  (%la 

Typi ce l  
uncontrolled levelb 

Expected 
control led levelC 

Typical baseline 
levelC 1 Applicable bol l e r  des Igns 

Operet tonal 
Uodif icetlons COWS, 
LEA, BF1 

I 10-20 T=0.70 I 1=0.55-0.65 
U=O.70-0.80 I . . 

* - 1 Same wall and tangential 
bo i le rs  thet have operational 

1 f l e x i b i l i t y .  

OFA 20-30 TaO.70 
U4.90 

t=0.50-0.55 
W0.60-0.70 

, Some well and tangential
bo i le rs  u i t h  su f f i c ien t  
furnace height above top row 
o f  burners. 

Host wall  and tangential 
boilers, encept slagging 
units. 

Some well and tangential 
bo i le rs  u i  t h  su f f i c ien t  
furnace height above top row 
of burners. 

Most bo i l e r  types wi th 
su f f i c ien t  furnace height 
above top row o f  burners. 

a ~ ~ ,reduction potent ia l  based on data presented in Chapter 5.0. 

b~yp ica l  leveis based on data presented i n  Chapter 4.0. T = tangential, W = wall, Ce = ce l l ,  and Cy = cyclone. 

c ~ o n t r o ll ed  NOx level b s e d  on typical  NOx level  and deta presented in Chapter 5.0. The expected NOx emissions should be adjusted according 
t o  the actual mcontrol led NOx Levet f o r  a speci f ic  boiler by the NOx reduction potentiat. 

d~angentie l  lon NO, burners incorporate close- coupled overf ir e  a i r .  

%OS~-MSPS bo i le rs  with NO, controls es or ig ina l  o r  r e t r o f i t  equipnent. 

f~angent ia l  low NOx burners Incorporate separateil overf i re a i r .  

-- = Not applicable. 



I 
boilers with uncontrolled NOx levels of 0.9 lb/MMBtu are 

expected to have controlled NOx emissions of 0.60 to 

0.70 lb/MMBtu with OFA. However, not a l l  pre-NSPS boilers 
have enough furnace height above the top row of burners to 


accommodate OFA ports. 


Some NSPS boilers have OFA as part of the original NOx 

control equipment. One application of OFA on a subpart Da 
boiler was shown to reduce NOx by approximately 25 percent 
however, OFA and the original LNB did not reduce NOx to the 

NSPS limit and the LNB had to be replaced. Another 


application of OFA on a subpart D boiler reduced NOx by 
approximately 20 percent to the NSPS limit. There are no data 

available concerning the effectiveness of retrofitting OFA on 


a NSPS boiler. 

With retrofit LNB (including CCOFA) on pre-NSPS tangential 

boilers, the controlled NOx emissions are expected to be 


reduced by 35 to 45 percent to 0.40 to 0.45 lb/MMBtu from an 

uncontrolled level of 0 . 7  lb/MMBtu. With LNB on wall-fired 

boilers, the NOx emissions are expected to be reduced by 40 to 


5 0  percent to 0 . 4 5  to 0.55 lb/MMBtu from an uncontrolled level 

of 0.9 lb/MMBtu. The cell boilers are also expected to 


average 0 . 4 5  to 0 . 5 0  lb/MMBtu with LNB (50 to 55 percent 

reduction) from an uncontrolled level of 1 . 0  lb/MMBtu. 

Results from 18 retrofit applications were used to estimate 


the effectiveness of LNB. 

Some post-NSPS boilers were designed with LNB to meet the 

subpart D and subpart Da standards and the NOx emissions are 

in the range of 0.35 t o  0 . 5 0  lb/MMBtu for tangential boilers 

and 0.25 to 0.50 lb/MMBtu for wall boilers. Results from 22 


new applications were used to estimate the effectiveness of 

LNB . 
For the pre-NSPS tangential boilers with retrofit LNB + OFAt 

the controlled NOx emissions are expected to be reduced by 40 

to 50 percent to 0.35 to 0.40 lb/MMBtu from an uncontrolled 

level of 0 . 7  lb/MMBtu. Wall-fired boilers with uncontrolled 

NOx of 0 . 9  lb/MMBtu are expected to be reduced to 0.35 to 



0.45 lb/MMBtu (50 to 60 percent reduction) with LNB + AOFA. 

Cell-fired boilers are expected to average 0.40 to 


0.50 lb/MMBtu (50 to 60 percent reduction) from an 

uncontrolled level of 1.0 lb/MM~tu. The effectiveness of 


LNB + OFA is based on 11 retrofit applications. 
Some post-NSPS boilers were designed with LNB + AOFA to meet 

the subpart D and subpart Da standards and the NO, emissions 

range from 0.25 to 0.50 L~/MMB~U
for tangential and 0.40 to 

0.55 lb/MMBtu for wall boilers. As a retrofit control, the 

combination of LNB + AOFA may be applicable to only the 
boilers with sufficient furnace height and volume to 

accommodate the additional air ports. The effectiveness of 

LNE3 + AOFA on new boilers is based on results from two 

applications. 

With reburn retrofit on pre-NSPS tangential boilers, the NOx 

emissions are expected to be 0.30 to 0.35 lb/MMBtu. For the 

wall-fired boilers, the NOx emissions are expected to be 0.35 

to 0.45 lb/MMBtu, whereas the NOx emissions are is expected to1 

be 0.6 to 0.75 lb/MMBtu for cyclone boilers. These emission 

rates are based on limited data from four reburn retrofit 
projects on pre-NSPS boilers less than 200 MW in size. Based 
on these data, 50 to 60 percent reduction is estimated for all 

boiler types. One natural gas co-firing application on a 

450 mw coal-fired boiler yielded only 20 to 30 percent NOx 

reduction. There are no NSPS boilers in operation with reburn 

as original or retrofit equipment. However, it is estimated 

that these boilers can achieve approximately the same 
reduction ( 5 0  to 60 percent) as pre-NSPS boilers since they 
may have large furnace volumes and should be able to 
accommodate the reburn and completion air ports above the top 

row of burners. 


As shown in table 2-4, applying SNCR to pre-NSPS tangential 

boilers is expected to reduce NOx emissions by 30 to 

60 percent to 0.30 to 0.50 lb/MMBtu. For wall-fired boilers, 

the NOx emissions are expected to average 0.35 to 

0.65 lb/MMBtu with SNCR. It is estimated that the range of , 

~ 
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TABLE 2 - 4 .  EXPECTED NOx EMISSIONS FROM COAL-FIRED UTILITY BOILERS 
WITH FLUE GAS TREATMENT CONTROLS 

NSPS boi lersI I re-HSPS h i  ters HO levels 
NOw level Ib/MMetu) (i E / n ~ ~ t u )

NO, reduction 
potentiala Typicel E~pected Expected con r o l  l ed  

Control technotogy C % )  uncontroiled levelb contro l led levetC leveld Appltcable bo i l e r  designs 

SHCR 30-60 T=O.TO T-0.30-0.50 Applicable t o  most bo i l e r  
W=0.90 U=0.35-0.45 designs. Must have 
Ce=l .O Ce=0.40-0.70 suf f i c ien t  residence t ime  a t  
cy=1.5 Cy0.6-1.10 correct ternperature (870-

1,040 .OC). 

SCR 7 ~ 4 5 ~  T=0.70 Apptfcable t o  most boiter 
V=O .90 designs. Hot-side SCR,best 
Ce=?.O used on tow su l fu r  fuel  and 

low f l y  ash applications. 
Cold-side SCR can be used on 
high sulfur, high ash 
applications i f  equipped 
with upstream FGD. 

Same as SHCR and LNB alone 

LHB + AOFA + SCR 85-95f I T=O.~O Same as SCR and LMB + AOFA 
Y=O.PD eloneI 

B ~ ~ ,reduction based on deta presented i n  Chapter 5.0. 

%ypical uncontrolled levels based upon date presented in Chapter 4.0. T = tangential, U = watt, Ce = cett, Cy = cyclone, and 
FBC = f l u i d i zed  bed colllbustion. 

C ~ o n t r o l l e dNOx level  based on the typ ica l  UOx levet and date presented in Chapter 5.0. The enpected NOx emissions should be adjusted 
according t o  the actual uncontrolled NO, level f o r  a speci f ic  boi  te r  by the NOx reduction potential. 

d~on t ro tled levels f o r  f lw  gas treatment as or ig ina l  or r e t r o f i t  equipnent. 



controlled NOx emissions fr,om the cell and cyclone boilers 

retrofit with SNCR would be 0.40 to 0.70 lb/MMBtu and 0.60 to 

1.10 lb/MP$Etu, respectively. However, SNCR has not been 

applied to any cell and cyclone boilers at this time. The 


predicted effectiveness of SNCR for pre-NSPS boilers is based 

on three full-scale applications on coal-fired boilers (two 

wall-fired and one vertical-fired). There are no data 

available from any conventional NSPS utility boilers with SNCR 

as original or retrofit equipment. However, the same NOx 
reduction (30 to 60 percent) is expected on these boilers as 

on pre-NSPS boilers. 


The FBC boilers designed with SNCR as original equipment 

have NOx emissions 50 to 80 percent lower than FBC boilers 
without SNCR and have emissions in the range of 0.03 to 

0.10 lb/MMBtu. This is based on results from seven original 

applications of SNCR on FBC boilers. 


The remaining flue gas treatment control, SCR, has had very 

limited application on coal firing in the United States. 

However, SCR is being used in Japan and Germany on a number of 

coal-fired utility boilers. Primary concerns associated with 

transfer of foreign SCR performance data to the U.S. are the 

higher sulfur and alkali contents in many U.S. coals, both of 

which may act as catalyst poisons and thereby reduce catalyst 

activity and lifetime. The predicted effectiveness of SCR is 


75  to 85 percent, which is based on data from three p i l o t -
scale applications in the U.S. By retrofitting SCR on 

pre-NSPS boilers, the estimated NOx emissions from tangential 

and wall boilers would be 0.10 to 0.20 lb/MMBtu and 0.15 to 

0.25 lb/MMBtu, respectively. Predicted emissions from cell 

and cyclone boilers would be 0.15 to 0.25 lb/MMBtu and 0.25 to 

0.40 lb/MMBtu, respectively. Since there are no full-scale 

applications on coal in the United States, the expected rangas 

of NOx reduction and NOx emissions are estimated. 

The combination of LNB + SNCR is estimated to reduce NOx 
emissions by 50 to 80 percent; however, this combination of 

controls has only been applied to one coal-Fired boiler and 
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the results indicate approximately 70 percent reduction. For 


the pre-NSPS tangential boilers, the NOx emissions are 


expected to be in the range of 0.15 to 0.35 lb/MMBtu. The NOx 

emissions from the pre-NSPS wall boilers are expected to be in 


the range of 0.20 to 0.45 l b / ~ ~ ~ t u . 
For the cell boilers, the 


NOx emissions are expected to be in the range of 0.20 to 

0.50 lb/MMBtu. For the NSPS boilers, the NOx reduction from 


LNB + SNCR is expected to be the same as SNCR alone (30 to 
60 percent from the NSPS levels) since these boilers already 


have LNB as original equipment. However, there are no 

applications of LNB + SNCR as original equipment on new 
boilers yet. 


By combining LNB + AOFA + SCR, it is estimated that 85 to 
9 5  percent NOx reduction can be achieved on pre-NSPS boilers. 
For these boilers, the NOx emissions are expected to be in the 


range of 0.05 to 0.15 lb/MM~tu, depending on boiler type. For 


the NSPS boilers, the NOx reduction are expected to be the 


same as for SCR alone (75 to 85 percent from NSPS levels), 


since these boilers may already have LNB + AOFA as original 
equipment. However, there are no applications of LNB + AOFA + 
SCR as original equipment in operation on new boilers at this 

time. This combination of controls has not been applied to 


existing pre-NSPS boilers either; therefore, these reductions 

and controlled levels are estimates only and have not been 

demonstrated. 


2.5.2 - Controls 
The estimated costs for controlling NOx emissions are based 


on data from utilities, technology vendors, and published 


literature. The actual costs for both new and retrofit cases 


depend on a number of boiler-specific factors, and a 

particular NO, control technology may not be applicable to 


some individual boilers. The costs presented here are meant 

to provide general guidance for determining costs for similar 


situations. The costs are presented in 1991 dollars. 


However, cost indices for 1992 dollars are only 0.85 percent 




lower than 1991 dollars; therefore, the values in this section 


are indicative of the 1991-1992 timeframe. 


Table 2-5 presents a summary of the cost effectiveness of 


various NOx controls applied to coal-fired utility boilers. 


The costs presented are for LNB, LNE + AOFA, reburn, SNCR, 
SCR, LNB + SNCR, and LNB + AOFA + SCR applied to both 
tangential and wall boilers. Costs for reburn, SNCR, and SCR 

are given for cyclone boilers, and costs for SNCR are given 


for FBC boilers. The costs are based on various factors as 


described in chapter 6. The cost estimates for SNCR are for a 

low-energy, urea-based SNCR system as they were found to be 

comparable in cost to a high-energy NH3-based SNCR system. 


For tangential boilers, the cost effectiveness ranges from a 

low of $100 per ton for LNB (a new 600 MW baseload boiler) to 

a high of $12,400 per ton for LNB + AOFA + SCR (a 100 MW 

peaking boiler and a 2-year catalyst life). The retrofit of 


LNB or LNB + AOFA is estimated to result in the least cost per 
ton of NOx removed for the tangential boilers. The cost 


effectiveness for LNB ranges from $100 to $1,800 per ton. The 


cost effectiveness for LNB + AOFA ranges from $170 to $3,300 
per ton. The primary cause of the higher cost effectiveness 


values is boiler duty cycle ( i . e . ,  capacity factor). The 

retrofit of SCR or LNB + AOFA + SCR is estimated to be the 
highest cost per ton of NOx removed. The cost effectiveness 

for SCR ranges from $1,580 to $12,200 per ton. The cost 


effectiveness for LNB + AOFA + SCR ranges from $1,500 to 
$12,400 per ton. 


Figure 2-1 shows the NOx control cost effectiveness for a 


300 MW baseload tangential boiler. As shown, LNB and LNB + 
AOFA have the lowest cost effectiveness for controlled NOx 

levels of 0.35 to 0.45 lb/MMBtu. The large variation in 

reburn cost effectiveness (on this and other figures in the 

section) is driven primarily by the fuel price differential 


between natural gas and coal ($0.50 to $2.50/M~~tu). The cost 


effectiveness of individual control techniques increases as 

the controlled NOx emissions decrease. 
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TABLE 2-5. SUMMARY OF NOx CONTROL COST EFFECTIVENESS FOR COAL-FIRED 
'UTILITY BOILERS (1991 DOLLARS) 


Cost Effectiveness ($/ton)a 

Boiler NOx control 100 MW 100 MW 300 MW 300 MW 600 MW 
firing type technology (peaking) (baseload) (cycling) (baseload) (baseload) 
Tangential L N B ~  1,120-1,800 220-350 280-440 140-220 100-170 

LNB + AOFA 2,060-3,300 400-630 460-730. 230-370 170-260 

Reburn 3,870-5,930 970-3,030 1,150-3,220 72O-Z,79O 62O-2,680 

SNCR 2,600-2,960 860-1,160 900-1,210 670-970 600-910 

SCR 9,470-12,200 1,970-2,490 3,140-4,160 1,690-2,210 1,580-2,100 

LNB .t SNCR 2,420-2,530 590-700 660-770 410-520 340-450 

LNB + AOFA + 9,990-12,400 2,020-2,490 3,120-4,040 1,650-2,110 1,500-1,970 

Wall LNB 2,000-3,200 380-620 470-750 240-380 180-280 

LNB + AOFA 3,420-5,470 660-1,050 750-1,200 380-610 270-430 
Reburn 3,010-4,600 750-2,360 900-2,500 560-2,170 48O-2,080 

SNCR 2,160-2,470 760-1,070 800-1,100 620-920 560-870 

SCR 7,540-9,650 1,580-1,990 2,500-3,300 1,360-1,760 1,270-1.670 

LNB + SNCR 2,750-2,860 650-760 740-850 450-560 370-480 

LNB + AOFA + 9,250-11,100 1,870-2,230 2,760-3,480 1,460-1,820 1,300-1,600 
SCR 

Cyclone Reburn 1,810-2,770 460-1,420 540-1,510 340-1,300 290-1,250 

SMCR 1,460-1,780 620-940 650-960 540-850 510-820 

SCR 4,670-5,940 1,010-1,260 1,560-2,040 870-1,110 . 810-1,050 

aCost effectiveness based on data presented i
b~eaking= 10% capacity factor. 

n Chapter 6.0. 

C~aseload= 65% capacity factor. 
d~ycling= 30% capacity factor. 
e~ncorporates close-coupled overfire air. 






For wall boilers, the cost effectiveness ranges from a low 


of $180 per ton for LNB (a new 600 MW baseload boiler) to a 

high of $11,100 for LNB + AOFA + SCR (a 100 MW peaking boiler 
and a 2-year catalyst life). Typically, the retrofit of LNB 

or LNB + AOFA is estimated to result in the lowest cost per 
ton of NOx removed for the wall boilers. The cost 


effectiveness for LNB ranges from $180 to $3,200 per ton. The 


cost effectiveness for LNB + AOFA ranges from $270 to $5,470 
per ton. The retrofit of SCR or LNB + AOFA + SCR is estimated 
to have the highest cost per ton of NOx removed. The cost 


effectiveness of SCR ranges from $1,290 to $9,650 per ton. 


The cost effectiveness of LNB + AOFA + SCR ranges from $1,300 
to $11,100 per ton. 


Figure 2-2 shows the NOx control cost effectiveness for a 


300 MW baseload wall boiler. As shown, LNB and LNB + AOFA 
have the lowest cost effectiveness for controlled NOx levels 


of 0.35 to 0.55 lb/MMBtu. Reburn is also cost effective if 


the price of the reburn fuel is economical. 


Estimated cost effectiveness for reburn, SNCR, and SCR for 

cyclone boilers are also shown in table 2 - 5 .  The retrofit of 

reburn and SNCR has the lowest estimated cost per ton of NOx 
removed whereas retrofitting SCR has the highest. The cost 


effectiveness of reburn ranges from $290 to $2,770 per ton and 

the cost effectiveness of SNCR ranges from $510 to $1,780 per 


ton. The cost effectiveness of SCR ranges from $810 to $5,940 


per ton. Figure 2-3 shows the NOx control cost effectiveness 

for a 300 MW baseload cyclone boiler. The large variation in 

SNCR cost effectiveness is driven primarily by the variability 


in chemical costs and NOx reductions among individual boilers. 


The cost effectiveness for SNCR applied to FBC boilers is 


given in table 2-6 and ranges from a low of $1,500 per ton 


(200 MW baseload) to a high of $5,400 per ton (50 Mw cycling) . 
In all cases, the factor having the greatest potential 


impact on the cost effectiveness of NOx controls is boiler 

capacity factor. Depending on the control technology, the 


cost effectiveness associated with reducing NOx emission from 
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Wall-Fired 
Sizc = 3Ml MW 

Figure 2 - 2 .  NOx control cost effectiveness for coal-fired wall boilers 





TABLE 2-6 .  SUMMARY OF NOx CONTROL COST EFFECTIVENESS FOR FBC BOILERS 
(1991 DOLLARS) 

I I 

Cost Effectiveness ($/ton)a 


Boiler Nox 50 MW 50 MW 100 MW 100 MW 200 MW 
firing control (cycling)b (baseload) (cycling) (baseload) (baseload) 

type technology 


FBC SNCR 5,100-5,400 2,800-3,100 3,550-3,850 2,000-2,300 1,500-1,800 


aCost effectiveness based on data presented in Chapter 6.0. 


bcycling = 30% capacity factor. 

CBaseload = 65% capacity factor. 
h) 



a peaking-duty boiler (10percent capacity factor) is 2 to 5 


times higher than for a baseload boiler (65 percent capacity 

factor). Other significant factors influencing control 


technology cost effectiveness are the economic life of the 


control system, the boiler size, and the uncontrolled NOx 


level. 

2.6 SUMMARY OF PERFORMANCE AND COSTS OF NOx CONTROLS FOR 

NATURAL GAS- AND OIL-FIRED UTILITY BOILERS 

2.6.1 Performance of NO, Controls
-
A summary of NOx emissions from natural gas- and oil-fired 

boilers with retrofit combustion controls is given in 

table 2-7. The table includes the NOx reduction potential for 

each technology, typical uncontrolled NOx levels, and expected 


controlled NOx levels. These data are based on actual 

retrofit applications, published literature, NURF, the EPA1s 

AP-42 emission factors, and information obtained from 

utilities. The typical uncontrolled NOx level for a specific 


boiler may differ from those shown in table 2-7. Therefore, 


the expected controlled NOx emission level should be adjusted 

accordingly. The expected controlled NOx levels were 

determined by applying the range of NOx reduction potential 

(percent) to the typical uncontrolled NOx level. 


For pre-NSPS tangential boilers, the uncontrolled NOx level 


of 0.30 lb/MMBtu is expected to be reduced to 0.15 to 

0.20 lb/~~Btu
(30 to 50 percent reduction) with operational 


modifications such as BOOS + LEA. Corresponding pre-NSPS 

wall-fired boilers with uncontrolled NOx emissions of 


0.50 lb/MMBtu are expected to be reduced to 0.25 to 

0.35 lb/MMBtu with operational modifications. Data was not 


available for operational controls on boilers subject to 


subpart D and subpart Da standards; however, it is estimated 

that these boilers may achieve approximately the same 

reduction (30 to 50 percent) as the pre-NSPS boilers. The 


effectiveness of operational controls are based on eight 


retrofit applications. 
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TABLE 2-7 .  EXPECTED NOx EMISSIONS FROM NATURAL GAS- AND 
OIL-FI-RED UTILITY BOILERS WITH COMBUSTION CONTROLS 

Pre-NSPS Boilers HSPS Boi lers 
NOx reduct on NO, level  (lb/MMBtU) NOx levet (tb/mdBtu) 

Control potent ia lb Appticable bo i l e r  designs 
technologye I%) Typica 1 Expected con r o l l e d  Typical baseline 

uncontr d  led leveld levele 

boi  lers that have operational Operatione 1 ~ o s t '  
Modifications f l e x i b i l i t y .  
(LEA + BOOS) 

FGR Host wail  and tangential boilers. 

Host wall and tangential boilers. 

Most wall and tangential boilers. 

h, 

\D LNB + OFA (or Most wall  and tangential boi lers u i  t h  

BOOS) suf f ic ient  furnace height. 

Conbinat ion Host wall and tangential boi lers. . 
controlsf 

S m  hil e r  designs with large furnece 
volunes and suf f i c ien t  furnace height. 

a~~~ = burners-out-of-servlce, LEA = low excess a i r ,  FGR = f l ue  gas reci rcutat  ion, OFA = overf i re a i r ,  
LNB = lon NOx burners. 

40, reduction based on data presented in chapter 5. 
C ~ y p i c a luncontrolled Ievels based on date presented in chapter 4. T = tangential and U = wall. 
d ~ o n t r o l t e dNO^ level  bsed  on typical  HOx level  end date presented i n  chapter 5. The expected NOx 
emissions should be adjusted according t o  the actuel uncontrolled NO, level f o r  a speci f ic  boi ler .  

e P o s t - ~ ~ ~ ~bo i le rs  with NO, controts es or ig ina l  o r  r e t r o f i t  q i p m e n t .  
f ~o& ina t i on  o f  FGR + BOOS or OFA; LHB + FGR + BOOS (or OFA). 
% imi  ted  experience abroad on gas/oi1 and m e n i s t e n t  experience i n  U. S. Percent reduction based on 
coal - f  ired experience. 



The pre-NSPS tangential boilers are expected to reduce NO, 

from an uncontrolled level of 0.30 lb/MMBtu to a controlled 

NOx level of 0.15 to 0.20 lb/MMBtu with FGR (45  to 55 percent 

reduction). Corresponding wall-fired boilers are expected to 

have controlled NOx emis~ionsof 0.25 to 0.30 lb/MMBtu with 

FGR. The post-NSPS boilers are expected to achieve the same 

percent reduction as the pre-NSPS boilers (45  to 55 percent). 

The effectiveness of FGR is based on two retrofit 

applications. 


With retrofit OFA on pre-NSPS tangential boilers, the 

controlled NOx emissions are expected to be 0.15 to 

0.30 lb/MMBtu and.the wall-fired boilers are expected to be 


0.30 to 0.45 lb/MMBtu. Some post-NSPS boilers may be designed 

or retrofitted with OFA to meet the subpart D and subpart Da 

standards and are expected to be in the range of 0.10 to 

0.25 lb/MMBtu depending on fuel. However, OFA is typically 


combined with other combustion modifications such as LEA 

rather than used alone. The estimated percent reduction is 

based on four applications of OFA + LEA on pre-NSPS boilers. 

With retrofit LNB on pre-NSPS tangential boilers, the 
controlled NOx emissions are expected to be 0.15 to 

0.20 lb/~mtuand the wall-fired boilers are expected to be 
0.25 to 0.35 lb/MMBtu (30 to 50 percent reduction). Some 


post-NSPS wall and tangential boilers may be designed with LNB 


to meet the subpart D and subpart Da standards and are in the 

range of 0.10 to 0.25 lb/MMBtu depending on fuel. Results 


from six pre-NSPS retrofit applications were used to estimate 


the effectiveness of LNB. 

By combining FGR + BOOS (or OFA) + LNB on pre-NSPS 
tangential and wall boilers, the controlled NOx emissions are 

expected to be 0.05 to 0.20 lb/MMBtu. Some post-NSPS boilers 

may be designed with FGR + BOOS + LNB that meet the subpart D 
and subpart Da standards and are in the range of 0.05 to 

0.25 lb/MMBtu. These results are based on two pre-NSPS 
boilers. 




With reburn on pre-NSPS tangential and wall boilers firing 

o i l ,  the NOx emissions are estimated to be 0.10 to 
0.20 lb/MMBtu and 0.20 to 0.25 lb/MM~tu, respectively. 


However, reburn experience on oil-fired boi lers  is very 

limited and the expected controlled emissions are estimated. 

There are no post-NSPS oil-fired boilers with reburn as 

original equipment. The effectiveness of reburn on oil-fired 


boilers is based on the coal-fired experience and is estimated 

to be 50 to 60 percent reduction. 


Table 2-8 presents a sumnary of expected NOx emissions from 

natural gas- and oil-fired boilers with flue gas treatment 

alone and combined with combustion controls. For pre-NSPS 

tangential boilers with SNCR, the expected controlled NOx 

level is expected to be 0.20 to 0.25 lb/MMBtu, whereas the 

range for wall-fired boilers is 0.30 to 0.40 lb/MMBtu (25 to 
40 percent). These results are based on two SNCR application 

on oil boilers and ten SNCR applications on natural gas 

boilers. For post-NSPS boilers with SNCR, the expected 

controlled NOx level is 0.10 to 0.25 lb/MMBtu retrofit 

depending on boiler type. However, there are no data from 

post-NSPS boilers with SNCR, nor are there data from post-NSPS 

boilers designed with SNCR as original equipment. Therefore, 
these reductions and controlled levels are estimated. 


For pre-NSPS tangential boilers, the expected controlled NOx 

is 0.03 to 0.10 lb/~MBtu with retrofit SCR. The expected 

controlled NOx for wall-fired boilers is 0.05 t o  
0.10 lb/MMBtu. For post-NSPS boilers, the expected controlled 

NOx levels is 0.05 to 0.25 lb/MMBtu depending on boiler type. 

These results are based on one pilot-scale and one full-scale 

application. There are no data from post-NSPS boilers with 

retrofit SCR, nor are there data from post-NSPS boilers 
designed with SCR as original equipment. Therefore, these 

reductions and controlled levels are estimates only. 


The combination of LNB + SNCR is estimated to reduce NOx 
emissions by 70 to 80 percent and data from one application of 

LNB + OFA * SNCR on a coal-fired boiler shows 70-85 percent 
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TABLE 2 - 8 .  EXPECTED NOx EMISSIONS FROM NATURAL GAS- AND OIL-FIRED UTILITY 
BOILERS WITH FLUE GAS TREATMENT CONTROLS 

Pre-NSPS bai l e rs  NSPS boi l e rs  

Control technologp 

UOx reduct on 
potentiatb 

( X I  

NO,, level (lb/MMBtu) NOx levet tlb/MHBtu) 
A p p t  icable boi  l e r  
designs 

Typical 
uncontrol led 

Expected con to1 led 
leveld Expected control led 

Levele 
Levetc 

SHCR 25-40 Gas and O i l  : 
Tr0.30 

Gas and O i  l: 
7~0.20-0.25 
V=0.30-0.40 

O i t :  
T,CI=O.15-0.25 

Gas: 

Applicable t o  most 
bo i l e r  designs; however, 
must have su f f i c i en t  

T,U=O.lO-0.20 residence time in 
convective pass a t  
correct temperature. 

S C R ~  80-90 Gas and Oi 1: 
1~0.30 
U=O.SO 

Gas and O i l :  
1=0.03-0.10 
U=0.05-0.10 

O i  I: 
T,U=O.O5-0.25 

Gas: 

Applicable t o  most 
bo i l e r  designs. Hot-
side SCR best used on 

T,U=O.03-0.20 low sul fur  f ue l  and low 
f l y  ash applications. 
Cold-side SCR can be 
used on high sulfur, 
high ash apptications, 
i f  equipped wi th 
upstream FIX. 

LNB + S N C R ~  70-80 Gas and O i l  : Gas and O i l :  O i l :  Same as SNCR and CUB'S 
T=O .SO 7=0.05-0.10 T,U=0.10-0.25 alone. 
u=o.50 lk0.10-0.15 Gas: 

T,W=0.05-0.20 

LHB + AOFA + S C R ~  85 -95 Gas and O i l :  Gas and Oit: O i l :  Same as SCR and LNB + 
To0.30 1.0.02-0.30 T,W=O.05-0.25 AOFA alone. 

W=0.03-0.10 Gas: 
T,W=0.05-0.20 

=SNCR = Selective noncatalyt ic reduction, SCR = Selective ca ta ty t ic  reduction, LNB = Low HOx burners, and AOFA = Advanced overf ire  a i r  . 
bHox reduction based upon data presented in chapter 5.0. 
C~yp i ca l  mcantrol  led levels based on data presented i n  chapter 4.0. T = tangential, U = wall. 
dControlled HOx level based on typicat WOx level and data presented i n  chapter 5.0. The enpected HOx emissions should be adjusted 

according t o  the actual uncmtro l  led WOK l w e l  fo r  a speci f ic  bo i le r  by the NOx reduction potential.  
e ~ o n t r o l t e d  levels f o r  f lue gas treatment controls as o r i g i n d  o r  r e t r o f i t  equipment. 
f ~ oSNCR applications on bo i ie rs  above 200 MU. 
gLimited o r  no fu l l -scale ins ta l la t ions  i n  U. S.; therefore, these are estimated reduction levels. 
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reduction across the load range, For pre-NSPS tangential 


boilers, the NOx emissions are expected to be in the range of 


0.05 to 0.10 lb/MMBtu. For pre-NSPS wall-fired boilers, the 


NOx emissions are expected to be 0.01 to 0.15 lb/MMBtu. There 


are no data from post-NSPS boilers with LNB + SNCR as original 
or retrofit equipment; therefore, these reductions and are 


estimated controlled levels. 


By combining LNB + AOFA + SCR, it is estimated that 85 to 
95 percent NOx reduction can be achieved. The NOx emissions 

are expected to be in the range of 0.02 to 0.1 lb/MMBtu and 


the post-NSPS boilers are expected to be in the range of 0.05 


to 0.25 lb/MMBtu. This control technology combination has not 


yet been applied to existing or new boilers; therefore, these 


reductions and controlled levels are estimates. 

2.6.2 Costs of NO,- Controls 

Table 2-9 presents a summary of the cost effectiveness of 

various NOx controls applied to natural gas- and oil-fired 


utility boilers. The costs presented are for LEA + BOOS, LNB, 
LNE + AOFA, reburn, SNCR, SCR, LNB + SNCR, and LNB + AOFA + 
SCR applied to both tangential and wall boilers. The costs 


are based on the various factors described in chapter 6. 

For tangential boilers, the cost effectiveness ranges from a 


low of $70 per ton for LEA + BOOS (a new 600 MW baseload 
boiler) to a high of $16,900 per ton for LNB + AOFA + SCR 
(100 MW oil-fired peaking boiler and a 3-year catalyst life). 


The retrofit of LEA + BOOS or LNB is estimated to have the 
lowest cost per ton of NOx removed for the tangential boilers. 


The cost effectiveness value of LEA + BOOS ranges from $70 to 
$500 per ton. The cost effectiveness value for LNB ranges 

from $250 to $4,200 per ton. The retrofit of SCR or LNB + 
AOFA + SCR is estimated to have the highest cost per ton of 
NOx removed. The cost effectiveness value of SCR ranges from 

$1,530 to $11,700 per ton for natural gas-fired units and from 


$1,800 to $14,700 per ton for oil-fired units. The cost 


effectiveness of LNB + AOFA + SCR ranges from $1,650 to 



TABLE 2-9. SUMMARY OF NOx CONTROL COST EFFECTIVENESS FOR NATURAL 

GAS- AND OIL-FIRED UTILITY BOILERS (1991 DOLLARS) 


Cost effectiveness 


Boiler NOx control 100 MW f00 MW 300 MW 300 MW 600 MW 

firing technology (peaking) (baseload) (cycling) (baseload) (baseload)

type 


Tangential LEA+BOOS 230-500 100-360 90-350 . 80-340 70-340 

LNB 2,620-4,190 500-810 640-1,020 330-520 250-400 


LNB+AOFA 4,810-7,690 930-1,480 1,060-1,700 540-860 380-620 


Reburne 8,480-12,800 2,320-6,690 2,720-7,080 1,800-6,170 1,580-5,940 


SNCR 7,090-7,450 1,820-2,180 1,940-2,300 1,260-1,620 1,070-1,430 


SCR (natural qas) 10,800-11,700 2,310-2,470 3,150-3,470 1,740-1,900 1,530-1,690 


SCR (oil) 12,200-14,700 2,580-3,040 3,690-4,600 2,010-2,480 1,800-2,260 


LNB+SNCR 5,830-5,990 1,260-1,370 1,430-1,540 810-920 640-750 


LNB+AOFA+SCR 13,400-14,200 2,750-2,900 3,640-3,930 1,960-2,100 1,650-1,800 

(natural gas) 


LNB+AOFA+SCR 14,700-16,900 3,010-3,400 4,130-4,970 2,210-2,690 1,900-2,330 
(Oil) 




TABLE 2-9. SUMMARY OF NOx CONTROL COST EFFECTIVENESS FOR NATUF!AL 
GAS- AND OIL-FIRED UTILITY BOILERS (1991DOLLARS) 


(CONCLUDED) 

Cost effectiveness ($/ton) a 

Boiler NO, control 100 MW 100 MW 300 MW 300 MW 600 MW 
firing technology (baseload) (cycling) (base load) (baseload) 
type 

Wa11 LEA+BOOS 140-300 60-220 50-210 50-200 40-200 
Firing 

LNB 3,600-5,750 690-1,110 840-1,340 430-680 310-500 

LNB+AOFA 6,160-9,850 1,180-1,900 1,350-2.160 680-1,090 480-770 

~ e b u r n ~  5,080-7,690 1,390-4,010 1,630-4,250 1,080-3,700 946-3,560 

SNCR 4,470-4,850 1,310-1,690 1,300-1,760 980-1,350 860-1,240 

SCR (natural qas) 6,700-7,200 1,460-1,550 1,960-2,150 1,100-1,200 970-1,070 

SCR (oil) 7,550-8,940 1,620-1,900 2,280-2,830 1.270-1,540 1,130-3,410 

LNB+SNCR 5,200-5,310 1,130-1,250 1,290-1,400 740-850 590-700 

LNB+AOFA+SCR 10,500-11,000 2,150-2,240 2,790-2.910 1,470-1,560 1,200-1,290 

(natural gas) 

LNB+AOFA+SCR 11,300-12,700 2,300-2,560 3.030-3,540 1,620-1,870 1,350-1,610 

a~ost effectiveness based on percent reductions given in chapter 6.0. 


b~eaking= 10% capacity factor. 

c~aseload= 65% capacity factor. 

dCycling = 30% capacity factor. 

eOil-fired boilers only. 




$14,200 per ton for natural gas-fired units and from $1,900 to 


$16,900 per ton for oil-fired units. Figure 2-4 shows the NOx 

control cost effectiveness for a 300 MW baseload tangential 


boiler. As shown, LEA + BOOS and LNB have the lowest cost 

effectiveness value for controlled NOx emissions of 0.1 to 


0.2 lb/MMBtu. For controlled NOx emissions of less than 


0.1 lb/MMBtu the cost effectiveness increases. 


For the wall boilers, the cost effectiveness ranges from a 


low of $40 per ton for LEA + BOOS (a new 600 MW baseload 
boiler) to a high of $12,700 per ton for LNB + AOFA + SCR 
(100 MW oil-fired peaking boiler and a 3-year catalyst life). 


The retrofit of LEA + BOOS ox LNB is estimated to have the 
lowest cost per ton of NOx removed for the wall boilers. The 


cost effectiveness of LEA + BOOS ranges fsom $40 to $300 per 
ton. The cost effectiveness of LNB ranges from $300 to $5,800 


per ton. The retrofit of SCR or SCR + LNB + AOFA is estimated 
to be the highest cost per ton of NOx removed. The cost 


effectiveness of SCR ranges from $970 to $7,200 per ton for 

natural gas-fired units and fsom $1,130 to $8,940 per ton for 


oil-fired units. Figure 2-5 shows the NOx control cost 


effectiveness for a 300 MW baseload wall boiler. As shown, 


LEA + BOOS and LNB have the lowest cost effectiveness for 

controlled NOx emissions of 0.25 to 0.35 l b / ~ ~ ~ t u . 
For 


controlled NOx emissions of less than 0.25 l b / ~ M ~ t u , 
the cost 


effectiveness increases. 


The effects of various plant parameters ( e . g . ,  capacity 

factor, economic life, boiler size, uncontrolled NOx levels) 

on the cost effectiveness of individual NO, controls are 


similar to those for coal-fired boilers. Due to lower 


uncontrolled NOx levels, the cost effectiveness of applying 


controls to oil- and natural gas-fired boilers is higher than 

for coal-fired boilers. 


2 . 7  SUMMARY OF IMPACTS OF NOx CONTROLS 

2.7.1 - Contntrols 

Combustion NOx controls suppress both thermal and fuel NOx 


formation by reducing the peak flame temperature and by 


2-36 








delaying the mixing of fuel with the combustion air. However, 


this can result in a decrease in boiler efficiency for several 

reasons. For coal-fired boilers, an increase in carbon 

monoxide (CO) emissions and unburned carbon (UBC) levels, as 
well as changes in the thermal profile and heat transfer 

characteristics of the boiler, may result from combustion 

controls. For natural gas- and oil-fired boilers, CO 

emissions could also increase, although adverse effects are 

infrequently reported from these boilers. The effects from 


combustion NOx controls are influenced by boiler design and 

operational characteristics such as furnace type, fuel type, 

condition of existing equipment, and age. 

Table 2-10 summarizes the impacts from combustion NOx 

controls on fossil fuel-fired utility boilers. Based on 

limited data, the CO emissions increase on most installations 

with use of operational modifications on coal-fired boilers 

and decrease on natural gas and oil boilers. There were no 

reported effects on UBC levels or boiler efficiency with the 
use of operational modifications. 


Overfire air on one coal-fired boiler resulted in a 5 to 
85 parts per million (pprn) decrease in CO emissions from 

uncontrolled levels. The level of CO emissions with OFA on 

the natural gas- and oil-fired boilers ranged from 26-830 ppm. 

The UBC level for coal-fired boilers increased approximately 
two- to three-fold with OFA and the boiler efficiency 
decreased by 0.4 to 0.7 percentage points. 


Low NOx burners retrofit on coal-fired boilers resulted in 

an increase of both CO and UBC for most applications, and the 
boiler efficiency decreased by 0.5 to 1.5 percentage points. 

For natural gas- and oil-fired boilers, the controlled level 

of CO was 1 to 220 ppm. There were no reported effects on 
boiler efficiency for these boilers. 


The combination of LNB and OFA on coal-fired boilers 


resulted in a slight increase in both CO and UBC. The boiler 

efficiency decreased by 0.2 to 0.9 percentage points. There 
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TABLE 2-10. SUMMARY OF IMPACTS FROM COMBUSTION NOx CONTROLS 

ON FOSSIL FUEL-FIRED UTILITY BOILERS 


Control 

technology Fuel I Carbon monoxide 
BOOS, LEA, Coal One application showed 

BF increase of 40-250ppm. 


Gas/Oil 2 applications showed 

decreases of 100-150 ppm. 


OFA Coal One application showed 
decrease of 5-85 ppm. 


LNB Ranged increased from 12-

60 pprn to 15-86 ppm. 


LNB + OFA Range increased from 12-
30 pprn to 20-45 ppm. 

3 a s / O i l  No reported effects. I 
3oal Range increased from 60-

94 pprn to 50-132 pprn 


lil INo data 


Unburned carbon 

No reported 

effects. 

No reported effects 

for oil-firing. 

Range increased 

from 2.3-5.25 to 

7.1-10.2%. 


No reported effects 

for oil-firing. 

Range increased 

from 1-7.4% to 1.6-

9.0%. 


No reported effects 

for oil-firing, 

Range increased 

from 0.4-5% to 0.3-

6.8%. 


No reported effects 
for oil-firinq. 

Range increased 

from 2.5-23% to 

1.5-28%. 


No data 

Boiler efficiency 

NO reported

I effects . 
No reported 

effects. 

Decreased by 0.4-

0.7 percentage 

points. 

No reported 

effects. 

Decreased by 0.5-

1.5 percentage 

points. 

No 'reported 

effects. 

Decreased by 0..
2-

0.9 percentage 

points. 

No reported 

effects. 
Decreased by 0.5-

1.5 percentage 

points 

No data 




were no reported effects on the natural gas- and oil-fired 

boilers with LNB and OFA. 

With reburn applied to coal-fired boilers, both CO and UBC 

increased and the boiler efficiency decreased by 0.5 to 


1.5 percentage points. There were no data available for 
reburn applied to oil-fired boilers. 

2.7.2 Impacts from Flue Gas Treatment Controls 

Flue gas treatment controls remove NOx by a reaction of 

injected NH3 or urea in the upper furnace or the convective 

pass or by a reaction of NH3 in the presence of a catalyst at 

lower temperatures. These controls can produce unreacted 

reagents in the form of NH3 slip which can be emitted into the 

atmosphere or can be adsorbed onto the fly ash. The NH3 slip 


can also react with sulfur trioxide (SO3) from firing coal or 

oil and deposit as ammonium sulfate compounds in downstream 

equipment. Nitrous oxide (NZO) emissions are typically higher 

on boilers with urea-based SNCR systems. Very limited data 

are available; however, NHj-based SNCR may yield N20 levels 

equal to 4 percent of the NOx reduced and urea-based.SUCR may 
yield N20 levels of 7 to 25 percent of the NO, reduced. Flue 

gas treatment controls also require additional energy to run 
pumps, heaters, auxiliary process equipment, and to overcome 

any additional pressure drop due to the catalyst beds or from 

downstream equipment that may be plugged. The additional 


pressure drop from downstream equipment plugging could 

ultimately affect unit availability. 


Table 2-11 summarizes the impacts from SNCR and SCR systems. 

Increases of CO emissions due to the urea-based SNCR system 

have been reported since urea (NH2CONH2) has CO bound in each 

molecule injected. If that CO is not oxidized to CO2, then CO 

will pass through to t he  stack. Ammonia-based SNCR does not 
contain bound CO, so use of NH3 as an SNCR reagent would not 
increase stack emissions of either CO or CO2. The NH3 slip 
for these fossil fuel-fired boilers ranged from 10 to 110 ppm. 

For FBC, the CO emissions were in the range of 10 to 110 ppm 


and NH3 slip was in the range of 20 to 30 ppm. 

2-41 

I 
I 



-- 

- - -  

- - 

I 

TABLE 2-11. SUMMARY OF IMPACTS FROM FLUE GAS TREATMENT CONTROLS ON 

Application Control technology monoxide Ammonia Other possible effects 
slip 


Conventional NH3-based SNCR Little or no Nitrous oxide is a possible by-

utility boiler - effect. product. 

1Urea-bases SNCR Possible 10-110 pprn Ainmonium sulfate compound8 may 
increases deposit in downstream equipment 
I causing air heater pluggage 


that degrades unit performance 

and corrodes air heater 

baskets. 


Fluidized bed UH3-based SNCR 10-110 ppm 20-30 pprn Minor energy losses due to 
combust ion pumps, heaters, and control 


systems. 


Fluidized Bed Jrea-based SNCR Data not 3ata not May elevate levels of NH3 inw Combustion available. nvailable. the fly ash and scrubber by-

IP products, creating disposal 
h] problems at NH3 slip level 

above 2 ppm. 


Coal & Oil Pilot- Data not :20pprn Ammonium sulfate compounds may
Scale available. deposit in downstream 
I equipment. 


Gas/Oil Full-Scale Data not .O-40pprn Losses due to energy required 

available. to overcome catalyst bed 

pressure drop. 


May elevate levels of NH3 in 

the fly ash, creating disposal 

prob1 ems . 

~ C Odata from one application reported increaae of 60 to 80 pprn from uncontrolled level. 



-- 

Limited data were available for installation of SCR in the 

United States. There were no data for SCR on CO emissions 


from the pilot- or full-scale applications. The NH3 slip for 


the pilot-scale SCR application on coal and oil was less than 

20 ppm. The NII3 slip for one full-scale SCR application on 
natural gas and oil was in the range of 10 to 40 ppm. 





3.0 OVERVIEW AND CHARACTERIZATION OF UTILITY BOILERS 


This chapter presents an overview and characterization of 

utility boilers. The chapter is divided into four main 

sections: utility boiler fuel use in the United States, 

fossil fuel characteristics, utility boiler designs, and the 

impact of fuel properties on boiler design. 

3.1 uTmm BOILER FUEL USE IN THE UNITED STATES 

Approximately 71 percent of the generating capability of 

electrical power plants in the United States is based on 

fossil fuels, as shown in figure 3-1.1 Generating capability 


is the actual electrical generating performance of the unit. 

The primary fossil fuels burned in electric utility boilers 

are coal, oil, and natural gas. Of these fuels, coal is the 

most widely used, accounting for 43 percent of the total U. S. 

generating capability and 60 percent of the fossil fuel 

generating capability. Coal generating capacity is followed 

by natural gas, which represents 17 percent of the total 

generating capability and 24 percent of the fossil fuel 

generating capability. Oil represents 11 percent of the total 

and 15 percent of the fossil fuel generating capability. 


As shown in figure 3-2,most of the coal-firing 
capability is east of the Mississippi River, with the 

significant remainder being in Texas and the Rocky Mountain 

region.

2 Natural gas is used primarily in the South Central 
States and California as shown in figure 3-3.3 Oil is 
predominantly used in Florida and the Northeast as shown in 

fiaure 3-4.4 Fuel economics and environmental regulations 











frequently affect regional use patterns. For example, coal is 


not used in California because of stringent air quality 

limitations. 


3.2 FOSSIL FUEL CHARACTERISTICS 


This section contains information on the three fossil 


fuels used for electric power generation: coal, oil, and 


natural gas. 

3.2.1 Coal 


Coals are classified by rank, i.e., according to their 

progressive alteration in the natural metamorphosis from 

lignite to anthracite. Volatile matter, fixed carbon, 


inherent moisture and oxygen are all indicative of rank, but 


no one item completely defines it. The American Society for 


Testing and Materials (ASTM) classified coals by rank, 

according to fixed carbon and volatile matter content, or 


heating (calorific) value. Calorific value is calculated on a 


moist, mineral-matter-free basis and shown in table 3-1.5 The 

ASTM classification for high rank (older) coals uses volatile 

matter and fixed carbon contents. The coal rank increases as 

the amount of fixed carbon increases and the amounts of 


volatile matter and moisture decrease. Moisture and volatile 


matter are driven from the coal during its metamorphism by 

pressure and heat, thus raising the fraction of fixed carbon. 

These values are not suitable for ranking low rank coals. 

Lower ranking (younger) coals are classified by calorific 

(heating) value and caking (agglomerating) properties which 


vary little for high rank coals but appreciably and 

systematically for low rank coals. 


The components of a coal are customarily reported in two 

different analyses, known as wproximatew and wultimate.M 

Proximate analysis separates coal into four fractions: 

(1)water or moisture; (2 )  volatile matter, consisting of 
gases and vapors driven off when coal is heated; (3) fixed 


carbon, the coke-like residue that burns at higher 

temperatures after the volatile matter has been driven off; 
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Clnss and group 

. I .  Anthracitic 
1. Mete-enthraclte 

2. Anthraci t e  

1. Low-volatile 
b ituninous coel 

2. Mediun votatilt 
bituninous coal 

3. High-volatl le 
A bituminous coal 

W 
4. High-volat l le  

B b i  tuninous c o d  

5. High-volatf le 
C b i  tuninws coal 

1. Subbi tuninws 
A coal 

2. Subbi tuninow 
B c o d  

3. Subbituninous 
C coat 

1V. Lignitic 

1. L ign i te  A 

- - = Not appticable. 

TABLE 3-1. CLASSIFICATION OF COALS BY RANK6 


Fixed carbon l im i ts ,  X Vola t i te  matter l imits, X Calor i f i c  value l imi ts,  Btu/lb 
Jdry. mineral -matter-f ree basis1 (dry. mineral-matter-f ree basis1 (moist. mineral-matter-free basis) 

Equel o r  
greater than Less than 

Equal or 
greater than Less than 

Equal or 
greeter than Less than 

Agglomerating 
character 

98 - - -- 2 -- - - nonagglmrat  ing 

- - comnonly 
agglomerating 

.. 

-- * * -- - - 11,500 13,000 
10,500 11,500 eggtomerating 

-- -- 9,500 10,500 nonagglomerating 

-- -* - - -- 8,300 9,500 

-- - - 6,300 8,300 nonagglomerating 



and ( 4 )  mineral impurities, or coal ash. left when the coal is 

completely combusted. 


In addition to proximate analysis. which gives 


information on the behavior of coal when it is heated. 

Itultimate analysisff identifies the primary elements in coal. 

These elements include carbon, hydrogen, nitrogen, oxygen, and 


sulfur. Ultimate analyses may be given on several bases, 

according.to the application. For coal classification. the 


moist, mineral-matter-free basis is generally used. For 


combustion calculations, coal is analyzed as-received, 


including moisture and mineral matter. Table 3-2 presents 


sources and analyses of various ranks of as-received coals. 6 , 7  

The nitrogen contents of these coals are generally less than 

2 percent and does not vary systematically with coal rank.  

Various physical properties of coal such as the type and 

distribution of mineral matter in the coal and the coal's 


"slaggingtltendencies are of importance when burning coal. 


Mineral matter influences options for washing the coal to 

remove ash and sulfur before combustion, the performance of 


air pollution control equipment, and the disposal 

characteristics of ash collected from the boiler and air 

pollution control equipment. Slagging properties influence 


the selection of boiler operating conditions, such as furnace 
operating temperature and excess air levels, and the rate and 

efficiency of coal conversion to usable thermal energy. 


3.2.1.1
 A-. Anthracite is a hard, 
slow-burning coal characterized by a high percentage of fixed 

carbon, and a low percentage of volatile matter. Anthracite 


coals typically contain 0.8 to 1.0 weight-percent nitrogen. 


Because of its low volatile matter, anthracite is difficult to 

ignite and is not comonly burned in utility boilers. 
Specific characteristics of anthracitic coals are shown in 
tables 3-1 and 3-2. In the United States, commercial 

anthracite production occurs almost exclusively in 

Pennsylvania. 


8 
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TABLE 3-2. SOURCES AND TYPICAL ANALYSES OF VARIOUS RANKS OF COAL^" 


Calorltlc 
value. 

Classfflcallonby ram IState Btullb 

OMMF 

AR 

J o ~ s o n  ILower HMshorne 

DMMF

1 AR 2.6 3.8 81.4 1.6 

I DMMF -. 11.7 88.3 -
I 

1.9 . 3.9 90.6 1.6 3.0 15.430 

LowvolalNe bttumlnous I WyomIng Pocahontas No. 3 A A 2.9 17.7 74.0 5.4 0.8 4.6 83.2 1.3 4.7 14.400 

OMMF - 19.3 80.7 - 0.0 4.6 90.7 1.4 2.5 15,690 

ClearReld Upper Klttannlng AA 2 7  24.4 67.4 6.1 1.0 5.0 81.6 1.4 4.9 14.310 

DMMF 26.5 73.5 - 1.1 5.2 00.9 1.6 3.2 15,590 

Marlon Pittsburgh AA 2.3 36.5 56.0 9.2 ' 0.6 5.5 78.4 1.6 6.5 14,040 

Hlgh-volatlleC bltumlnous7 
SubbltumlnousA 

- - - I -
Muhlenbura NO. 9 

DMMF - 39.5

IAR-r8.51 3 6 . 4  
DMMF I 45.0 

1 
1 

60.5 

44.3 

55.0 

I 
1 

-

-

0.6 

1 2.8 

I 3.4 

1 
I 

5.7 

5.4 

5.5 

1 
L 

84.8 

65.1 

B0.6 

1 
I 

1.7 

1.3 

1.7 

1 
7.0 

14.6 ) 
15.100 

f1.680 

SubbltumlnousC7FOKHlll AR 

DMMF 

25.1 

-
30.4 

44.6 

37.7 

55.4 

6.8 

-
0.3 

0.5 

6.2 

5.0 

50.5 

74.1 

0.7 

1.1 

35.5 

19.3 

8.560 

12.560 

Ugnlte Wclean Unnamed 

I 
AR 

OMMF 

36.6 

- -
27.8 

48.4 

29.5 

51.6 

5.9 

-
0.9 

1.6 

6.9 

5.0 

40.6 

70.9 
. 0.6 

1.1 

45. t 

21.4 

7.000 

12,220 

*AR = as-recelved 
DMMF -Dry mlneral-matter-free basls. 



3.2.1.2 Bituminous Coal. By far the Largest group, 


bituminous coals are characterized as having a lower 


fixed-carbon content, and higher volatile matter content than 

anthracite. Typical nitrogen levels are 0.9 to 1.8 weight-


8percent. Specific characteristics of bituminous coals are 


shown in tables 3-1 and 3-2. Bituminous coals are the primary 


coal type found in the United States, occurring throughout 

much of the Appalachian, Midwest, and Rocky Mountain regions. 

Key distinguishing characteristics of bituminous coal are its 


relative volatile matter and sulfur content, and its slagging 

and agglomerating characteristics. As a general rule, low-

volatile-matter and low-sulfur-content bituminous coals are 


found in the Southern Appalachian and the Rocky Mountain 

regions. Although the amount of volatile matter and sulfur in 

coal are independent of each other, coals in the northern and 

central Appalachian region and the Midwest frequently have 


medium to high contents of both. 

3.2.1.3 Subbituminous Coal. Subbituminous coals have 


still higher moisture and volatile matter contents. Found 


primarily in the Rocky Mountain .region, U. S. subbituminous 

coals generally have low sulfur content and little tendency to 

agglomerate. The nitrogen content typically ranges from 0.6 

to 1.4 weight-percent.8 Specific characteristics of 

subbituminous coals are shown in tables 3-1 and'3-2. Because 

of the low sulfur content in many subbituminous coals, their 


use by electric utilities grew rapidly in the 1970's and 
1980's when lower sulfur dioxide (SO21 emissions were 

mandated. Their higher moisture content and resulting lower 

heating value, however, influence the economics of shipping 

and their use as an alternate fuel in boilers originally 

designed to burn bituminous coals. 


3.2.1.4 Licmite. Lignites are the least metamorphesized 


coals and have a moisture content of up to 45 percent, 

resulting in lower heating values than higher ranking coals. 

The nitrogen content of lignites generally range from 0.5 




to 0.8 weight-percent.8 Specific characteristics of lignite 

are shown in tables 3-1 and 3-2. Commercial lignite 


production occurs primarily in Texas and North Dakota. 

Because of its high moisture content and low heating value, 


lignite is generally used in power plants located near the 


producing mine. 


3.2.2 


Fuel oils produced from crude oil are used as fuels in 

the electric utility industry. The term "fuel oilw covers a 


broad range of petroleum products, from a light petroleum 

fraction similar to kerosene or gas oil, to a heavy residue 

left after distilling off fixed gases, gasoline, gas oil, and 


other lighter hydrocarbon streams. 


To provide commercial standards for petroleum refining, 


specifications have been established by the ASTM for several 


grades of fuel oil and are shown in table 3 - 3 .  9 Fuel oils are 

graded according to specific gravity and viscosity, the 


lightest being No. 1 and the heaviest No. 6. Typical 

properties of the standard grades of fuel oils are given in 


table 3-4.10.11  

Compared to coal, fuel oils are relatively easy to burn. 


Preheating is not required for the lighter oils, and most 


heavier oils are also relatively simple to handle. Ash 


content is minimal compared to coal, and the amount *of 


particulate matter (PM) in the flue gas is correspondingly 


small. 

Because of the relatively low cost of No. 6 residual oil 


compared with that of lighter oils, it is the most common fuel 

oil burned in the electric utility industry. Distillate oils 


are also burned, but because of higher cost are generally 

limited to startup operations, peaking units, or applications 

where low PM and SO2 emissions are required. 

The U. S. supply of fuel oils comes from both domestic 

and foreign production. The composition of individual fuel 

oils will vary depending on the source of the crude oil and 




TABLE 3 - 3 .  ASTM STANDARD SPECIFICATIONS FOR FUEL OILS' 
4.'-

- -Oata not provldedIn Reference table. 



TABLE 3 - 4 .  TYPICAL ANALYSES AND PROPERTIES OF FUEL OILS 10.11 

Grade No. 1 fuel No. 2 fuel No. 4 fuel No. 5 fuel No. 6 fuel 
oil oil oil oil oil 


Distillate Very light Light 

Type (kerosene) Distillate residual residual Residual 

Color Light Amber Black Black Black 

API qravity, 60 OF 40 32 . 2 1  17 12 


Specific qravity, 60/60 OF 0.8251 0.8654 0.9279 0.9529 0.9861 


lb/U.S. gallon, 60 OF 6.870 7.206 7.727 7.935 8.212 


Viscosity, Centistokes 1.6 2.68 15.0 50.0 360.0 

@ 100 OF 

Pour point, OF Below zero B e l o w  zero 10 30 65 
w s Temp. for pumping, OF Atmospheric Atmospheric 15 35 100 

P (minimum) (minimum)
bJ 

Temp. for atomizing, OF Atmospheric Atmospheric 25 130 200 

(minimum) 


Carbon residue, % Trace Trace 2.5 5.0 12.0 

Sulfur, % 0.1 0 . 4 - 0 . 7  0.4-1.5 2.0 2.8 
(maximum) (maximum) 


01 <O .01 0.1-0.5 0.1-0.5 0.1-0.5
Nitroqen, % ~ 0 .  

Hydroqen, % 13.2 12.7 11.9 11.7 10.5 

Carbon, % 86.5 86.4 86.10 85.55 85.70 

Sediment and water, % Trace Trace 0.5 1.0 2.0 
(maximum) (maximum) (maximum) 


Ash, % Trace Trace 0.02 0.05 0.08 

137,000 141,000 146,000 148,000 150,000
Btu/gallon 




the extent of refining operations. Because of these factors 


and the economics of oil transportation, fuel oil supplies 

vary in composition across the United States, but are 

relatively uniform with the exception of sulfur content. In 


general, ash content varies from nil to 0.5 percent, and the 

nitrogen content is typically below 0.4 weight-percent for 

grades 1 through 5 and 0.4 to 1.0 weight- percent for . 

grade 6 .
8 

3.2.3 Natural Gae 

Natural gas is a desirable fuel for steam generation 

because it is practically free of noncombustible gases and 

residual ash. When burned, it mixes very efficiently with 

air, providing complete combustion at low excess air levels 

and eliminating the need for particulate control systems. 


The analyses of selected samples of as-collected natural 

gas from U. S. fields are shown in table 3-5.12 Prior to 


distribution, however, most of the inerts (carbon dioxide 

[COZI and nitrogen), sulfur compounds, and liquid petroleum 

gas (LPG) fractions are removed during purification processes. 

As a result, natural gas supplies burned by utilities are 

generally in excess of 90 percent methane, with nitrogen 
contents and typically ranging from 0.4 to 

0.6 percent.13,14,15 


Although the free (molecular) hydrogen content of natural 


gas is low, the total hydrogen content is high. Because of 

the high hydrogen content of natural gas relative to that of 

oil or coal, more water vapor is formed during combustion. 

Because of the latent heat of water, the efficiency of the 

steam generation is lowered. This decrease in efficiency must 

be taken into account in the design of the boiler and when 

evaluating the use of natural gas versus other fuels. 

3.3 tPTILxm BOILER DESIGNS 

The basic purpose of a utility boiler is to convert the 

chemical energy in a fuel into thermal energy that can be used 

by a steam turbine. To achieve this objective, two 
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fundamental processes are necessary: combustion of the'fuel 


by mixing with oxygen, and the transfer of the thermal energy 

from the resulting combustion gases to working fluids such as 

hot water and steam. The physics and chemistry of combustion, 


and how they relate to nitrogen oxides (NO,) formation, are 


discussed in chapter 4 of this document. The objective of 

this section is to provide background information on the basic 


physical components found in utility boilers and how they work 


together to produce steam. 


3.3.1 Fundamentals of Boiler Desiqn and O~eration 


A utility boiler consists of several major subassemblies 


as shown in figure 3-5. These subassemblies include the fuel 


preparation system, air supply system, burners, the furnace, 


and the convective heat transfer system. The fuel preparation 


system, air supply, and burners are primarily involved in 


converting fuel into thermal energy in the form of hot 


combustion gases. The last two subassemblies are involved in 


the transfer of the thermal energy in the combustion gases to 


the superheated steam required to operate the steam turbine 


and produce electricity. 


The NOx formation potential of a boiler is determined by 

the design and operation of the fuel preparation equipment, 


air supply, burner, and furnace subassemblies. The potential 


for reducing NOx after it forms is primarily determined by the 

design of the furnace and convective heat transfer system and, 

in some cases, by the operation of the air supply system. 


Three key thermal processes occur in the furnace and 


convective sections of a boiler. First, thermal energy is 


released during controlled mixing and combustion of fuel and 

oxygen in the burners and furnace. Oxygen is typically 

supplied in two, and sometimes three, separate air streams. 

Primary air is mixed with the fuel before introducing the fuel 

into the burners. In a coal-fired boiler, primary air is also 


used to dry and transport the coal from the fuel preparation 

system ( e . g . ,  the pulverizers) to the burners. Secondary air 

is supplied through a windbox surroundi~g the burners, and is 
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mixed with the fuel after the fuel is injected into the burner 

zone. Finally, some boilers are equipped with tertiary air 

(sometimes called "overfire airu), which is used to complete 

combustion in boilers having staged combustion burners. A 

detailed discussion of the importance of each of these air 


supplies as it relates to NOx formation and control is 


presented in chapter 4. 


Utility boiler furnace walls are formed by multiple, 


closely-spaced tubes filled with high-pressure water. Water 


flows into these "water tubesw at the bottom of the furnace 


and rises to the steam drum located at the top of the boiler. 

In the second key thermal process, a portion of the thermal 

energy formed by combustion is absorbed as radiant energy by 

the furnace walls. During the transit of water through the 

water tubes, the water absorbs this radiant energy from the 


furnace. Although the temperature of the water within these 


tubes can exceed 540 oC (1,000 OF) at the furnace exit, the 

pressure within the tubes is sufficient to maintain the water 


as a liquid rather than gaseous steam. 


At the exit to the furnace, typical gas temperatures are 

1,100 to 1,300 OC (2,000 to 2,400 OF), depending on fuel type 


and boiler design. A t  this point, in the third key process, 
the gases enter the convective pass o f  the boiler, and the 

balance of the energy retained by the high-temperature gases 

is absorbed as convective energy by the convective heat 

transfer system (superheater, reheater, economizer, and air 

preheater). In the convective pass, the combustion gases are 

typically cooled to 135 to 180 OC (275 to 350 OF). 


The fraction of the total energy that is emitted as 

radiant energy depends on the type of fuel fired and the 

temperature within the flame zone of the burner. Because of 


its ash content, coal emits a significant amount of radiant 

energy, whereas a flame produced from burning gas is 

relatively transparent and produces less radiant flux. As a 


result, coal-fired boilers are designed to recover a 

significant amount of the total thermal energy formed by 
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combustion through radiant heat transfer to the furnace walls, 

while gas-fired boilers are designed to recover most of the 


total thermal energy through convection. 


The design and operating conditions within the convective 


pass of the boiler are important in assessing NOx control 

options because two of these options--selective noncatalytic 

reduction (SNCR) and selective catalytic reduction (SCR) --are 

designed to operate at temperatures found in and following the 

convective pass. 

3.3.2 F F 

There are a number of different furnace configurations 

used in utility boilers. For purposes of presentation, these 


configurations have been divided into four groups: 
tangentially-fired, wall-fired, cyclone-fired, and 


stoker-fired. Wall-fired boilers are further subdivided based 


on the design and location of the burners. 

3.3.2.1 Tansentiallv-Fired. The tangentially-fired 


boiler is based on the concept of a single flame zone within 

the furnace. As shown in figure 3-6, the fuel-air mixture in 


a tangentially-fired boiler projects from the four corners of 

the furnace along a line tangential to an imaginary cylinder 

located along the furnace centerline. 16 As shown in 
figure 3-7,the burners in this furnace design are in a 

stacked assembly that includes the windbox, primary fuel 

supply nozzles, and secondary air supply nozzles. 16 

As fuel and air are fed to the burners of a 
tangentially-fired boiler and the fuel is combusted, a 


rotating I1fireball" is formed. The turbulence and air-fuel 

mixing that take place during the initial stages of combustian 
in a tangentially-fired burner are low compared to other types 

of boilers. However, as the flames impinge upon each other in 
the center of the furnace during the intermediate stages of 

combustion, there is sufficient turbulence for effective 


mixing and carbon burnout. 17 Primarily because of their 
tangential firing pattern, uncontrolled tangentially-fired 








boilers generally emit relatively lower NOx than other 


uncontrolled boiler designs. 


The entire windbox, including both the fuel and air 
 a 
nozzles, tilts uniformly. This allows the fireball to be 


moved up and down within the furnace in order to control the 

furnace exit gas temperature and provide steam temperature 

control during variations in load. In addition, the tilts on 


coal-fired units automatically compensate for the decreases in 


furnace-wall heat absorption due to ash deposits. As the 

surfaces of the furnace accumulate ash, the heat absorbed from 

the combustion products decreases. The burners are then 

tilted upwards ta increass the temperature of the flue gas 

entering the convective pass of the boiler. Furnace wall 


fouling will cause the heat to rise in the furnace normally 


resulting in downward tilts, while fouling in the convective 


sections can cause the reverse. Also, when convective tube 


fouling becomes severe, soot blowers are used to remove the 


coating on the tubes. The sudden increase in heat absorption 

by the clean tubes necessitates tilting the burners down to 


their original position. As the fouling of the tubes resumes, 

the tilting cycle repeats itself. 

Tangentially-fired boilers commonly burn coal. However, 


oil or gas are also burned in tangential burners by inserting 

additional fuel injectors in the secondary air components 


adjacent to the pulverized-coal nozzles as shown in 

figure 3-7. 


Approximately 10 percent of the tangentially-fired 


boilers are twin-furnace design. These boilers, which are 


generally larger than 400 megawatts (MW), include separate 

identical furnace and convective pass components physically 

joined side by side in a single unit. The flue gas streams 


from each furnace remain separate until joined at the stack. 

3.3.2.2 Wall-Fired. Wall-fired boilers are 


characterized by multiple individual burners located on a 

single wall or on opposing walls of the furnace. In contrast 


to tangentially-fired boilers that produce a single flame 




envelope, or fireball, each of the burners in a wall-fired 

boiler has a relatively distinct flame zone. Depending on the 

design and location of the burners, wall-fired boilers can be 


subcategorized as single-wall, opposed-wall, cell, vertical, 


arch, or turbo. 


3.3.2.2.1 Sinsle wall. The single-wall design consists 


of several rows of circular-type burners mounted on either the 


front or rear wall of the furnace. Figure 3-8 shows the 


burner arrangement of a typical single-wall-fired boiler. 18 


In circular burners, the fuel and primary air are 


introduced into the burner through a central nozzle that 

imparts the turbulence needed to produce short, compact 


flames. Adjustable inlet vanes located between the windbox . 
and burner impart a rotation to the preheated secondary air 

from the windbox. The degree of air swirl, in conjunction 

with the flow-shaping contour of the burner throat, 


establishes a recirculation pattern extending into the 

furnace. After the fuel is ignited, this recirculation of hot 


combustion gases back towards the burner nozzle provides 


thermal energy needed for stable combustion. 


Circular burners are used for fixing coal, oil, or 


natural gas, with some designs featuring multi-fuel 


capability. A circular burner for pulverized coal, oil, and 


natural gas firing is shown in figure 3-9.19 To burn fuel oil 

at the high rates demanded in a modern boiler, circular 

burners must be equipped with oil atomizers. Atomization 


provides high oil surface area for contact with combustion 


air. The oil can be atomized by the fuel pressure or by a 


compressed gas, usually steam or air. Atomizers that use fuel 


pressure are generally referred to as uniflow or return flow 

mechanical atomizers. Steam- and air-type atomizers provide 


efficient atomization over a wide load range, and are the most 

commonly used. 


In natural gas-fired burners, the fuel can be supplied 


through a perforated ring, a centrally located nozzle, or 




Figure 3-8. Single wall-fired boiler. 18 



F i g u r e  3-9. Circular-type b u r n ~ ~ rfor pulverized

coal, oil, or gas. 
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radial spuds that consist of a gas pipe with multiple holes at 


the end. 


Unlike tangentially-fired boiler designs, the burners in 

wall-fired boilers do not tilt. Superheated steam 


temperatures are instead controlled by excess air levels, heat 

input, flue gas recirculation, and/or steam attemperation 


(water spray)., In general, wall-fired boilers do not 


incorporate the twin-furnace design. 


3.3.2.2.2
 -.
 Opposed-wall-fired boilers are 


similar in design to single wall-fired units, differing only 


in that two furnace walls are equipped with burners and the 


furnace is deeper. The opposed-wall design consists of 


several rows of circular-type burners mounted on both the 


front and rear walls of the furnace as shown in figure 3-10. 

3.3.2.2.3 1 Cell-type wall-fired boilers consist of 


two or three closely-spaced burners, i . e . ,  the cell, mounted 
on opposed walls of the furnace. Furnaces equipped with cell 


burners fire coal, oil, and natural gas. Figure 3-11 shows a 


natural gas-fired cell burner employing spud-type firing 


elements.20 The close spacing of these fuel nozzles generates 
hotter, more turbulent flames than the flames in circular-type 

burners, resulting in a higher heat release rate and higher 

NOx emission levels than with circular burners. Cell-type 


boilers typically have relatively small furnace sizes with 


high heat input. 

3 . 3 . 2 . 2 . 4  i. 

Vertically-fired boilers use circular burners that are 

oriented downward, rather than horizontally as with wall-fired 


boilers, Several vertical-fired furnace designs exist, 


including roof-fired boilers, and arch-fired and turbo-fired 

boilers, in which the burners are installed on a sloped 

section of furnace wall and are fired at a downward angle. 

Vertically-fired boilers are used primarily to burn solid 


fuels that are difficult to ignite, such as anthracite. They 

require less supplementary fuel than the horizontal wall- or 




Figure 3-10. Opposed wall-fired boiler. 
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Figure 3-11. Cell burner f o r  natural gas-firing. 
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tangentially-fired systems, but have more complex firing and 


operating characteristics. 


Figure 3-12 shows an arch-fired boiler where pulverized 


coal is introduced through the nozzles, with heated combustion 


air discharged around the fuel nozzles and through adjacent 

secondary ports. 21 Tertiary air ports are located in rows 


along the front and rear walls of the lower section of the 

furnace. 


This firing mode generates a long, looping flame in the 

lower furnace, with the hot combustion products discharging up 


through the center. Delayed introduction of the tertiary air 

provides the turbulence needed to complete combustion. The 


flame pattern ensures that the largest entrained solid fuel 


particles (i.e., those with the lowest surface area-to-weight 


ratio) have the longest residence time in the furnace. 


Roof-fired boilers are somewhat similar in design, having 


the burners mounted on the roof of the furnace, but discharge 


combustion gases through a superheater section located at the 

bottom of the furnace, rather than through an opening at the 


top of the boiler. In a coal-fired boiler design, the flames 


from individual burners do not impinge on each other as in an 

arch-fired boiler, and residence times in the furnace are 

shorter. 


Turbo-fired boilers are unique because of their 


venturi-shaped cross-section and directional flame burners as 

shown in Figure 3-13.22 In turbo-fired boilers, air and coal 
are injected downward toward the furnace bottom. Like arch-

fired boilers, turbo-fired boilers generate flames that 


penetrate into the lower furnace, turn, and curl upward. Hot 


combustion products recirculate from the lower furnace and 

flow upward past the burner level to the upper furnace, where 


they mix with the remaining fuel and air. This type of firing 

system produces long, turbulent flames. 




Upper
Front. 
(or Rear) 
Wall 

Primary Air and 
Pulverized Coal 

Arch 

Furnace Enclosure 
(Refractory Lined) 

Figure 3-12. Flow pattern in an arch-fired boiler. 
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3.3.2.3 Cvclone-Fired. Cyclone-fired boilers burn 

crushed, rather than pulverized, coal. As shown in 


figure 3-14, fuel and air are burned in horizontal cylinders, 

producing a spinning, high-temperature flame. 23 Only a small 


amount of wall surface is present in the cylinder and this 

surface is partially insulated by the covering slag layer. 

Thus, cyclone-fired boilers have a combination of high heat 

release rate and low heat* absorption rates, which results in 

very high flame temperatures and conversion of ash in the coal 

into a molten slag. This slag collects on the cylinder walls 


and then flows down the furnace walls into a slag tank located 

below the furnace. As a result of the high heat release rate, 

the cyclone-fired boilers are characterized by high thermal 


NOx formation. 

Because of their slagging design, cyclone-fired boilers 


are almost exclusively coal-fired. However, some units are 

also able to fire oil and natural gas. Figure 3-15 shows the 


single-wall firing and opposed-wall firing arrangements used 


for cyclone firing.24 For smaller boilers, sufficient firing 


capacity is usually attained with cyclone burners located in 

only one wall. For large units, furnace width can often be 

reduced by using oppnsed firing. 


3.3.2.4 Stoker-Fired. There are several types of 


stoker-fired boilers used by utilities. The most common 


stoker type is the spreader stoker. Spreader stokers are 

designed to feed solid fuel onto a grate within the furnace 

and remove the ash residue. 


Spreader stokers burn finely crushed coal particles in 


suspension, and larger fuel particles in a fuel bed on a grate 

as shown in figure 3-16.25 The thin bed of fuel on the grate 
is fuel-burning.and responsive to variations in load. 


However, relatively low combustion gas velocities through the 

boiler are necessary to prevent fly ash erosion, which results 

from,high flue-gas ash loadings. 


Spreader stokers use continuous-ash-discharge traveling 


grates, intermittent-cleaning dump grates, or reciprocating 
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Figure 3-14. Cyclone burner. 23 
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~igure3-15. � iring arrangements usf4d with 
cyclone-fired boilers. 






continuous-cleaning grates. They are capable of burning all 

types of bituminous and lignitic coals. Because of material 


handling limitations, the largest stokers used by utilities 


are roughly 50 MW or less. 


3.3.2.5 Fluidized Bed Combustion Boilers. Fluidized bed 


combustion (FBC) is an integrated technology for reducing 

sulfur dioxide (SO21 and NO, emissions during the combustion 


of coal and is an option for repowering or for a new boiler. 

In a typical FBC boiler, crushed coal in combination with 

inert material (sand, silica, alumina, or ash) and/or a 


sorbent (limestone) are maintained in a highly turbulent 


suspended state by the upward flow of primary air from the 

windbox located directly below the combustion floor. This 


fluidized state provides a large amount of surface contact 


between the air and solid particles, which promotes uniform 


and efficient combustion at lower furnace temperatures, 


between 860 and 900 OC (1,575and 1,650 OF) compared to 1,370 

and 1,540 OC (2,500and 2,800 OF) for conventional coal-fired 


boilers. Furnace internals include fluidizing air nozzles, 


fuel-feed ports, secondary air ports, and waterwalls lined at 

the bottom with refractory. Once the hot gases leave the 


combustion chamber, they pass through the convective sections 


of the boiler which are similar or identical to components 

used in conventional boilers. Fluidized bed combustion 

boilers are capable of burning low grade fuels. Unit sizes, 


as offered by manufacturers, range between 25 and 400 MW. The 

largest FBC boilers installed are typically closer to 200 MW. 

Fluidized bed combustion technologies based on operation 

at atmospheric and pressurized conditions have been developed. 


The atmospheric FBC (AFBC) system shown in figure 3-17 is 


similar to a conventional utility boiler in that the furnace 

operates at near atmospheric pressure and depends upon heat 

transfer of a working fluid (i.e., water) to recover the heat 

released during combustion. 26 pressurized FBC (PFBC) operates 
at pressures greater than atmospheric pressure and recovers 




Flue Gar 

Cyclonm 

Figure 3-17. Simplified AFBC process flow diagram.
26 
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energy through both heat transfer to a working fluid and the 


use of the pressurized gas to power a gas turbine. 

3.3.2.5.1 Atmos~heric fluidized bed combustion. There 


are two major categories of AFBC boilers: the bubbling bed, 


and the circulating bed designs. In the bubbling bed design, 


coal and limestone are continuously fed into the boiler from 


over or under the bed. The bed materials, consisting of 


unreacted, calcined, and sulfated limestone, coal, and ash, 


are suspended by the combustion air blowing upwards through 

the fluidizing air nozzles. The desired depth of the 


fluidized-bed is maintained by draining material from the bed. 

Some bed material is entrained in the upflowing flue gas and 


escapes the combustion chamber. Approximately 80 to 


90 percent of this fly ash is collected in the cyclone and is 

then either discarded or reinjected into the bed. Reinjection 


of ash increases combustion efficiency and limestone 


utilization. In general, combustion efficiency increases with 

longer freeboard residence times and greater ash recycle 


rates. Fly ash not collected in the cyclone is removed from 

the flue gas by an electrostatic precipitator (ESP) or fabric 

filter. 


The circulating fluidized bed design is a more recent 

development in AFBC technology. The two major differences 


between circulating and bubbling AFBCvs are the size of the 

limestone particles fed to the system, and the velocity of the 

fluidizing air stream. Limestone feed to a bubbling bed is 


generally less than 0.1 inches in size, whereas circulating 

beds use much finer limestone partichs, generally less than 


0.01 inches. The bubbling bed also incorporates relatively 


low air velocities through the unit, ranging from 4 to 

12 feet per second (ft/sec). 26 This creates a relatively 

stable fluidized bed of solid particles with a well-defined 

upper surface. Circulating beds employ velocities as high as 


30 £t/sec.27 As a result, a physically well-defined bed is 

not formed; instead, solid particles (coal, limestone, ash, 




device and 

with fresh 

solids are 

material b 

sulfated limestone, etc.) are entrained in the transport 
air/combustion gas stream. These solids are then separated 

from the combustion gases by a cyclone or other separating 

circulated back into the combustion region, along 

coal and limestone. A portion of the collected 

continuously removed from the system to maintain 
alances. Circulating beds are characterized by very 

high recirculated solids flow rates, up to three orders of 
26 magnitude higher than the combined coal/limestone feed rate. 

Circulating AFBC1s are dominating new FBC installation, 

in part due to their improved performance and enhanced fuel 
28 flexibility. Some specific advantages of circulating bed 

over bubbling bed designs include: 
Higher combustion efficiency, exceeding 90 percent; 

Greater limestone utilization, due to high recycle 

of unreacted sorbent and small limestone feed size 
(greater than 85 percent SO2 removal efficiency is 

projected with a Ca/S ratio of about 1.5, with the 

potential for greater than 95 percent SO2 removal 

efficiency) ; 
I 

Potentially fewer corrosion and erosion problems, 

compared to bubbling bed designs with in-bed heat 
transfer surfaces; 
Less dependence on limestone type, since reactivity 

is improved with the fine particle sizes; and 
Reduced solid waste generation rates, because of 

lower limestone requirements. 

3.3.2.5.2 Pressurized fluidized bed combustion. 

Pressurized FBC is similar to AFBC with the exception that 
combustion occurs under pressure. By operating at pressure, 

it is possible to reduce the size of the combustion chamber 
and to develop a combined-cycle or turbocharged boiler capable 
of operation at higher efficiencies than atmospheric systems. 

The turbocharged boiler approach recovers most of the heat 

from the boiler through a conventional steam cycle, leaving 



only sufficient energy in the gas to drive a gas turbine to 


pressurize the combustion air. The combined cycle system 


extracts most of the system's energy through a gas turbine 


followed by a heat recovery steam generator and steam turbine. 

3 . 3 . 3  Other Boiler Com~onents 

This section discuses additional boiler components 


including pulverizers (fuel preparation system), air supply 


system, and superheaters/reheaters, economizers, and air 


heaters (heat transfer system). 


3.3.3.1 Pulverizers. Cyclone-fired or stoker-fired 


boilers use crushed coal, but most other boilers use 


pulverized coal. The only fuel preparation system discussed 


here is the pulverizer. Pulverized coal is favored over other 


forms of coal because pulverized coal mixes more intimately 


with the combustion air and burns more rapidly. Pulverized 


coal also burns efficiently at lower excess air levels and is 

more easily lit and controlled. 29 


To achieve the particle size reduction required for 

proper combustion in pulverized coal-fired boilers, machines 


known as pulverizers (also referred to as flmillsm) are used to 

grind the fuel. Coal pulverizers are classified according to 


their operating speed. Low-speed pulverizers consist of a 

rotating drum containing tumbling steel balls. This 


pulverizer type can be used with all types of coal, but is 


particularly useful for very abrasive coals having a high 

silica content. 


Most medium-speed pulverizers are ring-roll and ball-race 


mill designs, and are used for all grades of bituminous coal. 


Their low power requirements and quick response to changing 

boiler loads make them well-suited for utility boiler . 
applications. They comprise the largest number of 

medium-speed pulverizers, and the largest number of coal 


pulverizers overall. High-speed pulverizers include impact or 


hammer mills and attrition mills and are also used for all 


grades of bituminous coal. 




The capacity of a pulverizer is affected by the 

grindability of the coal and the required fineness. The 

required fineness of pulverization varies with the type of 


coal and with the size and type of furnace, and usually rangep 


from 60 to 75 weight-percent passing through a 200 mesh 

(74 micrometers [ p m l )  screen. To ensure minimum carbon loss 

from the furnace, high-rank coals are frequently pulverized to 


a finer size than coals of lower rank. When firing certain 

low-volatile coals in small pulverized coal furnaces, the 

fineness may be as high as 80 weight-percent through a 


200 mesh screen in order to reduce carbon loss to acceptable 

levels.30 

Coal enters the pulverizer with air that has been heated 


to 150 to 400 oC (300 to 750 OF), depending on the amount of 

moisture in the coal. The pulverizer provides the mixing 


necessary for drying, and the pulverized coal and air mixture 

then leaves the pulverizer at a temperature ranging from 


55 to 80 oC (130 to 180 OF).31 

The two basic methods used for moving pulverized coal to 


the burners are the  storage o r  bin-and-feeder system, and the 
direct-fired system. In the storage system, the pulverized 


coal and air (or flue gas) are separated in cyclones and the 

coal is then stored in bins and fed to the burners as needed. 

In direct-fired systems, the coal and air pass directly from 


the pulverizers to the burners and the desired firing rate is 

regulated by the rate of pulverizing. 


3.3.3.2 -m. Key air supply system 

components are fans and windboxes. The purpose of these 


components are to supply the  required volumes of air to the 

pulverizers and burners, and to transport the combustion gases 


from the furnace, through the convective sections, and on to 

the  air pollution control equipment and stack. 

The fans determine the static pressure of the boiler, 


which can be characterized as forced-draft, balanced-draft, Or 


induced draft. A forced-draft boiler operates at static 

pressures greater than atmospheric, a balanced-draft boiler 
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operates with  static pressures at or slightly below 

atmospheric, and an induced-draft boiler operates at less than 


atmospheric pressure. Four types of fans are used: 


forced-draft, primary-air, induced-draft, and 


gas-recirculation. 


Forced-draft fans are located at the inlet to the 

secondary air supply duct. These fans supply the secondary or 

tertiary air used far combustion. The air is typically routed 


through the air preheater and then to the windbox. Forced-


draft fans are used on both forced-draft and balanced-draft 


boilers. 


Primary air fans are located before or after the fuel 


preparation systems, and provide primary air to the burners. 


In pulverized coal boilers, primary air fans are used to 
supply air to the pulverizers and then to transport the 


coal/air mixture to the burners. There are two types of 


primary a i r  fans: mill exhauster fans and cold air fans. A 

mill exhauster fan is located between the pulverizer and the 

windbox and pulls preheated combustion air from the secondary 


air supply duct through the pulverizers. Cold air fans are 


located before the pulverizers and provide ambient air to the 


pulverizers through a separate ducting system. Primary a i r  
fans are used in all boilers. 


Induced-draft fans are generally located just before the 


stack. These fans pull the combustion gases through the 


furnace, convective sections, and air pollution control 

equipment. Induced draft fans are used on balanced-draft 

boilers to maintain a slightly negative pressure in the 

furnace. Induced draft fans are used on induced-draft boilers 

to maintain negative static pressure. In this arrangement, 


the induced-draft fan are also designed with sufficient static 


head to pull secondary air through the air preheater and 

windbox. 


Gas recirculation fans are used to transport partially 


cooled combustion gases from the economizer outlet back to the 


furnace. Gas recirculation can be used for several purposes, 




including control of steam temperatures, heat absorption 


rates, and slagging. It is also sometimes used to control 

flame temperatures, and thereby reduce NOx formation on gas-

and oil-fired boilers. 


The second part of the air supply system is the windbox. 

A windbox is essentially an air plenum used for distributing 


secondary air to each of the burners. The flow of air to 

individual burners is controlled by adjustable air dampers. 

By opening or closing these dampers, the relative flow of air 

to individual burners can be changed. To increase or decrease 

the total air flow to the furnace, the differential pressure 

between the windbox and furnace is changed by adjusting the 


fans. In boilers having tertiary air injection, tertiary air 


can be supplied from the windbox supplying secondary air or by 

a separate windbox. Separate windboxes allow greater control 


of the tertiary air supply rate. 

3.3.3.3 Su~erheaters/Reheaters. To produce electricity, 


a steam turbine converts thermal energy (superheated steam) 

into mechanical energy (rotation of the turbine and electrical 

generator shaft). The amount of electricity that can be 


produced by the turbine-generator system is directly related 


to the amount of superheat in the steam. If saturated steam 


is utilized in a steam turbine, the work done results in a 

loss of energy by the steam and subsequent condensation of a 

portion of the steam. This moisture, in the form of condensed 


water droplets, can cause excessive wear of the turbine 


blades. If, however, the steam is heated above the saturation 

temperature level (superheated), more useful energy is 


available prior to the point of excessive steam condensation 


in the turbine exhaust.32 

To provide the additional heat needed to superheat the 

steam recovered from the boiler steam drum, a superheater is 

installed in the upper section of the boiler. In this area of 

the boiler, flue gas temperatures generally exceed 1,100 OC 


(2,000 OF). The superheater transfers this thermal energy to 

the steam, superheating it. The steam is then supplied to t hg  
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turbine. In some turbine designs, steam recovered from the 


turbine after part of its available energy has been used is 


routed to a reheater located in the convective pass just after 


the superheater. The reheater transfers additional thermal 


energy from the flue gas to the stream, which is supplied to a 


second turbine. 


Superheaters and reheaters are broadly classified as 


convective or radiant, depending on the predominate mechanism 


of heat transfer to the absorbing surfaces. Radiant 
superheaters usually are arranged for direct exposure to the 


furnace gases and in some designs form a part of the furnace 
enclosure. In other designs, the surface is arranged in the 

form of tubular loops or platens of wide lateral spacing t h a t  
extend into the furnace. These surfaces are exposed to 


high-temperature furnace gases traveling at relatively low 


speeds, and the transfer of heat is principally by radiation. 


Convective-type superheaters are more common than the 


radiant type. They are installed beyond the furnace exit in 


the convection pass of the boiler, where the gas temperatures 


are lower than those in the furnace. Tubes in convective 

superheaters are usually arranged in closely-spaced tube banks 

that extend partially or completely across the width of the 


gas stream, with the gases flowing through the relatively 

narrow spaces between the tubes. The principal mechanism of 

heat transfer is by convection.33 

The spacing of the tubes in the superheater and reheater 

is governed primarily by the type of fuel fired. In the 


high-gas-temperature zones of coal-fired boilers, the 


adherence and accumulation of ash deposits can reduce the gas 


flow area and, in some cases, may completely bridge the space 

between the tubes. Thus, in coal-fired boilers, the spaces 

between tubes in the tube banks are increased to avoid excess 


3 3 pressure drops and to ease ash removal. However, because the 


combustion of oil and natural gas produces relatively clean 

flue gases that are free of ash, the tubes of the superheaters 


3-44  




and reheaters can be more closely spaced in coal- and natural 

gas-fired boilers and the superheaters and reheaters 


themselves are more compact. 

3.3.3.4 Economizers. Economizers improve boiler 


efficiency by recovering heat from the moderate-temperature 

combustion gases after the gases leave the superheater and 

reheater. 


Economizers are vertical or horizontal tube banks that 


heat the water feeding the furnace walls of the boiler. 

Economizers receive water from the boiler feed pumps at a 

temperature appreciably lower than that of saturated steam. 

Economizers are used instead of additional steam-generating 

surface because the flue gas at the economizer is at a 


temperature below that of saturated steam. Although there is 

not enough heat remaining in the flue gases for steam 


generation at the economizer, the gas can be cooled to lower 
temperatures for greater heat recovery and economy. 


3.3.3.5 air Preheaters. Air preheaters are installed 


following the economizer to further improve boiler efficiency 

by transferring residual heat in the flue gas to the incoming 

combustion air. Heated combustion air accelerates flame 

ignition in the furnace and accelerates coal drying in 

coal-fired units. 


In large pulverized coal boilers, air heaters reduce the 

temperature of the flue gas from 320 to 430 OC (600 to 800 OF) 

at the economizer exit. Air preheaters reduce the temperature 

to 135 to 180 OC (275 to 350 OF). This energy heats the 

combustion air from about 25 OC (80 OF) to between 260 and 

400 OC (500  and 750 OF) . 34 

3 . 4  IMPACT OF FUEL PROPERTIES ON BOILER DESIGN 

3.4.1 Coal 


Regardless of  the fineness of pulverization, coal fed to 
the boiler essentially retains its as received mineral content, 

(ash). In a dry-ash or dry-bottom furnace, nearly all of the 


ash particles are formed in suspension, and roughly 80 percent 

leave the furnace entrained in the flue gas. Slag-tap or 
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wet-bottom furnaces operate at higher temperatures and 
heat-release rates and, as a result, a portion of the ash 

particles become molten, coalesce on the furnace walls, an1 

drain to the furnace bottom. In this case, approximately 

50 percent of the ash may be retained in the furnace, with the 

other 50 percent leaving the unit entrained in the flue gas. 3 5 

Because of their high heat release rates, wet-bottom furnaces 

generally have higher thermal NOx formation than dry-bottom 

furnaces . 
Because longer reaction time is required for the 

combustion of coal, furnaces for firing coal are generally 
larger than those used for burning oil or natural gas. The 

characteristics of the coal, which varies with rank, 
determines the relative increase in furnace size shown in 

36 figure 3-18. Furnaces firing coals with low volatile 

contents or high moisture or ash levels are larger than those- 

firing high volatile content coals. In addition, the 

characteristics of the coal ash,and the desired operating 

temperature of the furnace will influence furnace size. The 

furnace must be large enough to provide the furnace retention 

time required to burn the fuel completely and cool the 

combustion products. This is to ensure that the gas 

temperature at the entrance to the convective pass is well 
below the ash-softening temperature of the coal and'the 

metalurigical limits of the superheater tubes. 

3 . 4 . 2  Oil/Gas 

Oil-fired boilers do not require as large a furnace 

volume as coal-fired boilers to ensure complete burning. 
Because atomization of oil provides a greater amount of fuel 
reaction surface for combustion than pulverization of coal, 
furnace residence times can be shorter. In addition, the 

relatively low ash content of oil essentially eliminates the 
slagging problems that can occur in a small coal-fired 

37 furnace. 

Similarly, because the combustion gases contain less 

entrained ash, the convective pass of oil-fired boilers can be 





more compact, with more closely spaced tubes in the 


superheater and reheater sections. In addition, oil-fired 

units operate at lower excess air levels than coal-fired 


boilers; up to 20 percent less air volume per unit heat input 

is required for oil firing.37 

The more compact design of oil-burning furnaces has an 


effect on NOx emissions from oil-fired units. Even though the 


nitrogen content of the oil is generally lower than that of 


coal, higher flame temperatures result in increased formation 


of thermal NO,. This thermal NOx contribution can more than 


offset the lower fuel NOx contribution from the oil. 37 

Gas-fired boilers are similar in design to oil-fired 


boilers, as many gas-fired boilers were intended to fire oil 

as a supplementary fuel. Boilers that are strictly gas-fired 


have the smallest furnace volumes of all utility boilers, 


because of the rapid combustion, low flame luminosity, and ash 


free content of natural gas. Because the nitrogen content of 


natural gas is low, its combustion produces minimal fuel NO,. 


However, the compact furnaces and resulting high heat release 


rates of gas-fired boilers can generate high levels of thermal 

38NO,. 


Some furnaces were originally designed and operated as 


coal-fired furnaces and then converted to oil- and gas-fired 

furnaces. Furnaces designed to burn coal have larger volumes 


than furnaces originally designed to burn oil and/or natural 


gas fuel. As a result, the furnace heat release rate is 

lower, and NOx emissions from the converted furnaces may be 


lower. 


Figure 3-19 shows the comparative sizes of coal, oil, and 


natural gas utility boilers of the same generation rating. 39 

The differences in the designs are attributed to the heat 

transfer characteristics of the fuels. The type of fuel being 

burned directly influences the furnace dimensions, distance 


above the top row of burners and the convective pass, furnace 

bottom design, location of burners in relation to the furnace 






I 

bottom, and design of the convective pass all are influenced 


by the iype of fuel being burned.4o 
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4.0 CHaRaCTERIZATION OF NOx EMISSIONS 


Nitrogen oxide (NO,) emissions from combustion devices are 


comprised of nitric oxide (NO) and nitrogen dioxide (NO21. 
For most combustion systems, NO is the predominant NOx 

species. This chapter discusses how differences in boiler 

design, fuel characteristics, and operating characteristics 


can affect NOx emissions. Additionally, this chapter presents 

uncontrolled/baseline NOx emission levels from various utility 


boilers. 

4.1 NOx FORMATION 


The formation of NOx from a specific combustion device is 


determined by the interaction of chemical and physical 

processes occurring within the furnace. This section 


discusses the three principal chemical processes for NOx 

formation. These are: (1) wthermalwNO,, which is the 


oxidation of atmospheric nitrogen; (2) l1prompt1INO,, which is 


formed by chemical reactions between hydrocarbon fragments and 

atmospheric nitrogen; and (3) Ilf~el~~ which is formed from
NO,, 


chemical reactions involving nitrogen atoms chemically bound 


within the fuel. 


4.1.1 Thermal NO, Formation
-
llThermalw
NOx results from the oxidation of atmospheric 


nitrogen in the high-temperature post-flame region of a 

combustion system. During combustion, oxygen radicals are 

formed and attack atmospheric nitrogen molecules to start the 

reactions that comprise the thermal NOx formation mechanism: 


O + N 2 * N O + N  (4-1) 

N + 0 2 * N O + O  ( 4 - 2 )  

N + O H * N O + H  (4-3) 



The first reaction (equation 4-1)is generally assumed to 


determine the rate of thermal NOx formation because of its 

high activation energy of 76.5 kcal/mole. Because of this 


reaction's high activation energy, NOx formation is slower 


than other combustion reactions causing large amounts of NO to 


form only after the energy release reactions have equilibrated 

(i.e., after combustion is "complete"). Thus, NO formation 


can be approximated in the post-combustion flame region by: 

[NO] = ke-K/T [Nz] [0211/2 t ( 4 - 4 )  

where: 

[ I are mole fractions, 
k and K are reaction constants, 

T is temperature, and t is time. 

The major factors that influence thermal NOx fonnation are 


temperature, oxygen and nitrogen concentrations, and residence 


time. If temperature, oxygen concentrations, or nitrogen 

concentrations can be reduced quickly after combustion, 


thermal NOx formation is suppressed or ltquenchedil. 
Of these tour factors, temperature is the most impoqtant. 


Thermal NOx formation is an exponential function of 
temperature (equation 4 - 4 ) .  One of the fundamental parameters 

affecting temperature is the local equivalence ratioa. Flame 


temperature peaks at equivalence ratios near one as shown in 
1


figure 4-1. If the system is fuel-rich,then there is not 

sufficient oxygen to burn all the fuel, the energy release is 

not maximized, and peak temperatures decrease. If the system 


is fuel-lean,there are additional combustion gases to absorb 

heat from the combustion reactions, thus decreasing peak 


temperatures. A premixed flameb may exist in a wide range of 

'~quivalence ratio'is defined as the fuel/oxidizer ratio 

divided by the stoichiornetsic fuel/oxidizer ratio. The 

equivalence ratio is given the symbol $. 

b
A premixed flame exists when the reactants are mixed prior to 
chemical reaction. 




-

Figure 4-1.  Variation of flame tlemperature wi th  

equivalence ratio 




equivalence ratios, and thus premixed flames have a wide range 

of peak temperatures. However, a non-premixed flamec will 


generally react near an equivalence ratio of one, causing high 

peak temperatures. 


For utility boilers, the temperature is also related to the 

heat release per unit of burner zone volume. Units with large 

heat release rates per unit volume, may experience higher 

temperatures, creating higher NOx levels. 

4.1.2 Prom~tNOx- Formation 

Prompt NOx formation is the formation of NOx in the 


combustion system through the reactions of hydrocarbon 

fragments and atmospheric nitrogen. As opposed to the slower 
thermal NOx formation, prompt NOx formation is rapid and 


occurs on a time scale comparable to the energy release 


reactions (i-e., within the flame). Thus, it is not possible 

to quench prompt NOx formation in the manner by which thermal 
NOx formation is quenched. However, the contribution of 


prompt NOx to-the total NOx emissions of a system is rarely 


large.2 

Although there is some uncertainty in the detailed 

mechanisms for prompt NOx formation, it is generally believed 


that the principal product of the initial reactions is 


hydrogen cyanide (HCN) or CN radicals, and that the presence 


of hydrocarbon species is essential for the reactions to take 


place.3 The following reactions are the most likely initiating 

steps for prompt NO,: 4 

CH + N2 * HCN + N ( 4 - 5 )  

CH2 f N2 * HCN + NH ( 4 - 6 )  

The HCN radical is then further reduced to form NO and other 

nitrogen oxides. 


Measured levels of prompt NOx for a number of hydrocarbon 
compounds in a premixed flame show that the maximum prompt NOx 

5
is reached on the fuel-rich side of stoichiometry. On the 


A non-premixed flame exists where the reactants must diffuse 
into each other during chemical reaction. 


c 



fuel-lean side of stoichiometry, few hydrocarbon fragments arc 

free to react with atmospheric nitrogen to form HCN, the 

precursor to prompt NOx. With increasingly fuel-rich 


conditions, an increasing amount of HCN is formed, creating 


more NO,. However, above an equivalence ratio of 


approximately 1.4,there are not enough 0 radicals present to 


react with HCN and form NO, so NO levels decrease. 

4.1.3 Fuel NO, Formation
-

The oxidation of fuel-bound nitrogen is the principal sourae 
of NOx emissions in combustion of coal and some oils. All 


indications are that the oxidation of fuel-bound nitrogen 


compounds to NO is rapid and occurs on a time scale comparable 


to the energy release reactions during combustion. Thus, as 

with prompt NO,, the reaction system cannot be quenched as it 


can be for thermal NO,. 

Although some details of the kinetic mechanism for 


conversion of fuel nitrogen to NOx are unresolved at the 


present time, the sequence of kinetic processes is believed to 


be a rapid thermal decomposition of the parent fuel-nitrogen 


species, such as pyridine, picoline, nicotine, and quinoline, 


to low molecular weight corrrpounds, such as HCN, and subseque~t 

decay of these intermediates to NO or nitrogen (N2). In 


stoichiometric or fuel-lean situations, the intermediates will 

generally react to form NO over N2, whereas in fuel-rich 

systems, there is evidence that the formation of N2 is 

competitive with the formation of NO. This may, in part, be 

the cause of high NOx emissions in fuel-lean and 

stoichiornetric mixtures and lower NOx emissions in fuel-rich 

systems. 


Several studies have been conducted to determine factors 

that affect fuel NOx emissions. One study on coal combustion 

Eound that under pyrolysis conditions, 65 percent of the fuel 

nitrogen remained in the coal after heating to 7 5 0  oC 

(1,380OF) but only 10 percent remained at 1,320 OC 

6(2,400 OF). This suggests that the formation of NOx may 


depend upon the availability of oxygen to react with the I 



nitrogen during coal devolitization and the initial stages of 


combustion. If the mixture is fuel-rich, the formation of N2 


may compete with the formation of NO, thus reducing NOx 


emissions. If the mixture is fuel-lean, the formation of NO 


will be dominant, resulting in greater NOx emissions than 


under fuel-rich conditions. This also implies that the 


subsequent burning of the devolatilized coal char will have 


little effect on the formation of NO. 

Although the combustion study was for coal, it is probable 


that the formation of fuel NOx from oil is also related to the 

vaporous reactions of nitrogen compounds. Although the 


nitrogen-containing compounds in coal vaporize at varying 

rates prior to completing combustion, the nitrogen-containing 

compounds in oil are of similar molecular weight to other 

compounds in the oil, and thus vaporize at rates similar to 


the other species in the oil. 

The nitrogen content of the fuel affects the formation of 


fuel NO,. Tests of burning fuel oils in a mixture of oxygen 


and carbon dioxide (to exclude thermal NO,) show a strong 


correlation between the percentage of nitrogen in the oil and 

7

fuel NOx formation as shown in figure 4-2a. However, the 


percentage of fuel nitrogen converted to NOx is not constant, 

but decreases with increasing fuel nitrogen as shown in 


7
figure 4-2b. For coal, there is no readily apparent 


correlation between the quantity of fuel nitrogen and fuel NOx 

as shown in figure 4-3.8 Note, however, that most of the 

tested coals contained approximately 1.0 percent nitrogen or 

higher, whereas many oils contain less than 1.0 percent 


nitrogen. The differences in the rates of conversion of fuel 

nitrogen to NOx may be due to the different nitrogen levels in 

oil and coal. 


During another study, fuel NOx was measured in a large 
tangentially-fired coal utility boiler. Figure 4-4shows that 


fuel NOx formation correlated well with the fuel oxygen/ 


nitrogen ratio), which suggests that fuel oxygen (or some 




% Fuel Nitrogen 
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~iqure4-2a. Comparison of fuel NOx to fuel nitrogen. 
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Figure 4-2b. Percent conversion of nitrogen to fuel NOx, 7 




High-Vol. 
Bit C 
a 

Subbit, . 
C Coal 

High-Vol. 
Bit B 

Bit 
a 

Low-Vol. 
Bituminous 

High-Vol. 
Bit A 

% Nitrogen in Fuel (DAF) 

Figure 4-3. Fuel nitrogen oxide to fuel nitrogen. 
content-pulverized coal, premixed. 



Ratio of Coal Oxygen to Coal Nitrogen 

Figure 4-4.  Fuel-bound nitrogen-to-nitrpgen oxide in 
pulverized-coal combustion. 


I 



-other fuel property that correlates well with fuel oxygen) 


influences the percentage of fuel nitrogen converted to fuel 

9

NO,. This corresponds to previous observations that greater 


levels of NOx are found in fuel-lean combustion environments. 

4.2 fithat- Emissions 

The formation of thermal, prompt, and fuel NOx in combustion 


systems is controlled by the interplay of equivalence ratio 


with combustion gas temperature, residence time, and 


turbulence (sometimes referred to as the "three Tsv). Of 

primary importance are the localized conditions within and 


immediately following the flame zone where most combustion 


reactions occur. In utility boilers, the equivalence ratio 


and the three Ts are determined by factors associated with 

burner and boiler design, fuel characteristics, and boiler 


operating conditions. This section discusses how boiler 


design, fuel characteristics, and boiler operating 


characteristics, can influence baseline (or uncontrolled) NOx 


emission rates. 


4.2.1. Boiler Desisn Characteristics 


There are a number of different furnace configurations used 


in utility boilers. These include tangential, wall, cyclone, 


and stoker designs. Background information on each of these 


boiler designs is presented in chapter 3. Each configuration 


has desigh characteristics that partially determine the 


uncontrolled NOx emissions of the boiler. 


4.2.1.1 Tansentiallv-Fired. The burners in 


tangentially-fired furnaces are incorporated into stacked 


assemblies that include several levels of primary fuel nozzles 

interspersed with secondary air supply nozzles and warmup 

guns. The burners inject stratified layers of fuel and 

secondary air into a relatively low turbulence environment. 

The stratification of fuel and air creates fuel-rich regions 

in an overall fuel-lean environment. Before the layers are 


mixed, ignition is initiated in the fuel-rich region. Near 


the highly turbulent center fireball, cooler secondary air is 




quickly mixed with the burning fuel-rich region, insuring 

complete combustion. 


The off-stoichiometric combustion reduces local peak 


temperatures and thermal NOx formation. In addition, the 


delayed mixing of fuel and air provides the fuel-nitrogen 


compounds a greater residence time in the fuel-rich 

environment, thus reducing fuel NOx formation. 


4.2.1.2 Wall Units. There are several types of dry-bottom 

and wet-bottom wall-fired units, including single, opposed, 


cell, vertical, arch, and turbo. In general, wet-bottom units 


will have higher NOx emissions than corresponding dry-bottom 

units because of higher operating temperatures, although other 


factors, such as fuel type and furnace operating conditions, 


may affect individual unit NOx emission levels. 

4.2.1.2.1 Sinsle and opposed. Single-wall units consist of 


several rows of circular burners mounted on either the front 

or rear wall of the furnace. Opposed-wall units also use 


circular burners, but have burners on two opposing furnace 


walls and have a greater furnace depth. 

Circular burners introduce a fuel-rich mixture of fuel and 


primary air into the furnace through a central nozzle. 


Secondary air is supplied to the burner through separate 


adjustable inlet air vanes. In most circular burners, these 


air vanes are positioned tangentially to the burner centerline 


and impart rotation and turbulence to the secondary air. The 

degree of air swirl, in conjunction with the flow-shaping 

contour of the burner throat, establishes a recirculation 

pattern extending several burner throat diameters into the 


furnace. The high levels of turbulence between the fuel and 


secondary air streams creates a nearly stoichiometric 

combustion mixture. Under these conditions, combustion gas 


temperatures are high and contribute to thermal NOx formation. 

In addition, the high level of turbulence causes the amount of 


time available for fuel reactions under reducing conditions to 

be relatively short, thus increasing the potential for 


formation of fuel NOx. 
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4.2.1.2.2 e l Cell-type units consist of two or three 


vertically-aligned, closely-spaced burners, mounted on opposed 

walls of the furnace. Cell-type furnaces have highly 


turbulent, compact combustion regions. This turbulence 


promotes fuel-air mixing and creates a near stoichiometric 
combustion mixture. As described above, the mixing 

facilitates the formation of both fuel and thermal NO,. In 


addition, the relative compactness of the combustion region 


creates a high heat release rate per unit volume. This will 


cause local temperatures to increase even further, causing 


thermal NOx to increase due to its exponential dependency on 


local temperature (equation 4-4). 
4.2.1.2.3 Vertical-. arch-, and turbo-fired. Vertical and 

arch-fired boilers have burners that are oriented downward. 


Typically, these units are used to burn solid fuels that are 


difficult to ignite, such as anthracite. Pulverized coal is 


introduced through nozzles and pre-heated secondary air is 


discharged through secondary posts. The units have long, 


looping flames directed into the lower furnace. Delayed 


introduction of the tertiary air provides the necessary air to 


complete combustion. The long flames allow the heat release 


to be spread out over a greater volume of the furnace, 

resulting in locally lower temperatures. The lower turbulence 


allows the initial stages of combustion to occur in fuel-rich 

environments. As a result, fuel NOx and thermal NOx are 
reduced. 


Turbo-fired units have burners on opposing furnace walls and 


have a furnace depth similar to opposed-wall units. The turbo 


burners are angled downward and typically are less turbulent 
than the circular burners in opposed-wall units. The lower 


turbulence delays the mixing of the fuel and air streams, 

allowing the combustion products a greater residence time in 

reducing conditions, thus potentially reducing fuel NO,. 10 

4.2.1.3 Cvclone-Firinq. Cyclones are wet-bottom furnaces, 

in which fuel and air are introduced into a small, highly 

turbulent combustion chamber. Because of the design of the 




burner assembly, heat transfer to cooler boiler surfaces is 


delayed, resulting in very high burner operating temperatures. 

The combination of high temperatures and near stoichiometric 

to slightly lean mixtures encourages both thermal and fuel NO, 


formation. 

4 , . 2 .1 .4  Stoker-Firinq. Stokers are generally low capacity 

boilers which burn crushed coal particles in suspension, while 


larger particles are burned in a fuel bed on a grate. They 

typically have low gas velocities through the boiler in order 

to prevent fly ash erosion and are operated with high levels 

of excess air to insure complete combustion and to maintain 


relatively low grate temperatures. The low NOx emissions are 

believed to be a function of the lower furnace temperatures 

1-1,090 OC (-2,000 OF), compared to 1,370 to 1,570 OC (2,500 

to 2,800 OF) 1 in other boiler types. 
4.2.2 Fuel characteristic^ 


In the combustion of "clean" fuels (fuels not containing 


nitrogen compounds, such as natural gas) the thermal 

mechanism is typically the principal source of nitrogen oxide 

emissions. However, as the nitrogen content of the fuel 

increases (table 9-11, significant contributions from the fuel 

nitrogen mechanism to total nitrogen oxide occur. 11 Thus, 

the nitrogen content of the fuel is a partial indicator of NOx 

emission potential. 


Obviously, design characteristics may dictate the type of 

fuel used in a given boiler. Natural gas is a vapor, oil is a 

liquid, and coal a solid. The injection methods of the three 

types of fuels are fundamentally different due to their 

different physical states. However, some units have multifuel 


capability. Boilers originally designed for coal have larger 


dThe nitrogen present in natural gas exists almost 

exclusively as elemental nitrogen and not as organic nitrogen, 
compounds. 
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TABLE 4-1. TYPICAL FUEL NITqPGEN CONTENTS 

OF FOSSIL FUELS 


Fuel Nitrogen ( w t .  % )  

Natural gas 0 - 0.2 

Light distillate oils (#I, 2) 0 - 0.4 

Heavy distillate oils (#3  - 5) 0.3 - 1.4 

Residual oils 0.3 - 2 . 2  

Subbituminous coals 0.8 - 1.4 

Bituminous coals 1.1 - 1.7 



furnace volumes than boilers originally designed for oil or 
12 gas as shown in figure 4-5. As a result, less thermalN0, 

is formed during oil or gas combustion in multifuel boilers 

and these boilers are more amenable for NOx controls due to 

the larger furnace volumes. 

4 . 2 . 3  Boiler O~eratins Conditions 

During the normal operation of a utility boiler, factors 

that affect NOx continuously change as the boiler goes through 

its daily operating cycle. During a daily operating cycle, 

the following factors may change and affect NOx formation: 
Operating load, 

a Excess oxygen, 

Burner secondary air register settings, and 

a Mill operation. 

All these parameters either directly or indirectly inf-luence 

the NOx emissions from utility boilers. For the most part, 

these parameters are within the control of the boiler 

operator. Sometimes they are controlled based on individual 

operator preference or operating practices, and at other times 
are dictated by boiler operating constraints. While operating 

load influences NOx emissions, it is obviously not a practical 

method of NOx control except in severe instances. 
The effect of excess oxygen or burner secondary air register 

settings on NOx emissions can vary. Altering the excess 

oxygen levels may change flame stoichiometry. Increasing 

secondary air flow may increase entrainment of cooler 

secondary air into the combustion regime, lowering local 

temperatures, and increase fuel and air mixing, altering 

equivalence ratio. The net result 05 both actions may be 

either to raise or lower NOx emissions, depending on other 
unit-specific parameters. 

A frequently overlooked influence on NOx emissions for coal 

units is the mill pattern usage. Figure 4-6 illustrates the 

impact of operating with various mill-out-of-senrice patterns 
13 on NOx emissions. This data is from a 3,65 megawatt (MW) 

single-wall coal-fired unit, operating at 250 MW (68 percent 
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Figure 4-5 .  Comparative physical s i zes  of uF.ility
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load), and firing subbituminous coal. The NOx emission level 

varies by as much as 25 percent depending upon which mills are 


operational. This is because when operating at a fixed load 

and with the top mill out-of-service, the lower mills operate 


at a higher coal-to-air ratio, creating fuel-rich regions. 


The secondary air from the top mill insures complete 

combustion. If the bottom mill is out-of-service, the 


advantages of stratified combustion using overfire air to 

insure complete combustion are reduced, resulting in increased 

NOx formation. Biasing fuel to the lower mills can also be 


used to create a similar combustion environment. 

4 . 3  UNCONTROLLED/BASELINE EMISSION LEVELS 

4.3.1 Conventional Boilers 


As discussed in section 4.2, NOx emission rates are a 

function of burner and boiler design, operating conditions, 


and fuel type. Because pre-NSPS boilers were not designed to 


minimize NOx emissions, their NOx emission rates are 

indicative of uncontrolled emission levels. Boilers covered 


by subpart D'' (boilers that commenced construction between 


August 17, 1971 and September 17, 1978) or subpart ~ a ' '  
(boilers that commenced construction on or after September 18, 


1978) were required to install NOx control equipment to meet 

these NSPS. To define baseline emissions from these units, 


the NSPS limit and emissions data from NtTRF were examined. 

Data for uncontrolled NOx emissions received through 


questionnaires to utilities are presented in chapter 5 .  

The tables in the following subsections summarize typical, 

low, and high NOx emission rates on a lb/M~Btu basis for each 

of the principal boiler types used to combust coal, oil, and 

gas. Emissions data from the National Utility Reference File 
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(NURF), AP-42". and the EPA" were examined to estimate 

uncontrolled NOx emission rates for pre-NSPS boilers. The 


typical uncontrolled levels reflect the mode, or most typical 


value, for the NOx emissions data in NURF and the EPA, and are 

generally consistent with AP-42 values when assuming a heating 

value for coal of 11,000 ~tu/lb, for oil of 140,000 ~tu/gal, 




for natural gas of 1,000 ~tu/scf. Also, data obtained from 


numerous utilities and reported in chapter 5 was used for 

comparison purposes. The low and high estimates reflect the 


upper and lower range of emissions expected on a short-term 

basis for most units of a given fuel and boiler type. Based 


on unit-specific design and operating conditions; however, 


actual NOx emissions from individual boilers may be outside 

this range. Averaging time can also influence NOx emission 


rates. For example, a boiler that can achieve a particulate 

NOx limit on a rolling 30-day basis may not be able to achieve1 

the same NOx limit on a 24-hour basis. 

-. 4.3.1.1 
 Table 4-2 shows typical, low, 


and high uncontrolled/baseline NOx emission rates for pre-

NSPS, subpart D, and subpart Da coal-fired utility boilers. 

The applicable subpart D and subpart Da standards are also 


listed in the table. 

The pre-NSPS units are subdivided into tangential, 


dry-bottom wall, wet-bottom wall, cell, and cyclone units. 

The emission rates shown are generally consistent with 


corresponding AP-42 emission rates. The tangential units 

generally have the lowest emissions (0.7lb/MM~tu typical), 


and the cyclone units have the highest (1.5 lb/M~Btu typical). 


Pre-NSPS units account for approximately 80 percent of the 


total number of coal-fired utility boilers in the United 


States. 


~ollowing proposal of subpart D, essentially all new 

coal-fired utility boilers were tangential-fired or wall-


fired. The subpart D units are subdivided into these two 


categories. The tangential units generally have lower NOx 


emission rates than the wall units. The typical emission 


rates for the tangential units is 0.5 lb/MMBtu and the typical 

emission rates for the wall units is 0.6 lb/MMBtu, both of 

which are below the subpart D standard of 0.7 lb/MMBtu. 


The subpart Da units are also subdivided into tangential, 

wall, and stoker units. As with the subpart D units, the 

tangential units generally exhibit lower emission rates than 




TABLE 4 - 2 .  UNCONTROLLED/BASELINE NOx EMISSION LEVELS 
FOR COAL-FIRED BOILERSa 


NOx Emission Levels (lb NO,/MMB~U) 


Boiler Type micalb Low Hiqh Standard 


Pre-NSPS 


Tangential 0.7 0.4 1.0 N/A 


Wall, dry 0.9 0.6 1.2 N/A 


Wall, wet 1.2 0.8 2.1 N/A 


Cell 1.0 0.8 1.8 N/A 


Cyclone 1.5 0.8 2.0 N/A 

Vertical, dry 0.9 0.6 1.2 N/A 


Tangential 0.5 0.3 0.7' 0.'7 

Wall, dry 0.6 0.3 0.7 0.7 

Suboart Da 

Tangential , 0.45 0.35 0.6 0.6/0.5c 

Wall, dry 0.45 0.35 0.6 n o .  6/0.5c 

Stoker 0.50 0.3 0.6 0.6/O.Sc 

aN0, emission rates for pre-NSPS units are classified as 

MUncontrolledn, because these units were not designed to 

minimize NOx emissions. The NOx emission rates listed for 

subpart D and Da units are classified as wBaselineM, 

because many of these units include the use of NOx control 

techniques. 


b~ypical level is 'based,on the mode. or most typical. NOx 

emission rate of boilers as reported in NURP; the EPA, 

AP-42, and utilities. 


CNSPS subpart Da standard of 0.6 lb NO,/MMBtu is applicable 

to bituminous and anthracite coal-fired boilers, a 

standard of 0.5 lb NOX/MMBtu is applicable to 

subbituminous coal-fired boilers. 


N/A = not applicable. 



the wall units and the typical emission rates of both type 


units (approximately 0.45 lb/MMBtu) meet the subpart Da 


standard. The stoker units have a typical emission rate of 


0.50 lb/MMBtu and also meet the subpart Da standard.19 


4.3.1.2 Natural Gas-Fired Boilers. Table 4-3 shows 


typical, low, and high uncontrolled/baseline NOx emission 


rates for pre-NSPS, subpart D, and subpart Da natural gas-

fired utility boilers. The applicable subpart D and 


subpart Da standards are also listed in the table. 

The pre-NSPS units are subdivided into tangential and wall 


units. The emission rates shown are generally consistent with 

corresponding AP-42 emission rates. The tangential units 


generally have the lowest emissions (0.3 lb/MMBtu), and the 


wall units are slightly higher (0.5 lb/MMBtu). 


The subpart D and subpart Da units are not subdivided into 

specific unit types. The typical emission rates of the units 

meet the applicable NSPS standard of 0.2 lb/MMBtu. 


4.3.1.3 Oil-Fired Boilers. Table 4-4 shows typical, low, 


and high uncontrolled/baseline NOx emission rates for pre- 


NSPS, subpart D, and subpart Da oil-fired utility boilers. 


The applicable subpart D and subpart Da standards are also 
listed in the table. 


The pre-NSPS units are subdivided into tangential, vertical, 


and wall units. The emission rates shown are generally 

consistent with corresponding AP-42 emission rates. The 


tangential units generally have the lowest emissions 


(0.3 lb/MMBtu), and the vertical units are the highest 


The subpart D and subpart Da units are not subdivided into 

specific unit types. The typical emission rates of the 

subpart D units are 0.25 lb/MMBtu and the typical emission 

rates of the subpart Da units are also 0.25 lb/MMBtu which 

meet, or are below, the applicable NSPS standard. 


4.3.2 Fluidized Bed Boilers 


Fluidized bed combustion boilers are inherently low NOx 

emitters due to the relatively low combustion temperatures. 
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TABLE 4-3 ' .  UNCONTROLLED/BASELINE NOx EMISSION LEVELS 
FOR NATtfRAL GAS BOILERSa 


Boiler Type ~ypical~ Low Hiqh Standard 

?re-NSPS 

Tangential 0.3 0.1 0.5 N/A 

Wall, single 0.5 0.1 1.0 N/A 

Wall, opposed 0.9 0.4 1.8 N/A 

All boiler types 0.2 0.1 0.2 0.2 


Subsart Da 


All boiler types 0.2 0.1 0.2 0.2 


=NO, emission rates for pre-NSPS units are classified as 

VJncontrolled~, because these units were not designed to 

minimize NOx emissions. The NOx emission rates listed for 
subpart D and Da units are classified as uBaselineu, 

because many of these units include the use of NOx control 

techniques. 


b~ypical level is based on the mode, or most typical, NOx 

emission rate of boilers are repdrted in NtJRF, the EPA, 
AP-42, and utilities. 

N/A = not applicable. 



TABLE 4 - 4 .  UNCONTROLLED/BASELINE NOx EMISSION LEVELS 
FOR OIL-FIRED BOILERSa 


NOx Emission Levels 
(ib NO,/MMB~U) 


Boiler Type m i c a l b  Low Hiqh Standard 

Tangential 0.3 0.2 0.4 . N/A 

Wall 0 . 5  0.2 0.8- N/A 

Vertical 0.75 0.5 1.0 N/A 

Subsart D 

All boiler types 0.25 0.2 0.3 0.3 

All boiler types 0.25 0.2 0.3 0.3 


=NO, emission rates for pre-NSPS units are classified as 

MUncontrolledM, because these units were not designed to 
minimize NOx emissions. The NOx emission rates listed for 

subpart D and Da units are classified as "Baselinew, 

because many of these units include the use of NOx control 

techniques. 


b~ypical level is based on the mode, or .most typical, NOx 

emission rate of boilers are reported in NURF, the EPA, 
AP-42, and utilities. 


N/A = not 'applicable. . 



Table 4-5 shows typical, low, and high NOx emission rates for 

fluidized bed combustion (FBC) boilers with and without 

selective noncatalytic reduction (SNCR) for NOx control. The 


typical NOx emissions from an FBC without SNCR is 
0.19 lb/MMBtu whereas the typical NOx emissions from an FBC 

with SNCR as original equipment is 0.07 lb/MMBtu. An 

influential factor on the NOx emissions of an FBC boiler is 
the quantity of calcium oxide, used for SO2 emissions control, 

present in the bed material. Higher quantities of calcium 


oxide result in higher base emissions of NOx. Therefore, as 

SO2 removal requirements increase, base NOx production will 


increase. This linkage between SO2 removal and base NOx 

production is important in understanding NOx formation in FBC 

boilers. 




TABLE 4 - 5 .  'NOx EMISSION LEVELS FOR FLUIDIZED BED 
COMBUSTION BOILERS 


NOx Emission Levels 

(ib NO,/MMB~U) 


Classification ~ y p i c a l ~  Low High 

Combustion controls 0.19 0.1 0.26 
only 

With S N C R ~  0.07 0.03 0.1 

aTypical level is based on the mode, or most typical, NOx 

emission rate of FBC boilers reporting data. 


b~luidizedbed combustion boilers with SNCR for NOx control 

as original equipment. 
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5 . 0  NOx EMISSION CONTROL TECHNIQUES 

This chapter describes the methods of reducing nitrogen 


oxide (NOx) emissions from new and existing fossil fuel-fired 

utility boilers. All of the methods can be grouped into one 


of two fundamentally different techniques--combustion controls 


and post-combustion controls (flue gas treatment). 


Combustion controls seduce NOx emissions by suppressing 


NOx formation during the combustion process while post- 


combustion controls reduce NOx emissions after its formation. 


Combustion controls are the most widely used method of 
controlling NOx formation in utility boilers. Several 


combustion controls can be used simultaneously to further 


reduce NOx emissions. Flue gas treatment methods can often 

achieve greater NOx control than combustion controls, but have 

not been applied to many utility boilers in the United States. 


Combinations of flue gas treatment controls and combustion 


controls can be applied to maximize NOx reduction; however, 

there are even fewer U. S. applications of this type. The 


types of NOx controls currently available for fossil fuel- 

fired utility boilers are presented in table 5-1. 


This chapter describes NOx control technologies for 


fossil fuel-fired utility boilers, factors affecting the 


performance of these controls, and levels of performance for 

these controls. Section 5.1 presents controls for coal-fired 


boilers. Section 5.2 presents combustion controls for natural 


gas- and oil-fired boilers. Section 5.3 presents 


post-combustion flue gas treatment controls. 




TABLE 5-1. NOx EMISSION CONTROL TECHNOLOGIES 

FOR FOSSIL FUEL UTILITY BOILERS I 

I 

NO, control options Fuel applicability 


Combustion Modifications 


Operational Modifications Coal, natural gas, oil 


- Low excess air 
- Burners-out-of-senrice - Biased burner firing 

Overfire Air Coal, natural gas, oil 


Low NOx Burners (except cyclone Coal, natural gas, oil 

furnaces) 


Low NOx burners and overfire air Coal, natural gas, oil 

Reburn Coal, natural gas, oil 


Flue gas recirculation Natural gas, oil 


Postcombustion Flue Gas Treatment 

Controls 


Selective noncatalytic reduction Coal, natural gas, oil 


Selective catalytic reduction Coal, natural gas, oil 




5.1 COMBUSTION CONTROLS FOR COAL-FIRED UTILITY BOILERS 

There are several combustion control techniques for 

reducing NOx emissions from coal-fired boilers: 
a Operational Modifications 

- Low excess air (LEA) ; 

- Burners-out-of-service (BOOS); and 

- Biased burner firing (BF) ; 

Overf ire air (OFA) ; 

Low NOx burners (LNB) ; and 

Reburn. 

Operational modifications such as LEA, BOOS, and BF are all 
relatively simple and inexpensive techniques to achieve some 

NOx reduction because they only require changing certain 

boiler operation parameters rather than making hardware 

modifications. These controls are discussed in more detail in 

section 5.1.1. 

Overfire air and LNB are combustion controls that are 

gaining more acceptance in the utility industry due to 

increased experience with these controls. There are numerous 

ongoing LNB demonstrations and retrofit projects on large 

coal-fired boilers; however, there are only a couple a£ 

projects in which LNB and OFA are used as a retrofit 
combination control. Both OFA and LNB require hardware 
changes which may be as simple as replacing burners or may be 
more complex such as modifying boiler pressure parts. These 

techniques are applicable to most coal-fired boilers except 
for cyclone furnaces. Overfire air and LNB will be discussed 

in sections 5.1.2 and 5.1.3, respectively: 

Reburn is another combustion hardware modification for 
controlling NOx emissions. There are four full-scale retrofit 

demonstrations on U. S. coal-fired utility boilers. Reburn 

will be discussed in section 5.1.5. 
5.1.1 O~erational Modifications 

5.1.1.1 Prs_c_ess. Several changes can be 
made to the operation of some boilers which can reduce NOx 
emissions. These include LEA, BOOS, and BF. While these 



changes may be rather easily implemented, their applicability 

and effectiveness in reducing NOx may be very unit-specific. 

For example, some boilers may already be operating at the 


lowest'excess air level possible or may not have excess 

pulverizer capacity to bias fuel or take burners out of 

service. Also, implementing these changes may reduce the 

operating flexibility of the boiler, particularly during load 


fluctuations. 


Operating at LEA involves reducing the amount of 


combustion air to the lowest possible level while maintaining 

efficient and environmentally compliant boiler operation. 


With less oxygen (02)available in the combustion zone, both 


thermal and fuel NOx formation are inhibited. A range of 

optimum 02 levels exist for each boiler and is inversely 

proportional to the unit load. Even at stable loads, there 


are small variations in the 0 2  percentages which depend upon 


overall equipment condition, flame stability, and carbon 


monoxide (CO) levels. If the 02 level is reduced too low, 

upsets can occur such as smoking or high CO levels.1 

Burners-out-of-service involves withholding fuel flow to 


all or part of the top row of burners so that only air is 

allowed to pass through. This is accomplished by removing the 


pulverizer (or mill) that provides fuel to the upper row of 


burners from service and keeping the air registers open. The 


balance of the fuel is redirected to the lower burners, 

creating fuel-rich conditions in those burners. The remaining 


air required to complete combustion is introduced through the 

upper burners. This method simulates air staging, or overfire 

air conditions, and limits NOx formation by lowering the 02 

level in the burner area. 

Burners-out-of-service can reduce the operating 


flexibility of the boiler and can largely reduce the options 

available to a coal-fired utility during load fluctuations. 

Also, if BOOS is improperly implemented, stack opacity and CO 

levels may increase. The success of BOOS depends on the 




initial NOx level; therefore, higher initial NOx levels 


promote higher NOx reduction.2 

Biased burner firing consists of firing the lower rows of 

burners more fuel-rich than the upper row of burners. This 


may be accomplished by maintaining normal air distribution in 

all the burners and injecting more fuel through the lower 

burners than through the upper burners. This can only be 

accomplished for units that have excess mill capacity; 

otherwise, a unit derate (i . e . ,  reduction in unit load) would ~ 
occur. This method provides a form of air staging and limits 

fuel and thermal NOx formation by limiting the 02 available in, 


the firing zone. 

5.1.1.2 Factors Affectins Performance. Implementation 


of LEA, BOOS, and BF technologies involve changes to the 
normal operation of the boiler. Operation of the boiler 

outside the "normal rangett may result in undesirable 

conditions in the furnace (i.e., slagging in the upper 

furnace), reduced boiler efficiency (i.e., high levels of CO 

and unburned carbon [UBC] ) ,  or reductions in unit loaa. 

The appropriate level of LEA is unit-specific. Usually 

at a given load, NOx emissions decrease as excess air is 

decreased. Lower than normal excess air levels may be 

achievable for short periods of time; however, slagging in the 

upper furnace or high CO levels may result with longer periods 

of LEA. Therefore, the minimum excess air level is generally 

defined by the acceptable upper limit of CO emissions and high 

emissions of UBC, which signal a decrease in boiler 
efficiency. Flame instability and slag deposits in the upper 

furnace may also define the minimum excess air level. 3 

The applicability and appropriate configuration of BOOS 

are unit-specific and load dependent. The mills must have 

excess capacity to process more fuel to the lower burners. 

Some boilers do not have excess mill capacity; therefore, full 

load may not be achievable with a mill out of service. A l s o ,  

the upper mill and corresponding burners would be required to 


1 



operate at full capacity during maintenance periods for mills 


that serve the lower burners. The BOOS pattern may not be 
constant. For example, a BOOS pattern at low load may be very 

different than that at high load. 1 


The same factors affecting BOOS also applies to BF, but 

to a lesser degree. Because all mills and burners remain in 

service for BF, it is not necessary to have as much excess 

mill capacity as with BOOS. Local reducing conditions in the 


lower burner region caused by the fuel-rich environment 


associated with BOOS and BF may cause increased tube wastage. 

Additionally, increased upper furnace slagging may occur 


because of the lower ash fusion temperature associated with 


reducing conditions. 


5.3.1.3 1. 

Table 5 - 2  presents data from four utility boilers that use 
operational modifications to reduce NOx emissions. Three of 


the boilers, (Crist 7, Potomac River 4 ,  and Johnsonville) are 
not subject to new source performance standards (NSPS) and do 


not have any NOx controls; Mill Creek 3 and Conesville 5 are 


subject to subpart D standards; and Hunter 2 is subject to 

subpart Da standards. Mill Creek 3 has dual-register burners 

(early LNB), Conesville 5 has OFA ports, and Hunter 2 has OFA 
and LNB in order to meet the NSPS NOx limits. The data 

presented show only the effect of reducing the excess air 


level on three of these units. On one unit (Crist 7 1 ,  the 

fuel was biased in addition to lowering the excess air. 


As shown in table 5-2, LEA reduced NOx emissions by as 
much as 21 percent from baseline levels for the subpart D and 


subpart Da units. These three units had uncontrolled NOx 


levels of: 0.63 to 0.69 pound per million British thermal unit 

(lb/MMBtu) and were reduced to 0.53 to 0.56 lb/MMBtu with LEA. 

For several units at the Johnsonville plant, LEA reduced the 

NOx levels to 0.4-0.5 lb/MMBtu, or 10-15percent while BOOS 

reduced the NOx to 0.3-0.4 lb/M~Btuor 20-35 percent. A 

boiler tuning program at Potomac River 4 reduced NOx by 




TABLE 5-2. PERFORMANCE OF OPERATIONAL MODIFICATIONS ON 
U. S. COAL-FIRED UTILITY BOILERS 

Uncontrolled Controlled Reduction 

Unlt 
Rated 

capeci t y  Controt Length 
Capacity 

tested emiss~ons .*OV 
emtss~ons 

in WO, 
emissions 

U t i l i t y  ( ~ t a n d a r d ) ~  (MU) I& typeC o f  testd ( x )  (Ib/MMBtu) (Ib/MldBtu) (XI Reference 

TANGEWTIALLY-FIRED BOILERS, BITUMINOUS COAL 

Potamac Potanac River 4 108 ABB-CE T m d  Short 100 0.62 0.39 37 4 
E l e c t r f t  Pouer (Pre) MI 0.59 0.34 42 
Co. 

Tenn. Valley Johnsonvi ll e  120 ABB-CE LEh Short UNK' 0.5-0.55 0.43-0.5 10-15 5 
Authority (1-6) BOOS Short 83 0.5-0.55 0.34-0.4 20-35 

(Pre) 

Coturbus Conesville 5 420 ABB-CE LEA . Short 80-100 0.69 0.53 21 6 
Southern Power (D) 
Co. 

UI Utah Power and Hunter 2 446 ABB-CE LEA Short 100 0.64 0.55 149 7 
t 
4 

l i g h t  co. 

Tenn Valley 

(Da) 

Johnsonvi Il e  120 ABB-CE BOOS Short 83 0.50-0.55 0.34-0.40 20-35 5 
Authority (1-4) 

UALt-FIRED BOILERS, BITUMINWS COAL 

Louisvi t l e  Gas Hilt Creek 3 420 BW. LEA Short 80-100 0.63 0.56 10 6 
and E lec t r ic  (01 
Co. 

Gulf Poner Co. Cr is t  7 500 FU BF + LEA Short 80-100 1.27 1.00 21 6 
CPrel 

a~tanderd: Da = Subpart Da; D = Subpart D; and Pre = Pre-NSPS 

%EM = Original equipnent manufacturer; 
Wheeler 

ABB-CE = Asea Brom Boveri-Coidmtion Engineering; B8W = Babcock & Uilcox; and FU = Foster 

= ~ y p e  Control: LEA = Low Excess Afr; BOOS = Burners-Out-Of-Service; I F  = Biased Burner Firing; and Tuned = Boiler tuning. 

d ~ h o r t= Short-term test  date, i.e., hours. 

'UNK = Unknoun. 

f ~ O x  reductions are from lowering bo i le r  oxygen levels from 5.0 percent to  3.5 percent. 

9 ~ 0 ,reductions are from lowering bo i le r  oxygen levels from 4.5 percent t o  3.5 percent. 



approximately 40 percent and consisted of a combination of 


lowering the excess air. improving mill performance. 
optimizing burner tilt, and biasing the fuel and air. 


A combination of BF and LEA on Crist 7 shows 
approximately 21 percent reduction in NOx emissions. This 

unit had high uncontrolled NOx emissions of 1 . 2 7  lb/mtu; 

therefore, the NOx level was only reduced to 1.0 lb/MMBtu with 
BF and LEA. The baseline or uncontrolled NOx level did not 

seem to influence the percent NOx reduction; however, all 

these units are less than 20 years old and may be more 

amenable to changing operating conditions than older boilers 

that have smaller furnace volumes and outdated control systems 

and equipment. 

5.1.2 Overfire Air 


5.1.2.1 Process Descri~tion. Overfire air is a 

combustion control technique whereby a percentage of the total 

combustion air is diverted from the burners and injected 

through ports above the top burner level. The total amount of 
combustion air fed to the furnace remains unchanged. In the 


typical boiler shown in figure 5-la, all the air and fuel are 

introduced into the furnace through the burners, which form 

the main combustion zone. For an OFA system such as in 

figure 5-lb, approximately 5 to 20 percent of the combustion 
air is injected above the main combustion zone to form the 

combustion completion zone. 8 Since OFA introduces combustion 

air at two different locations in the furnace, this combustion 

hardware modification is also called air staging. 


Overfire air limits NOx emissions by two mechanisms: 

(1) suppressing thermal NOx formation by partially delaying 

and extending the combustion process, resulting in less 
intense combustion and cooler flame temperatures, and 

(2) suppressing fuel NOx formation by lowering the 

concentration of air in the burner combustion zone where 

volatile fuel nitrogen is evolved. B 





1 

Overfire air can be applied to tangentially-fired, 

I

wall-fired, turbo, and stoker boilers. However, OFA is not 
I 

used on cyclone boilers and other slag-tapping furnaces 

because it can alter the heat release profile of the furnace, 


I 
which can greatly change the slagging characteristics of the 
 I 

1 boiler. Overfire air was incorporated into boiler designs as I 

a NOx control to meet the subpart D and subpart Da standards. 
 I 
The OFA was used in both wall and tangential designs. 

Many pre-NSPS boilers were designed with small furnaces 

and limited space between the top row of burners and the I 

convective pass, thus precluding installation of OFA on these 
units. Overfire air retrofits are often unfeasible for these 

boilers because overfire air mixing and carbon burnout must be 

completed within this limited space. For units where 

retrofitting is feasible, the structural integrity of the 

burner wall, interference with other existing equipment, the 

level of NOx reduction required, and economics determine the 

number and arrangement of OFA ports. 


5.1.2.1.1 Wall-fired boilers. There are two types of 


OFA for wall-fired boilers which are typically referred to as 

conventional OFA and advanced OFA (AOFA). Conventional OFA 
systems such as in figure 5-2a direct a percentage of the 

total combustion air--less than 20 percent--from the burners 


I 

to ports located above the top burners.9 Because air for 

conventional OFA systems is taken from the same windbox, 
ability to control air flow to the OFA ports may be limited. 

Advanced OFA systems have separate windboxes and ducting, 
and the OFA ports can be optimally placed to achieve better 
air mixing with the fuel-rich combustion products. The AOFA 

systems as shown in figure 5-2b usually inject more air at 

greater velocities than conventional OFA systems, giving 

improved penetration of air across the furnace width and 

greater NOx reduction.g 
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AOFA Ports I 
OFA Ports 

Booster Fan\r (if needed) 

CombustionAir Combustion Air 

/
Windbox 

Furnaceb 
, , , , I  

Coal Feed Coal Feed 
Pipes Pipes 

Figure 5-2a. Conventional overfire air Figure 5-2b. Advanced overfire air 

on an opposed wall-fired on an opposed wall-fired 

boiler. boiler. 




5.1.2.1.2 Tansentiallv-fired boilers. Overfire air . 
systems for tangentially-fired boilers are shown in figure 5-3 

and are typically referred to as close-coupled OFA (CCOFA) and 

separated OFA (SOFA). The CCOFA, analogous to conventional 
OFA for wall-fired boilers, directs a portion of the t o t a l  
combustion air from the burners to ports located above the top 

burner in each corner. The SOFA systems are analogous to AOFA 

for wall-fired boilers and have a separate windbox and 


ducting. In some cases, the close-coupled OFA may be used in 

combination with separated OFA as described in section 5.1.4. 


5.1.2.2 Factors Affectins Performance. Some OFA systems 

cause an increase of incomplete combustion products (UBC, CO, 

and organic compounds), tube corrosion. and upper furnace ash 


deposits (slagging and fouling). The number, size, and 
location of the OFA ports as well as the,OFA jet velocity must 

be adequate to ensure complete combustion. 

To have effective NOx reduction, AOFA and SOFA systems 

must have adequate separation between the top burner row and 

the OFA ports. However, efficient boiler operation requires 

maximizing the residence time available for carbon burnout 

between the OFA ports and the furnace exit, which means 

locating the AOFA or SOFA ports as close to the burners as 

practical.10 These conflicting requirements must be considered 

when retrofitting and operating boilers with these types of 


OFA systems. 

~ncreasingthe amount of OFA, can reduce NOx emissions; 

however, this means that less air (02) is available in the 

primary combustion zone. The resulting reducing atmosphere in 

the lower furnace can lead to increased corrosion and change 

furnace heat release rates and flue gas exit temperature. 




SeparatedtOFA 
Close-

Coupled OFA 

Coal 
and Air 
Nozzles 

Furnace 

Furnace Side 
Elevation 

Figure 5 - 3 .  Tangential boiler windbox/burner 
arrangement with overfire air systems. 




5.1.2.3 Performance of Overfire Air. The performance of 

several OFA systems is shown in table 5 - 3 .  The table contains 

two tangentially-fired boilers (one pre-NSPS with SOFA and one 

subpart Da with CCOFA) and two wall-fired boilers (one pre- 

NSPS with AOFA and one subpart Da with OFA). 


Hennepin 1 is a 75 megawatt (MW) pse-NSPS boiler that has 

a retrofit natural gas reburn system. The OFA ports are part 
of the reburn system and are located higher above the top row 

of burners than a typical OFA system retrofit. The gas reburn 

system was not in operation when this data was collected.11 

Hunter 2 is a 446 MW subpart Da boiler that has CCOFA ports 

that are typical of OFA systems for this vintage boiler.7 


Both of the tangential boilers had similar uncontrolled NOx 

levels in the range of 0.58 to 0.64 lb/~~Btu.With the SOFA 

and CCOFA systems, the NO, was reduced by approximately 


20 percent, to 0.46 to 0.50 lb/MMBtu. 


The OFA applications on wall-fired boilers include a 

retrofit of AOFA on Hammond 4 and an original installation on 
Pleasants 2. Both short-term and long-term data are shown for 


Hamnd 4 .  The short-term emission levels for any boiler can 
be very different from the corresponding long-term levels; 

however, for Hammond 4, the short-term and long-term emissions 

are similar. Normally, the differences in long-term and 

short-term data may be the result of the boiler being operated 

at a specific test condition with a number of variables (i.e., 

load, boiler 02, mill pattern) held constant. The long-term 


data represents the "typicalw day-to-day variations in NOx 

emissions under normal operating conditions. 


The short-term data for Harnmond 4 show controlled NOx 


emissions of 0.9 lb/MMBtu across the load range, representing 

a 10 to 25 percent NOx reduction. The long-term data for 

Hammond 4 show similar reductions of 11 to 24 percent across 
the load range. The controlled NOx emission level for the 

pre-NSPS wall-fired boilers is nearly twice as high as the NOx 




TABLE 5-3. PERFORMANCE OF OFA ON U. S .  COAL-FIRED UTILITY BOILERS 

Uncontrolled Controlled Reduction 
Rated Control Capacit y  i n  NO, 

Un i t  capacity typeC Length tested em1 ss! ons emiss~ons emissions 
U t i t f t y  ( ~ t e n d a r d ) ~  (W O E M ~  (vendor)d of teste ( 8 )  (ib/MMBtu) (tb/#nBtu) ( X I  Reference 

TAUGEMTIALLY-FIRED BOILERS, BITUMINOUS COAL 

I l l i n o i s  Power Hennepin 1 75 ABB-CE SOFA^ Short 100 0.58 0.46 21 11 
CO. tpre) IEERC) 

Utah Pover & Hunter 2 446 ABB-CE CCOFA Short 80 0.64 0.50 22 7 
Light  CO. (0) (ABB-CE) 

LL-FIRED BOILERS, BITUMIHWS COAL 

Georgia Power AOFA Short 100 1.20 0.90 .25 12 
co. (FW Short 80 1.OO 0.90 10 

Short 60 1.OO 0.90 10 
i 

I I I I 
Honongahela Pleasants 2 O F A ~  I Short 100 0.95 0.70 26 14 
Pouer Co. 

astamjar& D = Subpart 0; Da = Subpart Da; and Pre = Pre-HSPS 

EM = Original Equipnent Manufacturer; ABB-CE = Asea Brown Boveri-Combustion Engineering; FU = Foster Wheeler 

=7ype Control : AOFA = Advanced Overf i r e  Air; CCOFA = Close-coupled Overf i r e  A i r ;  OFA = Overf ir e  Air; and SOFh = Separated Overf ir e  A i r  

dueridor: Vendor o f  NO, control. EERC = Energy and Env i romn ta l  Research Corporation. Refer t o  note "bU f o r  others. 

=Long = Long-ten CEM deta, i.e., mean hourly average f o r  4-5 month period; and Short = Short-term test  data, i.e., hours. 

~ ~f O part  o f  natural gas reburn system and are located higher above burners than typicat OFA ports. 

~ O F Aports were or ig ina l  equiprsent and are no longer i n  use. 



levels for tangential boilers due to the higher uncontrolled 


NOx level and burner/boiler design. 


The OFA system at Pleasants 2 reduced NOx to 


approximately 0.7 lb/MMBtu (representing 26 percent NOx 


reduction) at full load. Pleasants 2 is a subpart Da boiler 

with the OFA system as original equipment. The furnace volume 
for this boiler i s  much larger than that in pre-NSPS boilers. 
The controlled level is higher than for tangential boilers due 

to the higher uncontrolled NOx level and burner/boiler design. 

The uncontrolled data represents operation when the OFA system 


was closed. The OFA system alone did not reduce NOx to the 

required NSPS levels and was subsequently closed off when the 


LNB were upgraded. 12 

5.1.3 Low NO, Burners -
5.1.3.1 Process Descri~tion. Low NOx burners have been 


developed by many boiler and burner manufacturers for both new 


and retrofit applications. Low NOx burners limit NOx 


formation by controlling both the stoichiometric and 

temperature profiles of the combustion process in each-burner 

flame envelope. This control is achieved with design features 


that regulate the aerodynamic distribution and mixing of the 
fuel and air, yielding one or more of the following 

conditions: 


1. Reduced 02 in the primary combustion zone, which 


limits fuel NOx formation; 

2 .  Reduced flame temperature, which limits thermal NOx 

formation; and 

3. Reduced residence time at peak temperature, which 


limits thermal NOx formation. 
While tangential boilers have "coal and air nozzlesu 


rather than wburnessll
as in wall-fired boilers, the term "LNB" 

is used for both tangential and wall applications in this 

document. Low NOx burner designs can be divided into two 


general categories: "delayed combustionw and I1internal 

staged." Delayed combustion LNB are designed to decrease 




flame turbulence (thus delaying fuel/air mixing) in the 

primary combustion zone, thereby establishing a fuel-rich 
condition in the initial stages of combustion. This design 
departs from traditional burner designs, which promote rapid 
combustion in turbulent, high-intensity flames. The longer, 
less intense flames produced with delayed combustion LNB 

inhibit thermal NOx generation because of lower flame 
temperatures. Furthennore, the decreased availability of 0 2  1 
in the primary combustion zone inhibits fuel NOx conversion. 
Thus, delayed combustion LNB control both thermal and fuel I 

I 

NO,. 

Internally staged LNB are designed to create stratified 
fuel-rich and fuel-lean conditions in or near the burner. In 
the fuel-rich regions, combustion occurs under reducing 
conditions, promoting the conversion of fuel nitrogen (N2) to 
N2 and inhibiting fuel NOx formation. In the fuel-lean 
regions, combustion is completed at lower temperatures, thus I 

inhibiting thermal NOx formation... 
Low NOx burners are widely used in both wall- and- 

tangentially fired utility boilers and are custom-designed for 

each boiler application. In many cases, the LNB and air 

register will have the same dimensions as the existing burner 

system and can be inserted into the existing windbox and 

furnace wall openings. However, in other cases, waterwall and, 

windbox modifications require pressure part changes to obtain 
the desired NOx reductions. 


5.1.3.1.1 Hall-fired boilers. A number of different LNB 

designs have been developed by burner manufacturers for use 
with wall-fired boilers. Several of these designs are 

discussed below. 


The Controlled Flow/Split plarnem (CF/SF) burner shown in 


figure 5-4  is an internally-staged design which stages the 
secondary air and primary air and fuel flow within the 

burner's throat. 10 The burner name is derived from the 


ope rating functions of the' burner : controlled flow is 



Figure Controlled Flow/~plit ~ l a r n e ~  
low NOx burner 




achieved by the dual register design, which provides for the 


control of the inner and outer air swirl, allowing independent 


control of the quantity of secondaryair to each burner, and 


( 2 )  the split-flame is accomplished in the coal injection 

nozzle, which segregates the coal into four concentrated 


streams. The result is that volatiles in the coal are 

released and burned under more reducing conditions than would 


otherwise occur without the split flame nozzle. Combustion 


under these conditions converts the nitrogen species contained 

10in the volatiles to N2, thus reducing NOx formation. I 

The Internal Fuel stagedM ( I F S )  burner, shown in I 

10figure 5-5, is similar to the CF/SF burner. The two designs 

are nearly identical, except that the split-flame nozzle has 


been replaced by the IFS nozzle, which generates a coaxial 


flame surrounded by split flames. 

The Dual Register Burner - Axial Control low^ (DRB-XCL) 

wall-fired LNB operates on the principle of delayed 


combustion. The burner diverts air from the central core of 

the flame and reduces local stoichiometry during coal 


devolatization to minimize initial NOx formation. The DRB-XCL 


is designed for use without compartmented windboxes, and the 

flame shape can be tuned to fit the furnace by use of 

impellers. As shown in figure 5-6, the burner is equipped , 
with fixed spin vanes in the outer air zone that move 

secondary air to the periphery of the burner.15 Also, 

adjustable spin vanes are located in the outer- and inner-air 

zones of the burner. The inner spin vane adjusts the shape of 

the flame, which is typically long. The outer spin vane 

imparts swirl to the flame pattern. The flame stabilizing 

ring at the exit of the coal nozzle enhances turbulence and 

promotes rapid devolatization of the fuel. An air-flow 

measuring device located in the air sleeve of each burner 

provides a relative indication of air flow through each burner 

and is used to detect burner-to-burner flow imbalances within 

the windbox. 15 







The RO-I1 burner consists of a single air inlet, dual-

zone air register, tangential inlet coal nozzle, and a flame-


stabilizing nozzle tip. Figure 5-7 shows the key components 


of the burner. 16 Combustion air is admitted to both zones of 


the air register and the tangential inlet produces a swirling 

action. The swirling air produces a "forced vortexI1air flow 
pattern and around the coat jet. This pattern creates local 
staging of combustion by controlling the coal/air mixing, thus 

reducing NOx formation. 16 


The Controlled Combustion venturim (CCV) burner for 

wall-fired boilers is shown in figure 5-8.17 Nitrogen oxide 

control is achieved through the venturi coal nozzle and low 

swirl coal spreader located in the center of the burner. The 


venturi nozzle concentrates the fuel and air in the center of 

the coal nozzle, creating a very fuel-rich mixture. As this 

mixture passes over the coal spreader, the blades divide the 

coal stream into four distinct streams, which then enter the 

furnace in a helical pattern. Secondary air is introduced to 


the furnace through the air register and burner barrel: The 

coal is devolatized at the burner exit in an fuel-rich primary 

combustion zone, resulting in lower fuel NOx conversion. Peak 


flame temperature is also lowered, thus suppressing the 


thermal NOx formation.17 


The Low NOx Cell ~ u r n e r ~  
(LNCB) , developed for wall-fired 
boilers equipped with cell burners, is shown in figure 5-9.15 


Typically, in the LNCB design, the original two coal nozzles 
are replaced with a single enlarged injection nozzle in the 

lower throat and a secondary air injection port in the upper 
throat, which essentially acts as OFA. However, in some 

cases, it may be reversed with some of the fuel-rich burners 

in the upper throat and some of the air ports i n  the lower 
throat to prevent high CO and hydrogen sulfide (H2S) levels. 

The exact configuration depends on the boiler. The flame 


shape is controlled by an impeller at the exit of the fuel 
nozzle and by adjustable spin vanes in the secondary air zone. 










During firing, the lower fuel nozzle operates in a fuel-rich 

condition, with the additional air entering through the upper 

air port. Sliding dampers mounted in the upper and lower 

throats balance the secondary air flow.15 


The Tertiary Staged venturiM (TSV) burner shown in 

figure 5-10 was designed for turbo, dom-fired, and arch-fired 

boilers.17 Similar to the CCV design, the TSV burner features 

a venturi shaped coal nozzle and low swirl coal spreader, but 

uses additional tertiary air and an advanced air staging 

system. The principles used to reduce NO, are the same used 

with the CCV burner.17 

_boilers .5.1.3.1.2 ~ a n q i A number of 

different LNB designs have been developed by burner 

manufacturers for use in tangentially-fired boilers. Several 

of these designs are discussed in this section. The 


traditional burner arrangement in tangentially-fired boilers 

consists of corner-mounted vertical burner assemblies from 

which fuel and air are injected into the furnace as shown in 

figure 5-lla.18 The fuel and air nozzles are directed tangent 


to an imaginary circle in the center of the furnace, 

generating a rotating fireball in the center of the boiler as 

shown in figure 5-llb.18 Each corner has its own windbox that 


supplies primary air through the air compartments located 

above and below each fuel compartment. 


In the early 19801s, the low NOx concentric firing 
technique was introduced for tangentially-fired boilers and is 
shown in figure 5-12a.18 This technique changes the air flow 


through the windbox; however, the primary air is not affected. 

A portion of the secondary air is directed away from the 
fireball and toward the furnace wall as shown in 

figure 5-12b.18 The existing coal nozzles in the burner 


compartments are replaced with Itflame attachment" nozzle tips 

that accelerate the devolitization of the coal. This 


configuration suppresses NOx-emissions by providing an 02 

richer environment along the furnace walls. This can also 
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reduce the slagging and tube corrosion problems often 

associated with combustion slagging. 


To retrofit existing tangentially-fired boilers with 

concentric firing, all of the air and fuel nozzles must be 

replaced. However, structural, windbox, or waterwall changes 

may not be required. Several systems are available that use 

the concentric firing technique in combination with OFA. 

These systems are classified as a family of technologies 

called the Low NOx Concentric Firing systemm (LNCFS) and are 


discussed in section 5.1.4 (LNB + OFA) 

The Pollution ~ i n i m u m ~  
(PM) burner has also been 


developed for tangentially-fired boilers. Although a PM 

burner system has been retrofitted in one boiler, this burner 

will probably only be used for new applications in the future 

because of the extensive modifications required to the fuel 


piping. As shown in figure 5-13, the PM burner system uses a 
coal separator that aerodynamically divides the primary air 

and coal into two streams, one fuel-rich and the other fuel- 

lean.18 Thus, NOx emissions are reduced through controlling 

the local stoichiometry in the near-burner zone. 
The retrofit of a PM burner involves installing new 


windboxes and auxiliary firing equipment, upgrading the 

existing control system, and modifying the waterwall and coal 

piping. The PM burner is used with conventional and advanced 
OFA systems.18 These systems are discussed in section 5.1.5.1. 

5.1.3.1.3 Cvclone-fired boilers. There are currently no 

LNB available for cyclone-fired boilers. As discussed in 
chapter 3, cyclones boilers are slag-tapping furnaces, in 

which the fuel is fired in cylindrical chambers rather than 

with conventional burners. In addition, cyclone boilers are 


inflexible to modification because of rigid operating 

specifications. Proper furnace temperature and high heat 

release rates are required to maintain effective slag-tapping 

in the furnace. Operating experiences suggest that these 
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parameters cannot be altered in a cyclone boiler to the degree 

required for adequate NOx control.11 


5.1.3.2 Factors Affectins Performance. The 


effectiveness of LNB, especially for retrofit cases, depends 

on a number of site-specific parameters. Low NOx burners are 


generally larger than conventional burners and require more 

precise control of fuel/air distribution. Their performance 


depends partially on increasing the size of the combustion 

zone to accommodate longer flames. Because of this, LNB are 


expected to be less effective when retrofit on relatively 

small furnaces. 


In order to retrofit LNB in wall-fired boilers, the 

existing burners must be removed and replaced. In some cases, 


some of the waterwall tubes may have to be bent in order to 

install the larger LNB. Also, the LNB may have longer flames 
that could impinge on the opposite furnace wall and 


superheater tubes which can be a problem for boilers with 


small furnace depths. Potential solutions to flame 


impingement include adjusting velocities of the coal or 

primary air, adjusting secondary air, and/or relocating some 

superheater tubes. Boilers with very small furnaces may have 


to be derated in order to prevent flame impingement at full 

load. 


To retrofit a tangentially-fired boiler, the existing 

fuel and air nozzles must be removed and replaced. For some 


tangentially-fired LNB systems, the new air and fuel nozzles 

and CCOFA can be placed in the existing windbox opening. To
-
retrofit SOFA, new openings must be made above the existing 

windbox. 


The fuel-rich operating conditions of LNB generate 


localized reducing conditions in the lower furnace region and 


can increase the slagging tendency of the coal. To reduce 


this potential for slagging, some combustion air can be 


diverted from the burner and passed over the furnace wall 

surfaces, providing a boundary air layer that maintains an 




oxidizing atmosphere close to the tube walls. The generally 


longer flames of some LNB will tend to increase furnace exit 


and superheat/reheat tube temperatures. Some LNB operate with 

a higher pressure drop or may require slightly higher excess 

air levels in the furnace at full load to ensure good carbon 


burnout, thus increasing fan requirements. 


Another consideration in retrofitting LNB is modifying 

the windbox. Modifications may include the addition of 


dampers and baffles for better control of combustion air flow 


to burner rows and combustion air distribution to burners 


within a row. Also, the windbox must be large enough to 


accommodate the LNB. If the existing windbox requires 


substantial modifications to structural components, major 


re-piping, and/or windbox replacement, retrofitting LNB may 


not be feasible. 


5.1.3.3 Performance of Low NO,- Burners 

5.1.3.3.1 Retrofit a~~lications. The performance of 


retrofit LNB is presented in table 5-4. There are two 

tangentially-fired units.listed that have retrofit LNCFS I 


technology which incorporates CCOFA within the original 


windbox opening. For this reason, the LNCFS I technology is 

included in the LNB section. One tangential unit, Lansing 


Smith 2, is a pre-NSPS unit while the other, Hunter 2, is a 


subpart Da unit. Both of these boilers fire bituminous coal. 

Short-term controlled data for Lansing Smith 2 ranged 


from 0.39 to 0.43 lb/MMBtu across the load range. Long-term 


controlled NOx emissions (mean values of hourly averages for 2
-
to 3 months) for Lansing Smith 2 were similar to short-term 


data and averaged 0.41 lb/MMBtu at near full-load conditions 


with LNCFS I as compared to an uncontrolled level of 

0.64 lb/MMBtu. At 70 percent load, the controlled NOx level 


decreased slightly to 0.4 lb/MMBtu. 


The long-term data from Lansing Smith 2 shows 36 to 

37 percent NOx reduction, whereas the short-term data shows 41 


to 48 percent reduction. The long-term data is probably more 

representative of actual day-to-day NOx emission levels durinq 




TABLE 5-4 .  PERFORMANCE OF LNB RETROFIT ON U. S. COAL-FIRED UTILITY BOILERS 

Uncontrolled Controlled Reduction 
Rated Control Capacity H0 emissions no^ in NO, 

Wit  capaci t y  typeC tength tested (I~/MHB~~)em,ss~ons missions 
U t i I i t y  (standarcOa (MU) O E M ~  (vendor)d of teste ( x )  (Ib/HMBtu) (XI  Reference 

IALLY-FIRED BOILERS-, BITWIMOUS COAL 

( ABB-CE 100 0.73 I 0.39 45 19 
TO 0.68. 0.40 48 II Short  ) 60 0.65 1 0.43 1 41 ( 

LNCFS I Short 100 0.64 0.35 45 7 
(hBB-CE) 70 

Long 70 -- 0.41 - - 7 

Tennessee Gat Lat in 4 328 ABB-CE LWFS I Short -- 0.55-0.65 0.45-0.55 10-20 20 
Valley (Prel 
Authority 

MALL-FIRED BOILERS. BITUHIHWS COAL 

Ohio Edison Co. Edgeuater 4 105 B&U XCL Short 100 0.85 0.52 39 21 
(Pre) ( 0 8 ~ )  Short 78 0.80 0.46 43 

Short 63 0.67 0.39 42 

Alabama Power Gastm 2 272 B&W X C t  Short 100 0.78 0.39 46 22 
Co. (Pre) ( B W  Short' 70 0.69 0.37 41 

Short 50 0.60 0.34 43 

Longf tOO 0.76 0.40 47 t3 
longf 70 0.72 0.38 47 
~ ~ l 50g ~ 0.65 0.36 45 

Central 1L Duck Creek 1 441 RS CCV Short 100 1.11 0.55 50 23 
t i g h t  Co. (Pre) (RS) 

Tennessee Johnsonvi 1l e  8 125 FU IFS Short 100 1 .O 0.45 55 20,24, 25 
Val l e y  (Pre) ( F W  0.95-1.05 0.44-0.60 
Authority 



TABLE 5-4.  PERFORMANCE,OFLNB RETROFIT ON U. S. COAL-FIRED UTILITY BOILERS {Continued) 

Uncontrolled Control led Reduct i on  
Rated Control Capacity 10 emissions NoV i n  NOx 

Uni t  capacity typeC Length tested ~ I t m ~ t u )  emissions miss ions  
U t i l i t y  tstandardlg (MU) , O E H ~  of teste ( X )  < lb/HMBtu) (%IReference 

MALL-FIRED BOILERS, BITUMINOUS COAL (Continued) 

Tennessee Cotbert 3 200 B&W IFS Short 100 0 . n  0.40 48 25 
Val l ey  (We) (FWI 
Authority 

Long - - - - 0.45 - - 5 

Georgia Power Hamnand 4 500 FU CF/SF Short 100 1.20 0.65 50 12 
Co. (Pre) (FU) Short 60 1.00 0.50 50 

longf 100 1.23 0.69 44 13 
I longf 80 3.09 0.57 48 

longf 60 0.98 0.47 52 

Honogehela Pleasants 2 626 FW CF/SF Short 100 0.95 0.45 53 14- - 0.33 - -Power CO. (Da) <FU) Short 84 
U1 Short 72 -- 0.34 --
I 

W 
tn long9 -- - - 0.33-0.45 -- 26 

- - 0.53 - - 16Board o f  Pub1 ie Guindaro 2 t37 RS RO- II Short 90 - - 0.51 - -U t i l i t i e s  (D) (ABB-CE) 70 
55 - - 0.45 - -

WALL-FIRED BOILERS, SUBBlrVHlWOUS COAL 

Pub1ic Service Cherokee 3 172 BBU IFS Short W 0.73 0.50 31 27 
co. of co (Pre) (FU) 

-- 0.58 - - 28l r  izona Pub1i c  Four Corners 3 253 FU CF/SF Short 100 -- 0.51 - -Service Co. (PreI (FU) Short 70 

~ o n g ~  -- - - 0.45-0.60 - - 28 

Publ  i c  Service Sen Juan f 361 FW CF/SF Short 100 0.95 0.40 58 29 
CO. of  NI re) (FW 



-- 

TABLE 5 - 4 .  PERFORMANCE OF LNB RETROFIT ON U. S. COAL-FIRED UTILITY BOILERS (Concfuded) 

I Uncontrotted Controtled Reduction 
Rated Control Capacity HO emissions NoV i n  NOx 

Unit capacity typec Length tested ( f b / b l ~ ~ t u )  emiss~ons emissions 
U t i t i t y  (standardP (MU) O E M ~  (vendor)d of teste (X I  (lb/HMBtu) (%I Reference 

BOILERS, SUBBITMI1WOUS COAL (Continued) 

Consuners Power 1 J.H. C m q h l l  3 CF/SF 1 Short - 1 100 1 0.58-0.60~ 1 0.39-0.46~ 1 30-41 1 30 
Co. (DI (FU) 

long9 80-100 0.38-0.60 0.40-0.60 - - 30I F U 
Arizona Publjc 1 Four Corners bi ) 818 o&W CF/SF Short 103 ?.t5 0.49 57 31 

<FU) Short 70 0.98 0.70 29 
Short 50 0.67 0.62 7 

Arizona Public Four Corners si 818 BBU CF/SF Short 93 7.75 0.57 50 31 
Service Co. (Pre) (FU) 

Long9 -- - - 0.5-0.65 - - 31 

Board of Public Qufndero 2 137 RS RO- Il Short 90 - - 0.35 -- 16 
U t i t i t i e s  (0) (ABB-CE) 70 - - 0.27 - -

55 -- 0.28 - -
CELL BOILERS, BITWIWWS COAL 

Dayton Power & JH Stuart 4 610 B&U LHCB Short 100 1.22 0.55 55 32, 33 
Light  Co. CPre) (8&W Short 75 0.92 0.42 54 

Short 57 0.70 0.37 47 

a~tandard: D = Slrpert D; Da = Subpart Da; and Pre = Pre-NSPS 
~ O E H= Origianl Equipment Manufactwr; ABB-CE = Asea Brown Boveri - Combustion Engineering; B&W = Babcoek & Witcon; fU = Foster Wheeler; and 

RS = R i ley  stoker. 
Clype Control: CCV = Controlled Ccarbustion Venturi Lou HO Burner; CF/SF = Controlled F low/Split Flame Lon NOx Burner; IFS = Internal  Fuel Staged 
Low NO, Burner: LNCB = Lou HOW,.Cet l Burner; LHCFSI = Lou fi0,-.Concentric F i r i ng  System, Level 1, with close-coupled overf i r e  air; and XCL = Axial 
~ o n t r o r l e d ~ o u - HBurner 

%mior: Vendor o "r NOx control. Refer t o  note "bun. 
etong = Long-term CEM data, i.e., 2-6 months. Short = Short-term test  data, i.e., hours. 
f ~ o n g= Mean value of hourly averages f o r  2-6 months. 
%tmg = Range o f  hourly averages. 
h ~ n c o n t r o l k d  missions are u i  t h  OFA and control led HO, emissions ere with LHB atone. 
i ~ r i g i n a ~ l y3-nozzle c e l l  burner that has had burner pat tern changed t o  standard opposed-wall configuration. 
- - = Oata not available 



normal boiler operation than the short-term data taken during 


specific test conditions. Lansing Smith 2 is also evaluating 


LNCFS 11 and 111 as part of a U.S. Department of Energy (DOE) 

Innovative Clean Coal Technology project. The results from 


the LNCFS I1 and 111 demonstrations are presented in 


section 5.1.4.3.1. 


For Hunter 2, the uncontrolled level of 0.64 lb/MMBtu 


represents operation with original burners but without the 


OFA. The LNCFS I system reduced the NOx to 0.35 lb/MMBtu at 

full-load during short-term tests (45 percent NOx reduction). 


The long-term data (4 sets of 30-day rolling averages) taken 

during normal low NOx operation indicates an emission level of 

0.41 lb/MMBtu at an average 70 percent load. The average NOx 

reduction for these units was 35 to 45 percent with LNCFS I 


technology which is similar to the results at Lansing Smith. 

There are eight wall-fired boilers noted on table 5-4 


that fire bituminous coal. Of these, two pre-NSPS boilers 


have been retrofit with the X C L ~burner. Edgewater 4 and 


Gaston 2 had uncontrolled NOx emissions in the range of 0.76 

to 0.85 lb/MMBtu at full-load and were reduced to 0.4 to 

0.52 lb/MMBtu with the X C L ~burner (39 to 47 percent) ; 
Figure 5-14 shows. trends in controlled NOx levels for 


Edgewater 4, Gaston 2, Four Corners 3 and 4 ,  Hammond 4 ,  and 

Pleasants 2 as a function of boiler load. Typically, at 


higher loads the controlled NOx is higher. The short-term 


controlled NOx emissions from both Edgewater and Gaston 


reduced as the load decreased. The C C V ~ ~burner reduced 

uncontrolled NOx emissions of 1.1 lb/MMBtu by 50 percent to 


0.55 lb/MMBtu (Duck Creek 1). 
For the two units w i t h  the I F S ~burner, the NOx emissions 


were reduced 48 to 55 percent. One of these boilers 

(Johnsonville 8 )  had an uncontrolled NOx level of 1.0 lb/MMBtw 
and was reduced by 55 percent whereas the other (Colbert 3) 


had a lower uncontrolled NOx level of 0.77 lb/MMBtu and was 

reduced by only 48 percent. 






For the pre-NSPS boiler retrofit with the C F / S F ~burner 


(Hammond 4 ) ,  the NOx was reduced from uncontrolled levels of 

approximately 1.2 lb/MM~tu by 45 to 50 percent to 0.6 l b / ~ ~ ~ t u  


(short-term test data) and 0.7 lb/MMBtu (long-term test data). 


The subpart Da unit (Pleasants 2) had uncontrolled NOx 


emissions of 0.95 lb/MM~tu and was reduced to 0 . 4 5  l b / ~ ~ ~ t u  

with the C F / S F ~burner (53 percent reduction)'. This unit was 


also originally equipped with OFA ports which were closed off 

when the new LNB were installed. The uncontrolled NOx level 

of 0 . 9 5  lb/MMBtu is from a short-term test without OFA. As 

figure 5-3 shows, the NOx emissions from Hamrnond and Pleasants 

decreased as the load decreased. 


One boiler, Quindaro 2, was retrofitted with the RO-I1 


LNB. Testing was conducted with both a bituminous and a I 

subbituminous coal. Uncontrolled NOx levels were not measured 


and the controlled NOx levels at full-load while firing 


bituminous coal was 0.53 lb/MMBtu and 0.45 lb/MMBtu at half- 


load. 


There are seven boilers on table 5-4 that fire -

subbituminous coal, five of which have been retrofitted with 


the C F / S F ~burner, one with the IPS burner, and one with the 


RO-I1 burner. Two of the units, Four Corners 4 and 5, were 

originally 3-nozzle cell units and the burner pattern was 


changed to a "standardw opposed-wall configuration during the 

retrofit. Therefore, these units are not typical of a direct 

plug-in LNB retrofit. 


The NOx emissions af Cherokee 3 were reduced from 

0.73 lb/MMBtu with the IFS burner to 0.5 lb/MMBtu, or 

31 percent. This boiler also has a natural gas reburn system; 

however, this data is without reburn. The NOx emissions at 


Four Corners 3 were reduced to approximately 0.6 lb/MMBtu with 


the CF/SF~burner. Neither the uncontrolled level nor the 


percent reduction were reported. 

The San Juan 1 unit was designed to meet an emission 

limit of 0.7 lb/MMBtu but was unable to meet this level with 
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OFA alone. The NOx was reduced from 0.95 lb/MMBtu (with OFA) 
to a controlled level of 0.4 lb/MMBtu (with L N B ) ,  or 

58 percent reduction. San Juan 1 had fairly high uncontrolled 

NOx levels which may be a factor in attaining the high percent 


reduction. 


The short-term controlled NOx emissions for the subpart D 

unit (J.H.Campbell 3 )  was 0 . 3 9  to 0.46 lb/M~~tuat full-load 


with the C F / S F ~burner. This unit was originally equipped 


with OFA ports which were subsequently closed off when the new 


LNB were installed. The uncontrolled NOx emissions are with 

the OFA in service. By installing LNB on this unit and 

closing the existing OFA ports, approximately 30-40 percent 


NOx reduction was achieved. 

At Four Corners 4 and 5 ,  the NOx was reduced from an 

uncontrolled level of 1.15 lb/MMBtu to controlled levels of 


0.49 to 0 . 5 7  lb/MM~tu (short-term) and 0.5 to 0 . 6 5  lb/MM~tu 

(long-term). This corresponds to 50 to 57 percent reduction. 

Since these units were originally cell boilers, they had 

higher uncontrolled NOx emissions than the standard wall-fired 


boiler configusati~n, and subsequently higher controlled NOx 

emissions. 


Quindaro 2 was retrofitted with the RO-I1 LNB and tested 

with both bituminous and subbituminous coal. On subbituminous 


coal, the NOx emissions were reduced to 0.35 lb/MMBtu at full- 

load and to 0.28 lb/MMBtu at half-load. The one cell-fired 

boiler (JM Stuart 4 )  shown on table 5-4  fires bituminous coal 

and had high (short-term) uncontrolled NOx emissions of 0.70-
to 1.22 lb/MMBtu across the load range. After retrofitting 


the LNCB, the NOx was reduced to 0.37 t o  0 . 5 5  lb/MMBtu (47  to 

55 percent). The LNCB is a direct burner replacement and the 

boiler remains in a cell unit configuration. 


To summarize, the tangentially-fired boilers that fire 

bituminous coal had uncontrolled NOx emissions in the range of 

0.62 to 0 . 6 4  lb/MMBtu and were reduced by 35 to 45 percent 

with the LNCFS I technology to controlled levels of 0.35 to 




0.4 l b / ~ ~ ~ t u 
(long-termdata). The wall-fired boilers that 


fire bituminous coal had uncontrolled NOx emissions in the 
range of 0.75 to 1.2 lb/MMBtu and were reduced by 40 to 


50 percent with LNB to controlled levels of 0 . 4  to 

0.7 lb/MMBtu (long-term data) . The wide range of NOx 

emissions is due 'to factors such as boiler age, boiler and 


burner design, heat release rates, and furnace volume. And, 


the wall-fired boilers that fire subbituminous coal had 


uncontrolled NOx emissions of 0 . 6  to 1.2 lb/MMBtu and were 
reduced by 40 to 60 percent to controlled levels of 0.4 to 

0.6 lb/MMBtu. The wide range of uncontrolled NOx emissions is 

due to the original cell configuration of two boilers (high 
uncontrolled NOx levels), boiler and burner design, heat 
release rates, and furnace volume. 


5.1.3.3.2 NewunitB. This section provides information 

on NOx emissions from new boilers subject to NSPS subpart Da 
standards with LNB as original equipment. The performance of 

original LNB on 9 new tangentially-fired and 12 new wall-fired 

boilers is presented in table 5 - 5 .  The tangentially-fired 

boilers have CCOFA within the main windbox opening and for 

this reason, it is included in the LNB section. The wall- 

fired boilers have LNB only. 

Short-term averages of NOx emissions from the tangential 

units firing bituminous coal and operating at near full-load 

range from 0 . 4 1  to 0.51 lb/MMBtu at near full-load conditions. 
For the subbituminous coal-fired tangential boilers, the NOx 

emissions ranged from 0.35 to 0.42 lb/MMBtu. And, the NOx-
emissions from the lignite-fired boilers ranged from 0.46 to 

0.48 lb/MMBtu. As shown in figure 5-15, the NOx emissions for 

three tangential units increased when operated at low loads. 

Short-term averages of NOx emissions from the wall-fired 


units firing bituminous coal range from 0.28 to 0.52 lb/MMBtu 

at near full-load conditions. For the subbituminous 


coal-fired wall boilers, the NOx emissions ranged from 0.26 tg 

0 . 4 7  lb/MMBtu whereas the lignite-fired boiler was 
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TABLE 5 - 5 .  PERFORMANCE OF LNB ON NEW U. S .  COAL-FIRED UTILITY BOILERS 

Rated Control Length Capacity NO* 
Unit Year capacity w e C  of t es t  tested emiss~ons 

U t i l i t y  (standardla an1ine (MU) OEldb (vendor)d (hrs) ('A) {lb/MMBtu) Reference 

TAFIGEHTIALLY-FIRED BOILERS, BITWIUWS COAL 

W. Indiana Public R.M. Schahfer 17 1983 393 ABB-CE LNB/COFA 6 fl 0.43 34 

Service Co. (Da) (ABB-CE) 2 79 0.42 


5 58 0.60 


N. Indiana Pllbtic R.M. Schahfer 18 I986 393 ABB-CE LNB/CCOFA 5 96 0.41 34 

Service Co. (Da) (RBB-CE) 5 70 0.29 


6 51 0.50 


I 


Tarnpa E lec t r ic  Co. Big Bend 4 ?985 455 ABB-CE LMB/CCOFA 96 0.41 35 

(Da) (ABB-CE) 

S. Carotina Public Cross 2 1984 500 ABB-CE LNB/CCOFA 1 100 0.51 36 

Service (Da) (ABB- CE 1 95 0.52 


1 92 0.50 


UI 

.LY-FIRED BOILERS, SUBBITIAdIUWS COAL 
I I I 


Huscatine Power & Water Muscatine 9 1983 161 I ABB-CE . 1 LNB/CCOFA 1 4 

p a l  (ABB-CE) 2 


4 


lower CO River Fayette 3 ABB-CE LNB/CCOFA 
Authorit  (ABB-CE) 

Houston Light ing & U.A. Parrish 8 ABB-CE LWB/CCOFA 
Power Go. - (ABB-CEI 

TAHGEHTIAttY-FIRED BOILERS, LIGNITE COAL 

Houston l i g h t i n g  8 Limestone 1 1985 810 ABB-CE LNB/CCOFA - - 100 0.48 40 

Power Co. ID@) (AB8-CE) 

Houston Light ing & Limestone 2 1986 810 ABB-CE LNBPCOFA -- 97 0.46 40 

Power Co. (Da) (ABB-CE) 



I 

TABLE 5 - 5 .  PERFORMANCE OF LNB ON NEW U. S. COAL-FIRED UTILITY BOILERS (Continued) 

Rated Cont rot  Length Capacity 
Unit Year capacity twC of tes t  tested erniss~ons 

U t i t i t y  (standard)a online (W1 O E M ~  (vendorld Ihrs)  ( X )  (lb/HMBtu) Reference 

WALL-FIRED BOILERS, BITUMINC 

Southern Indiana Gas & DRB 
Elec t r i c  ( B W  

Utah Power 8 Light  

Orlando U t i l i t y  Cfl Stanton 1 1 1987 1 464 BSU 
Comnission 

Baltimore Gas & Bra& Shores 1 I981 610 BSUI 1 1 
E lec t r ic  

Battimore Gas & 
P Etect r lc  
W 

Los Angeles Dept. of Intermountain 1 1986 900 1 B&CI DRB 
Water & Poner IB8W) 

Cincinneti Gas & 
E lec t r ic  

Hevads Power Co. Reld Gardner 4 
(Dm) 

Big River E lec t r ic  bB W i  lson 1 
Corp. IDel 



TABLE 5 - 5 .  PERFORMANCE OF LNB ON NEW U. S. COAL-FIRED UTILITY BOILERS (Concluded) 

Rated Control Length Capacity . N O ~Unit Yeer capacity typeC of test  tested emlsslons 
U t i t i t y  (standerdja onl ine (MU) 0Enb (vendorld (hrs) (XI (lb/MMBtu) Reference 

WALL-FIRED BOILERS, SLWBITUMIUUJS COAL 

Sunfl o w r  Etec t r lc  Holcanb 1 1983 348 88U DRB 1 93 0.26- 50 
Power Corp. (Da ( B W  0.34 

Tr i -State Generation Craig 3 1984 448 BBV DRB 6 89 0.36 51 
and Trans. Assoc. (Oa ( B & w  

Sierra Pacif i e  Power North Valmy 2 f 985 284 FU LNB 2 95 0.47 52 
Co. .(Da 1 (FW) 

WALL-FIRED BOILERS, LIGNITE COAL 

Central LA E lec t r i c  Co. Dolet H i I l s  1 1986 695 n&w DRB 1 97 0.39 53 
tDa) (BW) 

a~tandard: Da = Subpart Da. 

~ O E Mr Originet Equipnent Manufacturer; RBB-CE = Asea Brown Boveri-CanBustion Engineering; 9&U = Babcock 8 Ui Icon; and FU = Foster Wheeler 

C ~ o n t r o lType: ORB = Dual Register Burner; CF/SF = Control led  Floct/Spli t Flame; and LNB/CCOFA = Lou NO, Burners with CIose-Coupled Overf i r e  Air. 

d~endors: Vendor o f  llOx control. Refer t o  note "bil. 





0.39 lb/MMBtu. 'I*Io wall units reported NOx at lower loads and 
as shown in figure 5-16, the NOx decreased as load decreased. 

5.1.4 Low NO,- Burners and Overfire Air 

5.1.4.1 Process Description. Low NOx burners and OFA 
are complementary combustion modifications for NOx control 

that incorporate both the localized staging process inherent 


in LNB designs and the bulk-furnace air staging of OFA. When 

OFA is used with LNB, a portion of the air supplied to the 
burners is diverted to OFA ports located above t he  top burner 
row. This reduces the amount of air in the burner zone to an 

amount below that required for complete combustion. The final 

burn-out of the fuel-rich combustion gases is delayed until + 

the OFA is injected into the furnace. Using OFA with LNB 

decreases the rate of combustion, and a less intense, cooler 

flame results, which suppresses the formation o f  thermal NO,. 

In wall-fired boilers, LNB can be coupled with either OFA 

or AOFA. Figure 5-17 shows a schematic of a wall-fired boiler 

with AOFA combined with LNB. 54 Section 5.1.2 describes both 

OFA and AOFA systems. 

In tangentially-fired boilers, OFA is incorporated into 


the LNB design, forming a LNB and OFA system. These systems 
use CCOFA and/or SOFA and are classified as a family of 

technologies called LNCFS. There are three possible LNCFS 

arrangements shown in figure 5-18.5s For LNCFS Level 1, CCOFA 

is integrated directly into the existing windbox by exchanging 

the highest coal nozzle with the air nozzle immediately below 

it. This configuration requires no major modifications to the 

boiler or windbox geometry. In LNCFS Level 11, SOFA is used 

above the windbox. The air supply ductwork for the SOFA is 
taken from the secondary air duct and routed to the corner of 

the furnace above the existing windbox. The inlet pressure of 

the SOFA system can be increased above the primary windbox 

pressure using dampers downstream of the takeoff in the 


secondary air duct. The quantity and velocity of the SOFA 

injected into the furnace can be higher than those levels 






Advanced OFA Ports 

Flow Measurement\ 
Backpressure /

Dampers ------. 

Combustion Air 
Low NO, 
Burners 

Coal Feed Y 
Pipes Boundary Air Ports 

Figure 5-17. Advanced OFA system with LNB. 54 





possible with CCOFAI providing better mixing. The LNCFS 


Level 111 uses both CCOFA and SOFA for maximum control and 


flexibility of the staging process. Process descriptions of 
OFA and LNB are discussed in detail in sections 5.1.2.1 and 
5.1.3.1 of this document. 


5.1.4.2 1.
Design and 


operational factors affecting the NOx emission control 


performance of combined LNB + OFA are the same as those 
discussed in sections 5.1.2.3 and 5.1.3.2, for the individual 


controls. 

5.1.4.3 Burners and Overfire Air. 


2 

5.1.4.3.1 1.
The results from 


several different types of retrofit LNB + OFA systems 
presented in table 5-6. The uncontrolled and controlled NOx 


emission data presented in this table are averages from short-

term.tests (i.e., hours) or from longer periods i e .  2 to 


4 months). All the boilers shown but one are pre-NSPS units. 
The LNCFS I1 system incorporates SOFA while the LNCFS 111 


incorporates both CCOFA and SOFA. The PM system incorporates 


SOFA. The dual register LNB (DRB-XCL) and the CF/SF LNB on 

the wall-fired boilers also incorporate OFA. 
For the three boilers with LNCFS I1 systems firing 


bituminous coal, the short-term controlled NOx emissions range 

from 0.28 lb/MMBtu (Cherokee 4 )  to 0.4 lb/MMBtu (Lansing 

Smith 2) at full-load conditions. Long-term data for Lansing 

Smith 2 show 0.41 lb/MMBtu at full-load. At lower loads, the 

short-term controlled NOx emissions range from a low of 0.33 

(Cherokee 4 )  to a high of 0.75 lb/MMBtu (Valrnont 5 ) .  Long-

term data at reduced load for Lansing Smith 2 shows NOx 
emissions of approximately 0.4 lb/MMBtu. The range of NOx 

reduction for LNCFS I1 technology was approximately 35 to 
50 percent at full-load. 


For the boiler firing bituminous coal with LNCFS 111 
systems (Lansing Smith 2), the short-term controlled NOx 

emissions were 0.36 lb/mBtu at full-load conditions while the 
long-termNOx emissions for Lansing Smith 2 were 


5-50 
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TABLE 5-6 .  PERFORMANCE OF LNB + OFA RETROFIT ON U. S. COAL-FIRED UTILITY BOILERS 

Uncontrolled Controlled Reduction 
Rated Control Cepacity ."% % in NO,

Uni t  capacity typeC Length tested emlsslons emiss~ons emissions 
Utl t i ty  standard)^ (MU) 0Enb o f t e s t e  (X I  (Ib/MHBtu) C Ib/HBtu) (XI Ref erenee 

IGEWTlALl .FIRED Bol l  S, BITWINOUS COAL -
Pub1ic Service Valmont 5 ABB-CE LHCFS I 1  Short 106 0.66 0.32 52 
Co. o f  EO (Pre) (ABB-CE) Short 73 0.65 0.48 26 

Short 50 1.03 0.75 27 

Gulf Power Co. Lensing Smi th  2 ADD-CE LHCFS f I Short 100 0.73 0.40 45 
(Pre) (ABB-CE) Short 70 0.68 0.40 41 

Lang 100 0.41 36 
Long 70 38 
Long 60 0.62 0.40 35 

Public Service Cherokee 4 ABB-CE LHCFS I 1  Short 100 0.52 
Co. of CO (Pre) (ABB-CE) Short 70 0.45 

Short 43 0.51 

Gulf Power Co. tensing Smith 2 ABB-CE LNCFS I11 Short 100 0.73 
(Pre) (ABB-CE) 

Short 0.65 

tong 100 0.64 

Long 0.62 



- - - - - - - - - - - - 

TABLE 5-6. PERFORMANCE OF LNB -I-OFA RETROFIT ON U. S. COAL-FIRED UTILITY BOILERS 
(Continued) 


Uncon t ro l l ed  Cont ro l  Ied Reduct ion 
Rated Cont ro l  Capaci ty .M% i n  NO, 

U n i t  capaci t y  typeC Length tes ted  em1 sstons e m ~ s s ~ o n s  emissions 
U t i l i t y  (standardla (MU) O E H ~  ( vendar f J  o f  t e s t e  (XI (lb/HMBtu) ( l b /~HBtu )  (XI  Reference 

TANGENTIALLY-FIRED BOILERS, BITUHIWOUS/SUBB17UHIIWS BLEND 

Union E l e c t r i c  Labadie 4 620 ABB-CE LHCFS I 1 1  Short  100 0.69 0.45 35 58 
CO. ( h e )  (ABB-CE) Short  60 0.50 0.45 10 

Short  25 0.54 0.45 17 

I 

TANGEHTfALtY-fIRED BOfLERS, SUBBITUMINOUS COAL 

ul 
f Kansas Power Lawrence 5 ABB-CE PH + OFA Short  80 0.49 0.25 49f 59 

Ln and L i g h t  Co. (P re I  tPF-MUl\ 
u 


PSI Energy Inc. Gibson 1 FU A t l a s  + Short  100 1.20-1.30 0.74-0.80 -38 60-t W e )  OFA 

PSI Energy Inc.  Gibson 3 FU A t l a s  + Short 100 0.55-0.80 0.34-0.50 -38 60 
0 )  OFAI 

WALL-FIRED BOILER, BITUMINWS COAL -
Georgia Power Hemnond 4 500 FW CF/SF + Short  90 1.20 0.5 58 67 
Co. re) . AOFA 60 1.OO 0.5 50 



TABLE 5 - 6 .  PERFORMANCE OF LNB + OFA RETROFIT ON U. S. COAL-FIRED UTILITY BOILERS 
(Concluded) 


Uncontrolled Control Led Reduction 
Rated Cont rot  Capaci t y  In NO, 

Llni t capad t y  typeC Length tested emiss~ons emiss~ons emf ssions 
Utlltty ( ~ t a n d a r d ~ ~  (MU) O E M ~  (vendorjd o f  teste ( x )  ( Lb/ldHBtu) (Ib/MBtu) (XI Reference 

MALL-FIRED BOILER, BITUMIHWS COAL (Continued) 

Ohio Edison Co. U.H. Semnf s 6 623 B&W ORB-XCL + Short 96 1.14-1.40 0.33-0.35 60-70 62, 63 
W e )  SOFA 58 0.49 0.31 37 

( B W  


ROOF-FIRED BOILER, SUBBlTlMINOUS 

UI 
I Public Service Arapehoe 4 100 B&U ORB-XCL + Short 100 1.10 0.35 68 66 

VI C0.0fCO Wre) OFA 80 1.07 0.33 69 
(BgW 60 1-00 0.40 60 

astarnjarti: Pre = Pre-NSPS 

%EM = Original E q u i p n t  Manufacturer. ABB-CE = Asea Brown Boveri - Combustion Engineering; BW = Babcock and Ullcox; FU = Foster Wheeler. 

C ~ o n t r o lType: DUB-XCL + SOFA = Dud Register-Axial Control u i t h  Separated Overf ire Air; LWCFS I 1  = Lou NO, Concentrfc F i r i ng  System, Level 11, u i t h  
separated o w r f i r e  air; LNCFS 111 = Low N% Concentric F i r ing  System, Level 111, with close-coupled and separated over f i re  air;  end 
PM = Po l lu t ion  M i n i m  Burner; At185 8 Phoenix C h s t i o n  Attes LNB; CF/SF + AOFA = Controlted Flow/Spl it Flame with advanced OFA. 

d~endors: CE-IHI = Carrkrstion Engineering - Hitsubishi Heavy Industries. Refer t o  note "bWf o r  others. 

qong  = Long-term CEH date, i.e., 2-4 months. Short = Short-term test  data, i.e., hours. 

'Different coal uas burned &r ing the baseline test ing (uncontrolled) and 49 percent reduction may not be an accurate depict ion of the r e t r o f i t .  



A t0 . 3 4  l b / ~ ~ ~ t u .  lower loads, the short-term NOx emissions 
ranged from 0.32 to 0.45 lb/MMBtu while long-term data ranged 

from 0.34 to 0.37 lb/MMBtu. The range of NOx reduction for 

the LNCPS 111 technology on bituminous coal was approximately 

50 percent at full-load. 


One boiler with LNCFS 111 technology (Labadie 4 )  burned a 

blend of bituminous and subbituminous coal. The short-term 

uncontrolled NO, emissions were 0.54 to 0.69 lb/~MBtu across 

the load range and were reduced to 0 . 4 5  lb/MMBtu, or 10 to 

35 percent. The WCFS III system on Labadie 4 is still being 
tuned and long-term data are not yet available. 


For the one boiler with the P M ~burner system firing 


subbituminous coal, the short-term controlled NOx emissions at 

near full-load were 0.25 lb/M~~tu
(49 percent NOx reduction) 


and 0.14 to 0.19 lb/MMBtu (60 to 71 percent NOx reduction) at 

lower loads. However, the baseline and post-retrofit coals 


are very different and the 49 percent reduction may not be an 

accurate depiction sf the capabilities of the retrofit. The 

uncontrolled NOx for Lawrence 5 was relatively consistent at 

0.47 to 0.49 lb/MMBtu across the load range. However, the 

controlled NOx was much less at the lower loads. This was 

' 
due to the operators becoming familiar with the operation of 


the PM system and being able to greatly reduce excess air 

levels at the lower loads.59 

Two similar tangentially-fired boilers (Gibson 1 and 3 )  

have been retrofitted with the Atlas LNB with OFA. For both 


cases, the NOx was reduced approximately 40 percent. 

Figure 5-19 shows that short-term controlled NOx emissions 


across the load range for the tangential units with retrofit 

LNB + OFA. Several boilers (Labadie 4, Lansing Smith 2, and 
Cherokee 4 )  had NOx emissions that increased or decreased 
slightly over the load range. However, one unit, Valmont 5, 

had substantially higher uncontrolled and controlled NOx 

emissions at the lower loads. This may be due to the need for 


higher excess air levels at lower loads to maintain reheat and 





superheat steam temperatures. To maintain the steam 


temperatures, the main coal and air nozzles tilt upward and 

this may contribute to the higher NOx emissions at the lower 


loads. As previously mentioned, the NOx decreased for the PM 


burner applications. 


The wall-fired unit firing bituminous coal, W.H. 


Sammis 6, was originally a two-nozzle cell unit. The burner 


pattern was changed to a conventional opposed wall pattern 


during the installation of the LNB + SOFA system. The 
uncontrolled NOx emissions at near full-load ranged from 1.1 

to 1.4 lb/MMBtu, which is typical of cell boilers. With the 


DRB-XCL + SOFA, the NOx emissions were reduced to 

approximately 0.35 lb/MMBtu, or 60 to 70 percent reduction. 

A t  reduced load, the uncontrolled NOx level of 0.49 lb/MMBtu 

was reduced by 37 percent to 0.31 lb/MMBtu. 


One roof-fired boiler is shown in table 5-6. Arapahoe 4 


has completed an extensive retrofit of an DRB-XCL + OFA 
system. The uncontrolled NOx level of 1.1 lb/MMBtu was 


reduced to 0.35 lb/MM~tu (68 percent) at full-load. At lower 


loads, the NOx reduction was 60-70 percent. This boiler is 


also demonstrating SNCR as part of the U.S. DOE Innovative 

Clean Coal Technology program. The results of the combined 


control is presented in section 5.3.3.3. 

To summarize, the LNCFS I1 technology reduced NOx 


emissions by 40 to 50 percent and the LHCFS 111 technology 

reduced NOx by 50 percent on bituminous coal-fired boilers. 

The LNCFS XI1 technology reduced NOx by 10 to 35 percent on a 
boiler firing a blend of bituminous and subbituminous coal. 

The P M ~burner reduced NOx by 50 to 60 percent at Full-load on 


subbituminous coal. And the combination of DRB-XCL + SOFA 
reduced NOx by 65 to 70 percent on a wall-fired boiler firing 

bituminous coal. The Atlas LNB + OFA reduced NOx by 
approximately 40 percent on a wall-fired boiler firing 


subbituminous coal. 




5.1.4.3.2 New units. This section provides information 


on NOx emissions from relatively new boilers with original 


LNB + OFA systems. The performance of original LNB + OFA on 
two new wall-fired boilers firing bituminous coal is given in 


table 5-7. Short-term averages of NOx emissions for the units 


operating at near full-load range from 0.51 lb/MMBtu 

I 

(Endicott Jr. 1) to 0.56 lb/MMBtu (Seminole 1). At lower 1 . 
loads, the NOx ranged from 0.42 to 0.49 lb/MMBtu for 

Seminole 1. 


5.1.5 Reburn and Co-Firinq 


5.1.5.1 Process Descriptions. Reburn is a combustion 

hardware modification in which the NOx produced in the main 

combustion zone is reduced downstream in a second combustion 


zone. This is accomplished by withholding up to 40 percent of 

the heat input at the main combustion zone at full-load and 

introducing that heat input above the top row of burners to 


create a reburn zone. The reburn fuel (which may be natural 


gas, oil, or pulverized coal) is injected with either air or 

flue gas to create a fuel-rich zone where the NOx formed in 

the main combustion zone is reduced to nitrogen and water 

vapor. The fuel-rich combustion gases leaving the reburn zone 

are completely combusted by injecting overfire air (called 


completion air when referring to reburn) above the reburn 


zone. Figure 5-20 presents a simplified diagram of 
conventional firing and gas reburning applied to a wall-fired 

boiler.67 

In reburning, the main combustion zone operates at normal 

stoichiometry (about 1.1 to 1.2) and receives the bulk of the 


fuel input (60 to 90 percent heat input). The balance of the 


heat input (10 to 40 percent) is injected above the main 


combustion zone through reburning burners or injectors. The 

stoichiometry in the reburn zone is in the range of 0.85 to 

0.95. To achieve this, the reburn fuel is injected at a 


stoichiometry of 0.2 to 0.4. The temperature in the reburn 




Unit Year 
Reted 

capacity 
Control 
tYWC 

Length of 
test 

Capacity 
tested H08emissions 

Utility (~ tandard )~  online (MU) OWb (vendorId (hrs) ( X I  (lb/MMBtu) Reference 

WALL-FI RED BOILERS, BITUMIWOUS COAL 

Michigan South Central Endicott Jr. 1 1982 55 Bit .  DRB + OFA 6 58 0.51 65 
Power Agency (Da) (BgU) 

Seminole Electric Coop. Semfnote 1 1986 680 B i t .  CF/SF + OFA 1 93 0.56 66 
(D81 ( F W  1 74 0.42-0.49 

~ O E M= Original Equipmt Manufacturer 

VI 

C~ont ro lType: CF/SF + OFA 
ORB + OFA 

= Controlied FLow/Split Flame LWB with OFA 
= Dual Register Burner with Overfire A i r  

= Babcock & Ui lcon 
= Foster Uheeler 
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Figure 5-20. Application of natgral gas reburn on a 
wall-fired boiler. 



zone must be above 980 oc (1,800 OF) to provide an environment 


for the decomposition of the reburn fuel. 68 

Any unburned fuel leaving the reburn zone is then burned 


to completion in the burnout zone, where overfire air (15 to 

20 percent of the total combustion air) is introduced. The 

overfire air ports are designed for adjustable air velocities 

to optimize the mixing and complete burnout of the fuel before 
it exits the furnace. 


The kinetics involved in the reburn zone t o  reduce NOx 

are complex and not fully understood. The major chemical 


reactions are the following: 68 


heat/02 deficient 

CH4 ,mCH3 + eH (hydrocarbon radicals) (5-1) 

The reaction process shown in equation 5-1 is initiated 

by hydrocarbon formation in the reburn zone. Hydrocarbon 


radicals are released due to the pyrolysis of the fuel in an 

O2 deficient, high-temperature environment. The hydrocarbon 


radicals then mix with the combustion gases from the main 

combustion zone and react with NO to form (CN) radicals and 

other stable products (equations 5-2 to 5-4).68 

9CH3 + NO + HCN + H20 (5-2) 

N2 + mCH3 + mNH2 + HCN (5-3) 

9H + HCN + mCN + H2 ( 5 - 4 )  

The CN radicals and the other products can then react 

with NO to Form N2, thus completing the major NOx reduction 
step (equations 5-5  to 5-71.68 

NO + 9NH2 -, N2 + H20 ( 5 - 5 )  

NO + *CN -, N2 + CO ( 5 - 6 )  

NO + CO + N2 + .... (5-7) 

An 02 deficient environment is important. If 02 levels 

are high, the NOx reduction mechanism will not occur and other 

68

reactions will predominate (equations 5-8 to 5-9). 


CN + 02 + CO + NO (5-8) 

( 5 - 9 )NH2 + 02 - Hz0 + NO 



To complete the combustion process, air must be 


introduced above the reburn zone. Conversion of (HCN) and 


ammonia compounds in the burnout zone may regenerate some of 
68

the decomposed NOx by equations 5-10 to 5-11: 


HCN + 5/4  02 + NO + CO + 1/2 H z 0  (5-10) 

NH3 + 5 / 4  02 + NO + 3/2 H z 0  (5-11) 

The NOx may continue to be reduced by the HCN and NH3 
68

compounds in equations 5-12 to 5-13: 


HCN + 3/4  02 + 1/2 N2 + CO + 1/2 Hz0 (5-12), 

NH3 + 3 /4  02 + 1/2 N2 + 3/2 Hz0 (5-13) 

Reburning may be applicable to many types of boilers 


firing coal, oil, or natural gas as primary fuels in the 


boiler. However, the application and effectiveness are site-

specific because each unit is designed to achieve specific 


steam conditions and capacity. Also, each unit is designed to 


handle a specific coal of range of coals. The type of reburn 


fuel can be the same as the primary fuel or a different fuel. 


For coal-fired boilers, natural gas is an attractive reburn 


fuel because it is nitrogen-free and therefore provides a 


greater potential NOx reduction than a reburn fuel with a 

higher nitrogen content. 69 Natural gas must be supplied via 

pipeline and many plants utilize natural gas as ignition or 


startup fuel, space heating, or for firing other units. If 


natural gas is not available on-site, a pipeline would need to 

be installed; however, oil or pulverized coal may be used as 


alternative reburn fuels. 67 

As shown in figure -5-21, reburning may be applicable to 


cyclone furnaces that may not be adaptable to other NOx 


reduction techniques such as LNB, LEA, or OFA without creating 


other operational problems.69 Cyclone furnaces burn crushed 

coal rather than pulverized coal, and pulverizers would be 

required if coal is used as the rebusn fuel. 


Reburning does not require any changes to the existing 


burners or any major operational changes. The major 


requirement is that the fuel feed rate to the main combustion 
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Figure 5 - 2 1 .  Application of reburn on a cyclone furnace.  



zone be reduced and an equivalent amount of fuel (on a heat 


input basis) be fed to the reburn burners in the reburn zone. 


Reburn fuel heat input usually accounts for no more than 


20 percent with natural gas or oil as the reburn fuel and 


usually no more than 35 percent with coal as the reburn fuel. 


Several reburning systems are available from different 


vendors for coal-fired applications. Key components of these 


reburn systems include reburn fuel burners for coal or oil 


reburn fuel or injectors for natural gas reburn fuel and 

associated piping and control valves. The Digital Control 


System is also a necessary part of the reburn system. If flue 


gas is used as the reburn fuel carrier gas, then fans, 


ductwork, controls, dampers, and a windbox are also needed in 

the reburn zone. Key components of the burnout zone include 

ductwork, control dampers, a windbox, and injectors or air 


nozzles. Injectors for the reburn fuel and overfire air 


require waterwall modifications for installation of the ports. 

Natural gas co-firing consists of injecting and 


combusting natural gas near or concurrently with the main 


coal, oil, or natural gas fuel. At many sites, natural gas is 

used during boiler start-up, stabilization, or as an auxiliary 

fuel. Co-firing may'have little impact to the overall boiler 


performance since the natural gas is combusted at the same 


locations as the main fuel. Figure 5-22 shows an example of a 

co-firing application on a wall-fired boiler. 7 0  

5.1.5.2 Factors Affectins Performance. The reburn 


system design and operation can determine the effectiveness of 


a reburn application. Reburn must be designed as a "systemw 
so that the size, number, and location of reburn burners and 


overfire air ports are optimized. A successful design can be 

accomplished through physical and numerical modeling. The 


system must be capable of providing good mixing in the reburn 
burnout zones, so that maximum NOx reduction and complete fuel 


burnout is achieved. Also, penetration of the reburn fuel 


into hot flue gas must be accurately directed because over- 
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Figure 5 - 2 2 .  Gas cofiring applied to a wall-fired boiler. 7 0 



penetration or under-penetration could result in tube wastage 

68

and flame instability. 


Operational parameters that affect the performance of 


reburn include the reburn zone stoichiometry, residence time 


in the reburn zone, reburn fuel carrier gas, and the 
temperature and 0 2  level in the burnout zone. Decreasing the 


reburn zone stoichiometry can reduce NOx emissions. However, 

decreasing the stoichiometry requires adding a larger portion 


of fuel to the reburn zone, which can adversely affect upper 


furnace conditions by increasing the furnace exit gas 


temperature. 


As previously described, flue gas may be used to inject 

the reburn fuel into the reburn zone. Flue gas recirculation 


(FGR) rate to the reburning burners can affect NOx reduction. 

Coal reburning is more sensitive to the FGR rate than natural 


gas or oil reburning, possibly because of coal nitrogen in the 


reburning coal portions. When FGR is not used, NOx is formed 


through the volatile flame attached to the reburn burner. 


However when FGR is used, mixing is improved and the NOx 


formation in the volatile reburning flame is seduced. 

A main controlling factor in reducing NOx emissions wi 


reburn is the residence time in the reburn zone. The seburn 


fuel and combustion gases from the main zone must be mixed 


thoroughly for reactions to occur. If thorough mixing occurs, 


the residence time in this zone can be minimized.68 The 

furnace size and geometry determines the placement of reburn 

burners and overfire air- ports, which will ultimately 

influence the residence time in the reburn zone. 


The temperature and 02 levels in the burnout zone are 

important factors for the regeneration or destruction of NOx 

in this area. Low temperature and 02 concentrations promote 


higher conversion of nitrogen compounds to elemental nitrogen. 


However, high carbon losses occur at low concentrations of 02 


and lower temperatures. The burnout zone also requires 


sufficient residence time for 02 to mix and react with 




combustibles from the furnace before entering the convective 


pass to reduce unburned carbon. 68 


5.1.5.3 Performance of Reburn. Results from two natural 


gas and one pulverized coal reburn retrofit installation are 

given in table 5-8. All three boilers burn bituminous coal. 

For the natural gas reburn application on a tangentially-fired 
boiler (Hennepin 1) firing bituminous coal, t he  short-term 
data indicate that NOx emissions at full-load are 

0.22 lb/~MBtu, corresponding to a 63 percent reduction. The 

long-term data collected during 3 to 55 hour periods averaged 

0.23 lb/MMBtu at loads of 53 to 100 percent. This unit 


averaged 60 percent NOx reduction. 

There is one application of natural gas reburn on a wall-

fired boiler, Cherokee 3, and this unit also has retrofit LNB 
with reburn, the NOx was reduced approximately 60 percent to 

0.2 lb/MMBtu from the control levels with LNB. 


For the natural gas reburn on a cyclone boiler, Niles 1, 

the  long-term data indicate NOx emissions are in the range of 
0.50 to 0.60 lb/MMBtu at 75 to 100 percent load. Niles 


reported that maximum NOx reductions (approximately 


50 percent) are only achievable at, or near, maximum load 

capacity because as the load was reduced, the reburn 

performance'degraded and could not be operated at less than 

75 percent load. This is due to the reburn-fuel mixing 


limitations and temperatures required to enable the slag t o  
run in the furnace. This situation may be boiler- or fuel- 


specific. 

There was a substantial buildup of slag on the back wall 


at Niles (even covering the reburn ports) and substantial 

changes had to be made to the reburn equipment design. After 


all the changes were made in design and optimization of the 

system was completed, the full-load NOx reduction at Niles 

averaged 47 percent at full load and 36 percent at 75 percent 

load. There was no NOx reduction noted at less than 
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TABLE 5 - 8 .  PERFORMANCE OF REBURN AND CO-FIRING ON U. S. COAL-FIRED 
UTILITY BOILERS 


Uncontrolled Controlled Reduction 
Rated Control Capacity NO in NO, 

Unit cepacity typeC Length tested emiastons emf ssfons emissions 
U t i l l t y  (stendar@) (W) OWb (vendor)d of test  (XI (lb/HMBtu) (LbIWBtu) ( x )  Reference 

TANGEWTIMLV-FIRED BOILERS. BITLMIHdJS CML 

l t l i n o i s  Power Henmpln 1 75 ABB-CE NGR 0.59 0.22 63 71 
CO. (Pre) (EERC) 0.57 0.23 60I I I 

TANGENTIALLY-FIRED BOILERS. SUBBITUMINOUS COAL 

Kansas Power & Lawrence 5 , 20-30 70 
l i g h t  (Pre) 35 I 

WALL-FIRED BOILERS, SUBBITUMINOUS COAL 

Public Servf ce Cherokee 3 172 1FS + NGR shorte 90 0.50 0.20 60 72UI I II Co. of CO (Pre) 
m 

4 


CYCLONE-FIRED BOILERS, BITUMINOUS COAL 

Uisconsfn Pouer Nelson Dewey 2 110 B&U. Cont shorte 100 0.83 0.39 53 A, 74 
end Light Co. (Pre) Reburn shorte 74 0.72 0.36 50 

(EM) shorte 50 0.69 0.44 36 

Ohio Edison Co. Wiles 1 114 8&U UGR Long9 700 0.95 0.50 47 ?5 
(Pre) . (ABB-CE) Longg 85 0.95 0.54 43 

Longs 79 0.91 0.60 34 
Longs 75" 0.90 0.58 36 

"standard: Pre = Pre-NSPS 
%EM = Or ig ine l  Equfpnent Mermf acturer 
' ~ o n t r o l  Type: Coal Reburn = putverized Coal Reburn; and NGR = Natural Gas Aeburn. 
dyendors: ABB-CE = Asee Brown Boveri-cambust ion Engineering; B&U = Babcock and U i  lcox; and EERC = Energy and Envirormental Research 
Corporation 

e~ours. 
f3-55 hours. 
g6-8 days. 
h~eburn  system could not be operated betaw 75 percent load. 



75 percent: load. The reburn system was removed in August 

1992, 2 years after installation. 

The remaining xeburn application is a pulverized coal 
reburn system on a cyclone boiler (Nelson Dewey 2 ) .  The 

short-term NOx emissions at full-load were 0.38 lb/MMBtu 


(55 percent NOx reduction) when burning bituminous coal. As 

noted with the previous application, the NOx emissions were 

reduced at mid-load levels and then increased at low loads. 


A t  73 percent load, the NOx emissions were 0.35*lb/M~Btu 

(36 percent reduction) and at half load, the NOx emissions 


were 0.49 lb/MMBtu. It was reported that when burning a 

western, Powder River Basin Coal, a 50-percent reduction was 

achieved over the load range. This further emphasis that the 

NOx reduction with reburn is both fuel- and boiler-specific. 

The results of the reburn applications are shown in 

figure 5-23. 


The one co-firing application on table 5-8 is Lawrence 5 .  

Lawrence 5 was retrofitted with the PM LNB system in 1987 and 

consists of five levels of PM coal nozzles. Full-load natural 


gas firing is available through natural gas elevations between 

the coal elevations. Separated OFA is also part of the PM LNB 


system. By selective co-firing with 10 percent natural gas, 


the NOx was reduced 29 to 30 percent from the controlled 

levels with the PM LNB system. With 20 percent co-firing, the 
NOx was reduced an additional 5 percent. 
5.1.6 Law Burners and Reburn 

5.1.6.1 v c r i p t i o n .  Reburn technology can also 

be combined with LNB to further reduce NOx emissions through 
additional staging of the combustion process. This staging is 

accomplished by reducing the fuel fed to the LNB to 

approximately 7 0 - 8 5  percent of the normal heat input and 
introducing the remainder of the fuel in the reburn zone. 
Combustion of the unburned fuel leaving the reburn zone is 


then completed in the burnout zone, where additional 


combustion air is introduced. Detailed descriptions of LNB 






and reburn technology are provided in sections 5.1.3.1 and 

5.1.5.1, respectively. 

5.1.6.2 Factors Affectins Performance. Design and 

operational factors affecting the NOx emission control 

performance of combined LNB and reburn systems are the same as 
discussed in sections 5.1.3.2 and 5.1.5.2, for the individual 
controls. 

5.1.6.3 Performance of Low NOx-. - 
There is one application of LNB and natural gas reburn on a 
coal-fired boiler at the Public Service Company of Coloradots 
Cherokee Station Unit 3. This is a U.S. DOE Innovative Clean 

Coal Technology Project on a 150 MW pre-NSPS wall-fired boiler. 
7 6 that was predicting a 75-percent decrease in NOx emissions. 

Short-term test data shows an overall 72 percent reduction 

from uncontrolled levels. The NOx was reduced by 31 percent 
with LNB to 0.5 lb/MMBtu and by 60 percent with reburn to 
0.2 I ~ / M M B ~ U .  

5.2 COMBUSTION CONTROLS FOR NATURAL GAS- AND OIL-FIRED 

uTILIm BOILERS 

Most of the same NOx control techniques used in 
coal-fired utility boilers are also used in natural gas- and 
oil-fired utility boilers. These techniques include 

operational modifications such as LEA, BOOS, and BF; OFA; LNB; 

and reburn. However, in natural gas- and oil-fired boilers, a 
combination of these controls is typically used rather than 

singular controls. Refer to section 5.1 for a general 
discussion of these NOx ,controls. Additionally, windbox FGR 

is a combustion control that is used on natural gas- and oil- 
fired boilers that is not used on coal-fired boilers. Windbox 

FGR will be described in section 5.2.2. 
5.2.1 O D ~ 

5.2.1.1 r. P oc Operational modifications 

are more widely implemented to reduce NOx emissions from 
natural gas- and oil-fired utility boilers than from coal- 

fired boilers. Because the nitrogen content of natural gas 



and oil is low compared to coal, the majority of the NOx 

emitted from natural gas and oil-fired boilers is the result 

of thermal NOx generation, which can be minimized by reducing 


the available 02 and the peak temperature in the combustion 

zone. Since operational modifications promote these 

conditions, and natural gas and oil combustion is less 

sensitive than coal to variations in operating parameters, 

operational modifications are effective, low-cost NOx control 


techniques for natural gas- and oil-fired boilers. 


The process descriptions of LEA, BOOS, and BF are the 

same for natural gas- and oil-fired boilers as for coal-fired 
boilers as was discussed in section 5.1.1.1. 


5.2.1.2 F F . As discussed in . 
section 5.1.1.2, implementation of LEA, BOOS, and BF 

techniques involve changes to the normal operations of the 

boiler, which may result in undesirable side-effects. As 

mentioned above, natural gas- and oil-fired boilers are less 

sensitive to operation outside the glnormal range." However, 


the factors affecting the performance of operational 


modifications in natural gas- and oil-fired boilers are 

similar to those discussed for coal-fired units. 


The appropriate level of LEA for natural gas- and 


oil-fired boilers is unit specific. Usually, however, LEA 


levels are lower than can be achieved with coal-fired boilers 


because flame instability and furnace slagging do not 


determine minimum excess air levels in natural gas- and oil- 

fired boilers. The LEA-levels in these boilers are typically 

defined by the acceptable upper limit of CO and UBC emissions, 

Although NOx reductions can be achieved with BOOS and BF, 

these operational modifications often slightly degrade the 


performance of the boiler because excess air levels must be 
sufficiency high enough to prevent elevated levels of CO, 

hydrocarbons, and unburned carbon emissions resulting from 

abnormal operating conditions. For this reason, monitoring 


flue gas composition, especially 02 and CO concentrations, is 

very important when employing operational modifications for 
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NO, control. Because flame instability can occur, the BOOS or 

BF pattern, including the degree of staging of each of the 

burners still in service, must be appropriate for optimal 

boiler performance. 


During BOOS operation, the air admitted through the upper 

burner to complete the fuel burnout is generally at low 

preheat levels and low supply pressure (windbox pressure), so 

it mixes inefficiently with the combustion products, causing 

high CO emissions or high excess air operation. If the boiler 

is operated at high excess air levels to maintain reasonable 

CO emission levels, the degree of combustion staging and NOx 

control is reduced. Operating at high excess 02 also reduces 

boiler efficiency. Therefore, a trade-off between low NOx 

emissions and high boiler efficiency must be managed.77 

With BF, the fuel-lean burners provide a combustion zone 

with a preheated source of 02 to complete the oxidation of the 

unburned fuel from the first combustion zone. The preheating 

of this 0 2  source enhances the penetration and mixing of this 

additional 02 and promotes the complete burnout of fuei at 

lower excess air levels. In addition, the combustion 

stoichiometry in the second combustion zone is more uniform, 

reducing the 02 imbalances experienced with BOOS operation.77 

5.2.1.3 Performance of Operation Modificatione. 

Table 5-9 presents data for BOOS, LEA, and combination of BOOS 

and LEA for natural gas and oil wall-fired boilers. For the 

single oil-fired boiler (Kahe 6), BOOS reduced the NOx 

emissions from 0.81 l b / ~ ~ ~ t u 
to 0.50 lb/MMBtu (38 percent). 

For the natural gas-fired boiler (Alamitos 6 ) ,  BOOS reduced 
the NOx from 0.90 lb/MMBtu to 0.19 lb/MMBtu (79 percent). 


For LEA application on two wall-fired boilers firing 

natural gas (S.R. Berton 2 and Deepwater 9 ) ,  the NOx was 

reduced to levels of 0.24 to 0.28 lb/MMBtu (7 to 40 percent). 

Combining LEA + BOOS on natural gas-fired boilers reduced the 
NOx emissions to 0.24 to 0.52 lb/MMBtu (39 to 67 percent). 



TABLE 5-9.  PERFORMANCE OF BOOS + LEA ON U. S. NATURAL GAS- AND 
OIL-FIRED UTILITY BOILERS 


Uncontrotled Controlled Reduction 
Rated Length Capacity "% i n  NO, 

Unft cepaclt y  Control o f  tested emiss~ms emissions emissions 
U t l l i t y  (atandard>a (MU) O E H ~  typeC testd ( x )  ( Ibm4Btu) ( t b/HHBtu) (%I Ref ermce 

WALL-FIRED BOILERS, FUEL OIL 

Hauai ian E lec t r ic  Kahe 6 146 BW BOOS Short 92 0.81 0.50 38 78 
co. ( 0 )  I 

WALL-FIRED BOILERS, WATURAL GAS 

Southern Alamitos 6, 495 BSW BOOS Short 100 0.90e 0.19 79 79 
Cal i fornia Ediaon re) 
co. 

Hwston Light ing S.R. Bertron 2 180 RS LEA Short 100 0.30 0.28 7 1 
& Pouer Co. iPre) 

Houston Lighting Deepwater 9 185 US LEh Short 100 0.40 0.24 40 1 
& Power Co. m e }  

Houston Light ing S.R. Bertron 1 980 ABB-CE LEI + Short 100 1.03 0.34 67 1 
& Poner Co. (Pre) BOOS 

Houston Light ing U.A. Parrish 1 183 ABB-CE LEA + Short 100 0.85 0.29 66 1 
8 Power Co. (Pre) BOOS 

Houston Light ing U.A. Perrish 2 183 ABB-CE LEA + Short $00 0.73 0.24 67 1 
& Power co. ( ~ r e >  BOOS 

Houston Light ing W.A. PerrIsh 3 290 FW LEA + Short 100 0.73 0.21 71 1 
8 P o ~ e rCO. (Pre) BOOS 

TURBO-FIRED BOILERS, NATURAL GAS 

Houston Light ing 0.85 I 0.52 39 
& Power Co. I I 

=standard: Da = Subpart Da; end Pre = Pre-NSPS 
~OEH= Original Equi-t Manufacturer; ABB-CE = Asea Brown B o v e r i - C m t  ion Engineering; BW = Babcock & Ui tcox; FW = Foster Wheeler; 
end RS = R i ley  Stoker 

=~ypeControl: BOOS = Burners-out-of-service; and LEA = low Excess A i r  
d ~ h a r t= Short-term test  data, i.e., hours. 
%%due i o a n  mtkte, based on h is to r i ce l  data 

1 



In general, the higher the baseline NOx emissions, the 

higher percent NOx reduction was achieved with this type of 

operational modifications. While some boilers may have 

achieved higher reductions in NOx emissions, proper 


implementation of BOOS + LEA may achieve 30 to 50 percent 
reduction with no major increase in CO or particulate 

emissions. However, effectiveness of BOOS is boiler-specific 

and not all boilers may be amenable to the distortion in 

fuel/air mixing pattern imposed by BOOS due to their design 


type or fuel characteristics. Boilers originally designed for 

coal and then converted to fuel-oil firing may better 

accommodate BOOS (and LEA) than boilers with smaller furnaces. 


5 . 2 . 2  Flue Gas Recirculation 

5.2.2.1 Process Descri~tion. Flue gas recirculation is 

a flame-quenching strategy in which the recirculated flue gas 

acts as a thermal diluent to reduce combustion temperatures. 

It also reduces excess air requirements, thereby reducing the 


concentration of 02 in the combustion zone. As shown in 
figure 5-24, FGR involves extracting a portion of the flue gas 

from the economizer or air heater outlet and readmitting it to 

the furnace through the furnace hopper, the burner windbox, or 

both.79 To reduce NOxt the flue gas is injected into the 

windbox. For coal-fired boilers operating at peak boiler 


capacity, flue gas is commonly readmitted through the furnace 

hopper or above the windbox to control the superheater steam 

temperature; however, this method of FGR does not reduce NOx 

emissions. Windbox FGR $s most effective for reducing thermal 


NO, only and is not used for NOx control on coal-fired boilers 

in which fuel NOx is a major contributor. 


The degree of FGR is variable (10 to 20 percent of 

combustion air) and depends upon the output limitation of the 

forced draft (FD) fan (i-e., combustion air source which 

directly feeds the boiler). This is particularly tnze for 
units in which FGR was originally installed for steam 

temperature control rather than for NOx control.80 The FGR 





fans are located between the FD fans and the burner windbox. 

The FGR is injected into the FD fan ducting and then 


distributed within the windbox to the burners. As the fan 
flow is increased, the pressure within the furnace increases. 


A t  some level, the fans are unable to provide sufficient 
combustion air to the windbox. This results in 


overpressurization of the boiler and a possible unit de-rate.1 


5.2.2.2 Factors Affectins Performance. To maximize NOx 


reduction, FGR is routed through the windbox to the burners, 


where temperature suppression can occur within the flame. The 


effectiveness of the technique depends on the burner heat 

release rate and the type of fuel being burned. When burning 


heavier fuel oils, less NOx reduction would be expected than 

when burning natural gas because of the higher nitrogen 

content of the fuel. 


Flue gas recirculation for NOx control is more attractive 

for new boilers than as a retrofit. ~etrofit hardware 


modifications to implement FGR include new ductwork, a 

recirculation fan, devices to mix flue gas with combustion 

air, and associated controls. In addition, the FGR system 

itself requires a substantial maintenance program due to the 


high temperature environment and potential erosion from 

entrained ash. 


5.2.2.3 Performance of Flue Gas Recirculation. 


Table 5-10presents data for FGR applied to one tangentially- 


fired boiler and three wall-fired boilers. It should be noted 

that FGR is usually used in combination with other 

modifications or controls (i.e., LEA, BOOS, OFA, or LNB) and 

little data are available for FGR alone. A t  full-load, the 

FGR reduced NOx emissions to 0.42 lb/MMBtu on the wall-fired 

boiler firing fuel oil for a NOx reduction of 48 percent. 

Flue gas recirculation applied to a tangentially-fired boiler 

firing natural gas reduced NOx by 25 to 50 percent across the 

load range with FGR on wall-fired boilers firing natural gas, 

the NOx reduced by more than 50 percent. 




TABLE 5-10. PERFORMANCE OF FGR ON U. S. NATURAL GAS- AND OIL-FIRED BOILERS 

Uncontrolted Controlled Reduction 
Rated Control Capacit y  H08 i n  NO, 

Unf t capacity typec Length tested emiss~ N O ~on6 emiss~ons emissions 
U t i l i t y  (standard)" (HU) O E M ~  (,ndorld o f  teste (XI (Ib/MMBtu) (Ib/MMBtu) I%) References 

TANGEMTIALLY-FIRED BOILERS, NATURAL GAS 

Southern Cal. Etiuanda 3 320 ABB-CE FGR Short 100 0.08 O.Obf a 81 
Edison Co. (me) 50 0.04 0.02~ SO 

20 0.03 0.02~ 33 

WALL-FIRED BOILERS, FUEL OIL 

Hawai i an Kahe 6 146 B&W FGR Short 92 0.87 0.42 48 78 
Elec t r i c  Co. 0 )  (BEU) 

WALL-FIRED BOILERS, YRTURAL GAS
VI 
I 
4 Southern Cat. Alamitos 6 495 B&CI FGR Short 100 0.199 0.089 58 19 
4 Edism Co. (Prel 

Southern Cat. Atamitos 6 495 B8W fGR Short 100 0.22~ 0.10~ 54 79 
Edison co. (Pre) 

%tanderd: De = Subpart De; and Pre = Pre-NSPS 

%EM = Original Equiprent Manufacturer; and B&U = Babcock & W i  lcox. 

'~ype Control: FGR = Flue Gas Recirculation 

dyendors: B&U = Babcock & U t t c o ~  

=short = Short-term tes t  data, I.e., hours. 

~ncreasedf tue gas reci rculat ion rate. 

g~s t imateduncontrolled emissions with BOOS only. Controlled emissians with 800s and FGR. 

h~wtrapolated mcont ro l  led  emissions u i  t h  LHB only. Control led emissi om with LWB and FGR. 



5.2.3 Overfire Air 


5.2.3.1 Process Descrietion. The same types of OFA 

systems are used for natural gas- and oil-firing as was 

described for coal-firing in section 5.1.2.1. 


5.2 .3 .2  a.Boilers 

characterized by small furnaces with high heat release rates 


typically have insufficient volume above the top burner row to 


accommodate OFA ports and still complete combustion within the 

furnace. With some units, retrofitting with OFA would make it 


necessary to derate and modify the superheater tube bank to 


minimize changes in the heat absorption profile of the boiler. 

For these small boilers, BOOS can offer similar NOx reduction 


at a fraction of the cost. 

The factors that affect OFA perfomance for natural gas- 


and oil-fired boilers are the same as those described for 

coal-fired boilers in section 5.1.2.2. 


5.2.3.3 f. rf Data for OFA on
p 


natural gas-fired boilers are presented in table 5-11. These 


units were typically operated with LEA; therefore, the- 


controlled NOx emissions are for OFA + LEA. For the 

tangentially-fired boilers, the NO, was reduced to 0.11 to 


0.19 l b / M ~ ~ t u 
at full-load with OFA + LEA (10 to 46 percent 
reduction). The wall-fired boiler had a higher uncontrolled 


NOx level and was reduced to 0.54 lb/MMBtu with OFA + LEA 
(48 percent reduction). The OFA application on a wall-fired 

boiler firing fuel oil was approximately 20 percent. 


5 .2 .4  &W NOv BUrners-
5.2.4.1 Proces~ Descrbtion. The fundamental NOx 

reduction mechanisms in natural gas- and oil-fired LNI3 are 


essentially the same as those in coal-fired LNB discussed in 

section 5.1.3.1. However, many vendors of LNB for oil- and 

natural gas-fired boilers incorporate FGR as an integral part 

of the LNB. Low NOx burners are appealing options for natural 

gas- and oil-fired utility boilers because they can eliminate 


many of the boiler operating flexibility restraints associated 

with BOOS, BF, and OFA. 
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TABLE 5-11. PERFORMANCE OF OFA + LEA ON U. S .  NATURAL GAS- AND OIL-FIRED BOILERS 

Uncontrolled Control led Reducti on  
Rated Capacity N O ~  i n  NO,

Unit capacity Control Length tested emissions emfsstons emissions 
U t i l i t y  i ~ t e n d e r d ) ~  (MI LYE& ttypeC o f  testd ( X )  ( IbflMBtu) ( lb/HMBtul (%I Reference 

WALL-FIRED BOILERS, FUEL OIL 

Handian Kahe 6 146 BUW OFA + LEA Sort 92 0.51e O.be 21 78 
f l e c t r i c  Co. (D l  

TANGEMTIALLY-FIRED BOILERS, WkTURAL GAS 

Houston S.R. Berton f ABB-CE OFA + LEA Short 100 0.21 0.19 10 82 
Light ing & (Pre) I NoPower Co. 

Houston S.R. Berton 4 ABB-CE OFA + LEA Short 100 0.19 0.11 42 82 
Light ing 8 (Pre) IPower Co. *O 

Houston T.H. Uarton 2 ABB-CE OFA + LEA Short 100 0.22 0.12 46 82 
Light ing 8 CPre) 1Power CO. 240 

WALL-FIRED BOILERS, NATURAL GAS 

Houston P.H. Robinson 3 490 FU OFA + LEA Short 100 1.03 0.54 48 82 
Lighting & CPre) 
Pouer Co. 

a~tandard: Pre = Pre-NSPS 

~ O E M= Original Equipnent Manufacturer; ABB-CE = Asea Brown Boveri-Combust ion Engineering; end FU = Foster Uheeler 

c ~ y p eControl: LEA = Low Encess Air; and OFA = Overf ire A i r  

%hart = Sho r t - t en  test  data, i.e., hours. 

ellncontrolled NOx i s  wi th LNB a d  control led i s  with LNB + OFA. 



5.2.4.1.1 Wall-fired boilers. As with coal-fired LNB, 


these are a number of different natural gas- and oil-fired LNB 

available from manufacturers. Several of these are discussed 

below. 


The wall-fired R O P M ~burner for natural gas- or 

oil-firing is shown in figure 5-25.83 Combustion in a R O P M ~  

burner is internally staged, and takes place in two different 

zones; one under fuel-rich conditions and the other under 

fuel-lean conditions. Gaseous fuel burns under pre-mixed 

conditions in both the fuel-lean and fuel-rich zones. With 

liquified fuels, however, burning occurs under diffused-flame 

conditions in the fuel-rich mixture to maintain a stable 

flame. 


The natural gas-tired R O P M ~burner generates a fuel-rich 


flame zone surrounded by a fuel-lean zone. The burner 

register is divided into two sections. Natural gas and 

combustion air supplied via an internal cylindrical 

compartment produces the fuel-rich flame. The fuel and air 

supplied via the surrounding annular passage produces the 

fuel-lean zone. 83 

The oil-fired R O P M ~burner uses a unique atomizer that 

sprays fuel at two different spray angles, creating two 

concentric hollow cones. The inner cone creates a fuel-rich 

flame zone; the outer cone forms the fuel-lean flame zone. 

The inner fuel-rich flame zone has diffusion flame 

characteristics that help maintain overall flame stability. 

The R O P M ~burner technology generally relies on a combination 

of R O P M ~burners and FGR to achieve NOx reductions.83 

The ~~naswirl" 
burner For wall-fired boilers divides 
combustion air into several component streams ahd controls 

injection of fuel into the air streams at selected points to 

maintain stable flames with low NOx generation. Figure 5-26 


schematically illustrates the internal configuration of the 

burner.78 For natural gas-firing, fuel is introduced through 

six pipes, or pokers, fed from an external manifold. The 




Schemmtlc 
of Gmm Firing 
ROPM burnmr 

s c h a ~ t t c  
ol011 Firlng . 
ROPY Burner 

Figure 5 -25 .  - ROPW" burner f o r  nata~af  
and oil-fired boilers.83 





pokers have skewed, flat tips perforated with numerous holes 

and directed inward toward the burner centerline. Primary air 

flows down the center of the burner venturi around the center- 

fired gas gun, where it mixes with this gas to form a stable 

flame. Secondary air flows among the outer walls of the 


venturi, where it mixes with gas from the gas pokers and is 

ignited by the center flame. 79 

The Internal Staged omb bust ion^ (ISC) wall-fired LNB 

incorporates LEA in the primary combustion zone, which limits 


the 02 available to combine with fuel nitrogen. In the seconq 

combustion stage, additional air is added downstream to form a 

cooler, 02-rich zone where combustion is completed and thermal 

NOx formation is limited. The ISC design, shown in 

figure 5-27, can fire natural gas or oil. 84 

The wall-fired Primary Gas - Dual Register ~ u r n e r ~  (PG-


DRB), shown in figure 5-28, was developed to improve the NOx 

reduction capabilities of the standard DRB.15 The PG-DRB can 


be used in new or retrofit applications. The system usually 

includes FGR to the burner and to the windbox, with OFA ports 

installed above the top burner row. "Primary gasu is 

recirculated flue gas that is routed directly to each PG-DRB 

and introduced in a dedicated zone surrounding the primary air 

zone in the center of the burner. The recirculated gas 

inhibits the formation of thermal and fuel NOx by reducing 

peak flame temperature and 02 concentration in the core of the 

flame. The dual air zones surrounding the PG zone provide 

secondary air to controi fuel and air mixing and regulate 

flame shape. 


In addition to the DRB XCL-PC~burner for coal-fired 

boilers, the XCL burner, as shown in figure 5-29, is also 

available for wall-fired boilers burning natural gas and oil. 15 

This design enables the use of an open windbox (compartmental 

windbox is unnecessary). Air flow is controlled by a sliding 


air damper and swirled by vanes in the dual air zones. 


1 









The Swirl Tertiary separationm (STS)burner for natural 

65

gas- and oil-fired retrofits is shown in figure 5-30. In 


this design, the internal staging of primary and secondary air 


can be adjusted depending on required NOx control and overall 


combustion performance. The ability to control swirl of the 


primary and secondary air streams independently provides 


flexibility in controlling flame length and shape, and ensures. 


flame stability under ~ow-NO, firing conditions. A separate 


recirculated flue gas stream forms a distinct separate layer 


between the primary and secondary air. This separating layer 


of inert flue gas- delays the combustion process, reducing peak 


flame temperatures and reducing the oxygen concentration in 


the primary combustion zone. Therefore, the separation layer 


controls both thermal and fuel NOx formation.85 

5.2.4.1.2 T a n s e n t i a l _ l _ v - f i r e d .  The 

tangentially-fired Pollution ~ i n i m u m ~  
(PM) burner is shown in 


figure 5 - 3 1 m E 3  The burners are available for natural gas or 

oil firing. Both designs are internally staged, and 


incorporate FGR within the burners. 


The gas-fired PM burner compartment consists of two fuel 


lean nozzles separated by one fuel-rich nozzle. Termed "GMW 


(gas mixing), this LNB system incorporates FGD by mixing a 


portion of the flue gas with combustion air upstream of the 


burner. When necessary, FGR nozzles are installed between two 


adjacent PM burner compartments, and a portion of the 

recirculated gas is injected via these nozzles. 83 

The oil-fired PM burner consists of one fuel nozzle 


surrounded by two separated gas recirculation (SGR) and air 


and GM nozzles. Within each fuel compartment a single oil gun 


with a unique atomizer sprays fuel at two different spray 


angles. The outer fuel spray passes through the SGR streams 


produce the fuel-lean zones. The inner concentric spray 


produces the fuel-rich zones between adjacent SGR nozzles. 


The SGR creates a boundary between the rich and lean flame 








zones, thereby maintaining the NOx reducing characteristics of 

both flames. 83 


5.2.4.2 8.
The factors 

affecting the performance of oil- and gas-fired LNB are 

essentially the same as those for coal-fired LNB discussed in 
section 5.1.3.2 of this document. However, the overall 

success of NOx reduction with LNB may also be influenced by 

fuel grade and boiler design. For example, the most 

successful NOx reductions are on natural gas and light fuel 

oil firing and on boilers initially designed for specific fuel 

use patterns. Also, boilers originally designed with larger 


furnace volumes per unit output would be more conducive to NOx 

reduction with LNB than a smaller furnace. 
Other factors affecting performance are the burner 


atomizer design which is critical for controlling NOx and 

minimizing opacity. By improving atomization quality, there 


is a greater margin for variabilities in the boiler operation 

and fuel properties. 


5.2.4.3 Performance of Low NO, Burners. Table 5.-12
-
presents data for LNB on natural gas- and oil-fired boilers. 

Three oil-fired boilers (Kahe 6, Port Everglades 3 and 4) had 

uncontrolled NOx emissions in the range of 0.74 to 

0.81 lb/MMBtu. With LNB, the NOx was reduced to 0.51 to 


0.56 lb/MMBtu which corresponds to a 28 to 35 percent 

reduction. The remaining oil-fired boiler, Northside 3, 


originally had OFA and was retrofit with LNB capable of 
burning either oil or gas. While the LNB were intended to 

accommodate the OFA, opacity exceedances occurred and the OFA 

ports were closed. Therefore, it is not possible to determine 

the percent reduction from this LNB retrofit. 


For two wall-fired boilers firing natural gas (Port 


Everglades 3 and 4 ) ,  the NOx was reduced from uncontrolled 
levels of 0.52 to 0.57 ~ ~ / M M B ~ U 
to approximately 0.4 lb/mtu 


(23 to 33 percent reduction). For Alamitos 5 ,  the NOx was 

reduced 40 to 60 percent across the load range with LNB. 

5-90 




TABLE 5-12. PERFORMANCE OF LNB ON U. S. NATURAL GAS- AND OIL-FIRBD BOILERS 

Uncontrolled Control led Reduction 
Rated Control Capacit y  NoW i n  NO,.H%Untt capec it y  typeC Length tested emiss~ons emisstons missions 

U t i l i t y  (~ t a n d e r d ) ~  (MU) O E M ~  fwndor1d of  teste ( x )  (Ib/MMBtu) (lb/MMBtu) (X I  Ref erewe 

MALL-FIRED BOILERS, FUEL O I L  

Haua3 ian Kahe 6 146 8BU PG-ORB Short 92 0.81 0.56 37 78 
Etec t r ic  Co. (0 (BUM) 

Ftorida Power 8 Port Everglades 3 400 FU Dymaswirl Short 96 0.74 0.53 28 86 
~ i g h t  (Pre) ( T d )  

Floride Pouer 8 Port Everglades 4 400 FU Dynasuir l  Short 96 0.79 0.51 35 86 
Light (Pre) (Todd) 

Jacksonvi ll e  Horthside 3, 518 RS Dual Fuel Short 87 -- 0.29~ - - 87 
Elec t r ic  re) (NEI)  
Authority 

WALL-FIRED BOILERS, NATURAL GAS 

01 Florida Power & Port Everglades 3 400 FY Dynasuirl Short 96 0.52 0.40 23 86 
I Light  re) ( T d )\D 
P Florida Power & Port Evergtedes 4 400 FU Dyneswirl Short 96 0.57 0.38 33 86 

Light  CPre) (Todd1 

Southern Cal . Alemitos 5 480 B8U AUS Short 100 0.08-0.12 0.05 38-58 80 
Edison Co. (Pre) 40 0.04-0.06 0.025 38-58 

Southern Cal . Alamitos 6 495 BSU Oyneswirt Short 100 0.909 0.22" 75 79 
Edison Co. (Pre) (Taddl 

Jacksonvi L l e Northside 3 518 Rs Dual Fuel Short 89 -- 0.26 - - 87 
Elec t r i c  (Pre) (NEE I 
Authority 

%tandard: Da = Subpert Da; Pre = Pre-NSPS 
b~~~ = Originat Equipnent Manufacturer; BSU = Bebcock 8 Uilcox; FW = Foster Uheeler; RS = R i  ley Stoker 
c~ype  Control: Dynasuirl = Todd D p a s u i r l  low #Ox Burner; PG-DRB = Primary Gas-Duel Register Burner; AUS = Applied u t i l i t y  Systems 
d y d o r s :  B&W = Babcock 8 Wilcox; ME1 = WE1 Internel Conbustion Limited; Todd = Todd conbustion. 
=short = Short-term test  data, i.e., hours. 
fOrlginelty had OFA. Controlled emissions were with r e t r o f i t  LHB only. 
g ~ a l u e  i s  an estimate, based on h i s to r i ca l  date. 
h ~ a l u e  i s  extrapolated from tes t  data. 
--Data not avai lable. 



Alamitos 6 had higher uncontrolled NOx emissions (estimated to 

be 0.9 lb/MMBtu) and was reduced 7 5  percent to 0.22 lb/MMBtu. 

Again, it is not possible to determine the percent reduction 

for Northside 3 with these data. 


To summarize, LNB retrofit on wall-fired boilers firing 
oil resulted in controlled NOx emissions of approximately 0.5 

to 0.55 lb/MMBtu. On wall-fired boilers firing natural gas, 

LNB typically resulted in controlled NOx emissions of 0.2 to 

0.4 lb/MMBtu. The lower controlled NOx for the natural gas 

boilers is probably a result of the lower uncontrolled 

emissions. 


5.2.5 Reburn 


Although reburn may be applicable to oil-fired boilers, 


retrofit applications have been limited to large units in 

Japan. Reburning is not expected to be used on natural gas 

fired units, because other techniques such as FGR, BOOS, and 
OFA are effective and do not need the extensive modifications 


that reburn systems may require. However, gas reburn on a 


dual-fuel boiler (coal/gas) has been evaluated. 

5.2.5.1 Process Descri~tion. The process description of 


xeburn for natural gas- or oil-fired boilers is the same as 

was described for coal-fired boilers in section 5.1.5.1. 


5 . 2 . 5 . 2  Factors Affectins Performance. The factors 

affecting the performance of reburn for natural gas- or oil-

fired boilers are the same as was described for coal-fired 

boilers in section 5.1.5.2. Additionally, natural gas 


produces higher flue gas temperatures than when firing coal; 

therefore, the heat absorption profile in the furnace may 

change. 


5.2.5.3 performance of Reburn. There are no retrofits 

of reburn on oil-fired utility boilers in the United States; 
therefore, performance data are not available. Gas reburn has 
been tested on Illinois Power's Hennepin Unit 1 while firing 

natural gas as the main fuel. Hennepin Unit 1 is a 71 MW 
tangential boiler capable of firing coal or natural gas. The 


uncontrolled NOx emissions when firing natural gas were 




approximately 0.14 lb/MMBtu at full-load and 0.12 lb/MM~tuat 


60 percent load. The NOx emissions were reduced by 37 percent 


at full-load to 0.09 l b / ~ ~ ~ t u . 
At seduced load, the NOx 


emissions were reduced by 58 percent to 0.05 lb/MMBtu.89 

5.2.6 Combinations of Combustion Controls 


5.2.6.1 Process Descri~tions. Large NOx reductions can 


be obtained by combining combustion controls such as FGR, 


BOOS, OFA, and LNB. The types of combinations applicable to a 


given retrofit are site-specific and depend upon uncontrolled 


levels and required NOx reduction, boiler type, fuel type, 


furnace size, heat release rate, firing configuration, ease of 


retrofit, and cost. The process descriptions for the 


individual controls are found in section 5.1. 


5.2.6.2 Factors Affectins Performance. The same basic 


factors affecting the performance of individual combustion 


controls will apply to these controls when they are used in 


combination. Section 5.1 describes the factors affecting the 


individual NOx controls. 


5.2.6.3 Performance of Combination of Combustion. 


Modifications. Short-term data for various combinations of 


NOx controls for natural gas- and oil-fired boilers are given 
in table 5-13. Results are given for one tangential boiler 


firing natural gas, several combinations of controls on two 


wall-fired boilers firing fuel oil, and several combinations 


on wall boilers firing natural gas. For the tangential boiler 


firing natural gas (Pittsburgh 71, the NOx emissions were 

reduced from 0.95 lb/MMBtu with FGR + OFA to 0.1 lb/MMBtu at 
full-load (89 percent reduction). 


For Kahe 6 (with the original burners), the NOx emissions 

were reduced from 0.81 lb/MMBtu with FGR + BOOS to 
0.28 lb/MMBtu for a 65-percent reduction. As was shown in 

sections 5.2.1.3 and 5.2.2.3 (Refer to tables 5-9 and 5-10), 


BOOS alone on this unit reduced NOx to 0.50 lb/MMBtu 

(38 percent) and FGR alone reduced NOx to 0.42 lb/MMBtu 


(48 percent). The combination of LNB and FGR on Kahe 6 
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TABLE 5 - 1 3 .  PERFORMANCE OF COMBINATIONS OF COMBUSTION CONTROLS ON 
U. S. NATURAL GAS- AND OIL-FIRED UTILITY BOILERS 

Uncontrol led Control led Reduction  

Un?r 
Rated 

capac? t y  
Control . 

typec 
Length 

o f  
Capeci t y  
tested emissrons 

H%
emissions 

i n  U O ~
emissions 

U t i i i t y  <standard)a (W OEub teste ( X )  (lb/HEIBtu) ( t b/MMBtu) ( X )  Reference 

TAWGENTIhLLY-FIRED BOILERS, NATURAL GAS 

Pac i f i c  Gas & Pittsburg 7 745 ABB-CE FGR + OFA Short 100 0.95 0.10 89 90, 91 
Elec t r i c  <Pm) 50 0.42 0.06 86 

30 0.23 0.03 87 

WALL- FIRED 801 LERS, FUEL OIL 

Heuai i an Kahe 6 4 146 BRW FGR + BOOS Short 92 0.81 0.28 65 78 
Elec t i r c  Co. (0) 1B8W 

Hawai i an  Kahe 6 146 BBU LNB + FGR Short 92 0.81 0.43 47 78 
E lec t i r c  Co. (D l  (BgU) 

Hawai i an  
E lec t i r c  Co. 

Kahe 6 
0 )  

146 08W LHB + OFA 
(mu) 

Short 92 0.81 0.28 65 78 

Pac i f i c  Gas & Contra Costa 6 345 BSU FGR + OFA Short 100 0.55 0.19 65 90, 91 
Elec t r i c  Co. CPre) Short 

Short 
50 
25 

0.17 
0.10 

0.16 
0.10 

6 
0 

Hauai i an  Kahe 6 146 B&W LHB + OFA Short 92 0.87 0.19 76 78 
E lec t i r c  Co. (0) + FGR 

(B f W  

WALL-FIRED BOILERS, NIIT~RAL GAS 

Pac i f i c  Gas & Pi  t t sk r rg  6 330 08W FGR + OFA Short 100 0.90 0.16 82 90, 91 
Elec t r i c  Co. (Pre) Short 

Short 
50 
32 

0.41 
0.26 

0.14 
0.13 

66 
50 

Pac i f i c  Gas & Contra Costa 6 345 B&U FGR + OFA Short TOO 0.55 0.24 57 90, 91 
Elec t r i c  Co. (Pre) 

Southern Alamitos 6 495 0&W FGR + BOOS Short 100 0.08 91 79 
Cal i fo rn ia  (Pre) 
Edison Co. 
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TABLE 5-13. PERFORMANCE OF COMBINATIONS OF COMBUSTION CONTROLS ON 

U. S. NATURAL GAS- AND OIL-FIRED UTILITY BOILERS (Concluded) 

Uncontrolled Controlled Reduction 
Rated Control Length Capacity in NO, 

Uni t  c a p c i  t y  tWeC of tested em1ss r ons em1ssio m  em1ss i  ons 
Utility (standard>a ( OEHb (vendor)d teste (%I ( I  b/MMBtu) ( IbmBtu) ( f i )  Reference 

WIILL-Ft RED BOILERS, WATUIllL GAS Wont inued) 

Pac i f i c  Gas & Uoss Landing 7 750 B&W FGR + BOOS Short 100 1.80 0.15 92 90, 91 
Elec t r ic  Co. (Pre) Short 80 1.30 0.06 95 

short 60 0.8B 0.08 91 

Southern Alemi tos 6 495 BSU LNB + FGR Short 100 - - 0.1 89 79 
Cal i f o rn ia  (Pre) (Todd) 
Edison Co. 

Southern Omnd Beach 2 800 B&W LNB+fGR Short 87 -- 0.13 - - 79 
Cal i f o rn fa  Pre) (Todd) Short 70 -- 0.07 - - 
Edison Co. Short 50 -- 0.04 - -

vl Southern Alamitos 6 495 B&U LNB + FGR Short 100 0.06 93 79 
1U, Cat i f o rn ia  (Pre) + BOOS 
VI Edison Co. (Todd) 

Southern Omnd Beach 2 800 B&V LNB + fGR Short 87 -- 0.12 - - 79 
Cal i fornia (Pre) + BOOS Short 70 -- 0.06 - - 
Edison Co. (Todd) 

a~tandard: D = SIlbpart D; Da = Subpart Da; and Pre = Pre-NSPS 

bOEM = Original Equfpnent, Hanuf acturer; ABB-CE = Asea Brown B w e r i  -CcnSnrst ion Engineering; and BSW = Babcock & Ui  Icon. 

c ~ y p e  Control: BOOS = Burners-out-of-service; FGR = Flue Gas Recirculation; LEA = Lou Excess Air; LNB = Low NO, Burners; and OFA = Overf ire A i r  

dyendors: BgW = Bebeock & Wilcox (Primary Gas-Dual Register Burner); and Todd = Todd Conhmtion (Todd ~ynasw i r lLWB). 

e ~ h o r t= Short-term test  data, i.e., hours. 

-- = Data mt evailable. 



reduced the NOx emissions to 0.43 lb/M~~t.u
(47 percent). The 


combination of LNB + OFA on Kahe 6 reduced NOx emissions to 

0.28 lb/MMBtu (65 percent) and LNB + OFA + FOR reduced NOx 

emissions to 0.19 lb/MM~tu(76 percent). These data show that 


by combining technologies on this oil-fired boiler, NOx 

emissions can be reduced by 47 to 76 percent from uncontrolled 

levels. For the other oil-fired wall boiler (Contra Costa 6 ) ,  

FGR + OFA reduced the NOx emissions from 0.55 to 0.19 lb/MM~tu 

at full-load (65 percent reduction). These data also indicate 


that combining operational modifications may reduce NOx 

emissions as much as or more than combustion hardware changes 


(i.e., LNB). 
For two natural gas-fired boilers (Pittsburgh 6 and 


Contra Costa 6), FGR + OFA reduced NOx emissions to 0.16 and 

0.24 lb/MMBtu. The Pittsburgh unit had higher uncontrolled 


NOx (0.9 lb/MMBtu) than the Contra Costa unit (0.55 lb/MMBtu) 


and resulted in 82 percent reduction as compared to 


57 percent. 


For two natural gas-fired boilers (Alamitos 6 and*Moss 

Landing 7 ) ,  combining FGR + BOOS (similar to FGR + OFA) 
reduced NOx emissions to 0.08 to 0.14 lb/~~Btu
(92 percent 


reduction) at full-load. The combination of LNB + FGR on the 
natural gas boilers reduced NOx to approximately 0.1 lb/MMBtu 

on Alamitos 6 and Ormond Beach 2 (89 to 94 percent). And, 


combining LNB + FGR + BOOS decreased the NOx emissions to 0.06 
to 0.12 lb/MMBtu on Alamitos 6 and Ormond Beach 2 


(93 percent) . 
To summarize, combining combustion controls on natural 


gas-boilers is effective in reducing NOx emissions. However, 

combining combustion controls on oil-firing is not as 

effective and reductions of up to 75 percent were reported. 

Whereas, reductions of up to 94 percent on natural gas-fired 

boilers were reported. 

5.3 FLUE GAS TREATMENT CONTROLS 


TWOcommercially available flue gas treatment 

technologies for reducing NOx emissions from existing fossil 
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fuel utility boilers are selective noncatalytic reduction 


(SNCR) and selective catalytic reduction (SCR). Selective 


noncatalytic reduction involves injecting ammonia or urea into 


the flue gas to yield nitrogen and water. The ammonia or urea 


must be injected into specific high-temperature zones in the 


upper furnace or convective pass for this method to be 


effective .02  The other flue gas treatment method. SCR. 

involves injecting ammonia into the flue gas in the presence 


of a catalyst. Selective catalytic reduction promotes the 


reactions by which NOx is converted to nitrogen and water at 


lower temperatures than required for SNCR. 


5.3.1 Selective Noncatalvtic Reduction 


5.3.1.1 Process Description. The SNCR process involves 

injecting ammonia or urea into boiler flue gas at specific 


temperatures. The ammonia or urea reacts with NOx in the flue 

gas to produce N2 and water. 


As shown in figure 5-32, for the ammonia-based SNCR 

process, ammonia is injected into the flue gas where the 


temperature is 950 2 30 oC (1,750 & 90 OF).83 Even though 

there are large quantities of 02 present., NO is a more 


effective oxidizing agent, so most of the NHj reacts with NO 


by the following mechanism: 84 

Competing reactions that use some of the NH3 are: 


4NH3 + 502 3 4N0 + 6H2O (5-15) 

~ N + H302~ + ~2N2 + 6H20 (5 -16) 
For equation 5-14 to predominate, NH3 must be injected into 


the optimum temperature zone, and the ammonia must be 

effectively mixed with the flue gas. When the temperature 


exceeds the optimum range, equation 5-15 becomes significant, 


NH3 is oxidized to NOx, and the net NOx reduction decreases. 94 

If the temperature of the combustion products falls below the 


SNCR operating range, the NH3 does not react and is emitted to 






the atmosphere. Ammonia emissions must be minimized because 


NH3 is a pollutant and can also react with sulfur oxides in 

the flue gas to form ammonium salts, which can deposit on 

downstream equipment such as air heaters. A small amount of 


hydrogen (not enough to appreciably raise the temperature) can 


be injected with the NH3 to lower the temperature range in 

which SNCR is effective. 


As shown in figure 5-33, in the urea-based SNCR process, 


an aqueous solution of urea (CO(NH2)2 )  is injected into the 
flue gas at one or mare locations in the upper furnace or 


convective pass ." The urea reacts with NOx in the flue gas tq 

form nitrogen, water, and carbon dioxide (CO2). Aqueous urea 


has a maximum NOx reduction activity at approximately 930 to 

1,040 OC (1,700 to 1,900 OF). Proprietary chemical enhancers 


may be used to broaden the temperature range in which the 

reaction can occur. Using enhancers and adjusting the 

concentrations can expand the effectiveness of urea to 

820-lt150 OC (1,500-2,100 OF) .92 

The exact reaction mechanism is not well understdod 

because of the complexity of urea pyrolysis and the subsequent 

free radical reactions. However, the overall reaction, 


mechanism is:94 

CO(NH2)z + 2N0 + 1/202 4 2N2 + C02 + 2H20 (5-17) 

Based on the above chemical reaction, one mole of urea 
reacts with two moles of NO. However, results from previous 

research indicate that more than stoichiometric quantities of 


urea must be injected to achieve the desired level of NOx 

removal.92 Excess urea degrades to nitrogen, carbon dioxide, 

and unreacted NH3. 


Another version of the urea-based SNCR process uses high 

energy to inject either aqueous NH3 or urea solution as shown 

in figure 5-34 .  9s The solution is injected into the glue gas 

using steam or air as a diluent at one or more specific 


temperature zones in the convective pass. Additionally, 
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Figure 5-33. Urea-based SNCR.92 
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methanol can be added further in the process to reduce NH3 

slip. This system is based on the same concept as the earlier 


SNCR systems except that the pressurized urea-water mixtures 


are injected into the cross-flowing flue gas with high- 


velocity, air-driven nozzles. High-energy urea injection is 


especially applicable to units with narrow reagent injection 


windows because this system provides intense flue gas mixing. 


Hardware requirements for SNCR processes include reagent 


storage tanks, air compressors, reagent injection grids, and 


an ammonia vaporizer (NH3-based SNCR). ~njection equipment 


such as a grid system or injection nozzles is needed at one or 


more locations in the upper furnace or convective pass. A 

c a r r i e r  gas, such as steam or compressed air, is used to 

provide sufficient velocity through the injection nozzles to 


ensure thorough mixing of the reagent and flue gas. For units 

that vary loads frequently, multi-level injection is used. A 

control system consisting of a NOx monitor and a controller/ 


processor (to receive NOx and boiler data and to control the 


amount of reagent injected) is also required. 


Most SNCR experience has been on boilers less than 200 MW 


in size. In larger boilers, the physical distance over which 


reagent must be dispersed increases and the surface 


area/volume ratio of the convective pass decreases. Both of 


these factors are likely to make it more difficult to achieve 


good mixing of reagent and flue gas, delivery of reagent in 

the proper temperature window, and sufficient residence time 


of the reagent and flue-gas in that temperature window. For 


larger boilers, more complex reagent injection, mixing, and 


control systems may be necessary. Potential requirements for 


such a system could include high momentum injection lances and 


more engineering and physical/mathematical modeling of the 

process as part of system design. 


5.3.1.2 actors Affectins Perf onnance 

5.3.1.2.1 Coal-fired boilers. Six factors influence t h e  

performance of urea- o r  ammonia-based SNCR systems: 



temperature, mixing, residence time, reagent-to-NOx ratio, and 


fuel sulfur content. The NOx reduction kinetic reactions are 


directly affected by concentrations of NO,. Reduced 


concentrations of NOx lower the reaction kinetics and thus the 


potential for NOx reductions. 


As shown in figure 5-35, the gas temperature can greatly 

affect NOx removal and NH3 slip.96 At temperatures below the 

desired operating range of 930 to 1,090 OC (1,700 to 


2,000 OF), the NOx reduction reactions begin to diminish, and 


unreacted NH3 emissions (slip) increase. Above the desired 


temperature range, NH3 is oxidized to NO,, resulting in low 


NOx reduction efficiency and low reactant utilization. 96 

The temperature in the upper furnace and convective pass, 


where temperatures are optimum for SNCR, depends on boiler 


load, fuel, method of firing (e.g., off-stoichiometric 

firing), and extent of heat transfer surface fouling or 

slagging. The flue gas temperature exiting the furnace and 


entering the convective pass typically may be 1,200 OC 110 

OC (2,200 OF 200 OF) at full load and 1,040 OC + 70 OC 
(1,900 OF * 150 OF) at half load. At a given load, 

temperatures can increase by as much as 30 to 60 oC (50 to 


100 OF) depending on boiler conditions (e.g., extent of 


slagging on heat transfer surfaces). Due to these variations ' 
in the temperatures, it is often necessary to inject the 

reagent at different locations or levels in the convective 

pass for different boiler loads. 96 

The second factor affecting SNCR performance is mixing of 

the reagent with the flue gas. The zone surrounding each 


reagent injection nozzle will probably be well mixed by the 


turbulence of the injection. However, it is not possible to 


mix the reagent thoroughly with the entire flue gas stream 

because of the short residence time typically available. 

Stratification of the reagent and flue gas will probably be a 

greater problem at low boiler loads.96 Retrofit of furnaces 

with two or more division walls will be difficult because the 
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Figure 5 - 3 5 .  General effects of temperature on NOx removal.96 
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central core(s) of the furnace cannot be treated by injection 


lances or wall-mounted injectors on the side walls. This may 


reduce the effectiveness of SNCR. 


The third factor affecting SNCR performance is the 


residence time of the injected reagent within the required 

temperature window. If residence times are too short, there 


will be insufficient time for completion of the desired 


reactions between NO, and NH3. 


The fourth factor in SNCR performance is the ratio of 

reagent to NO,. Figure 5-36 shows that at an ammonia-to-NO, 


ratio of 1.0, NOx reductions of less than 40 percent are 

achieved.97 

By increasing the NH3:NO, ratio to 2.0:1, NOx 

reductions of approximately 60 percent can be obtained. 


Increasing the ratio beyond 3.0:l has little effect on NOx 

reduction. Since NH3:NOx ratios higher than the theoretical 


ratio are required to achieve the desired NOx reduction, a 

trade-off exists between NOx control and the presence of 

excess NH3 in the flue gas. Excess NH3 can react with sulfur 


compounds in the flue gas, forming ammonium sulfate salt 


compounds that deposit on downstream equipment. The higher 

NH3 feed rates can result in additional annual costs. 


The fifth factor in SNCR performance is the sulfur 


content of the fuel. Sulfur compounds in the fuel can react 


with NH3 and form liquid or solid particles that can deposit 


on downstream equipment. In particular, compounds such as 


ammonium bisulf ate (NHqHS04 and ammonium sulfate [ (MI4)2SO41 

can plug and corrode a i ~  
heaters when temperatures in the air 

heater fall below 260 OC (500 OF). As shown in figure 5-37, 
given sufficient concentrations of NH3 and SO3 in the flue 

gas, ammonium bisulfate or sulfate can form at temperatures 

below 260 oC (500 OF).98 

5.3.1.2.2 Natural Gas- and Oil-Fired Boilers. The 


factors affecting the performance of SNCR on coal-fired 


boilers are applicable to natural gas and oil firing. These 


factors are: temperature, mixing, residence time, reagent-to* 
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application. Actual NOx removal as a function of 
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Figure 5 - 3 6 .  General effect of NH39jNOx mole 
ratio on NOx removal. 
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Fig l l r e  5-37 .  Ammonia salt formation as a function of ss 

temperature and NH3 and SO3 concentration. 



NOx ratio, and fuel sulfur content. Because natural gas and 


oil do not contain as much sulfur as coal, the fuel sulfur 

content may not be as much a factor for natural gas- and 
oil-fired boilers. 


5.3.1.3 Perfclrman_c_e. The 
results of SNCR applied to fossil fuel utility boilers are 

shown in table 5-14. There are 2 coal-fired, 2 oil-fired, and 


10 natural gas-fired SNCR applications represented on the 

table. One application is ammonia-based SNCR with the 

remainder being urea-based. Available data on NH3 slip and 

N20 emissions during these tests are presented in chapter 7. 


For Valley 4 ,  the NOx emissions during testing at full 

load decreased as the molar ratio increased. At a molar. ratio 

of 0.7, the NOx emissions were 0.76 lb/~~Btuwhereas a molar 

ration of 1.7 resulted in NOx emissions of 0.50 lb/~MBtu. At 


reduced loads, the molar ratio has the same effect on NOx 

emissions. A t  36 percent load, the NOx was reduced to 0.14 

and 0.32 lb/MMBtu with molar ratios of 2.0 and 1.0, 

respectively. A t  34 percent load, the NOx was reduced to 0.35 
and 0.54 lb/MMBtu with molar ratios of 2.0 and 1.0, 

respectively. The higher NOx emissions at the 34 percent load 


are attributed to a different burner pattern being used. 

For Arapahoe 4 ,  the NOx was reduced approximately 

30 percent at full-load prior to the retrofit of LNB + OFA. 

After retrofitting LNB + OFA, SNCR reduced NOx by 30-

40 percent with NH3 slip less than 20 ppm. A t  lower loads, 

SNCR reduced NOx by 40-50 percent; however, the NH3 slip 

increased to as high as 100 ppm. This was attributed to 


cooled flue gas temperatures at low loads; however, the system 


is still being optimized and tested. 


Long-term data from one subpart Da stoker boiler shows 

controlled NOx emissions of approximately 0.3 lb/MMBtu with 


NH3 slip of less than 25 ppm. Baseline NOx levels from this 


facility was not reported; however, data from another 


subpart Da stoker facility shows baseline levels of 

0.4-0.6 Ib/MMBtu. 
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TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. uTnIm BOILERS 
(Continued) 

U t i l i t y  
Un i t  

(standardla 

Rated 
Capacity 
(MU) 

Molar 
N/NO 

Ratio 

Contrg 
Type 

endor or)^ 

length 
of 

restd 

Capacity 
Tested 

(%) 

Uncontrol led 

HOv
Emissions 

( t b ~ w ~ ~ t u ) ~  

Control led 

Emissions 
( t b m ~ t t ~ l  

Reduction 
i n  NO, 

Emissions 
tX) 

HH3 
s t ~ p  
(ppm) 

Reference 

TANGENTIALLY-FIRED BOILERS, FUEL OIL 

long lslend Port Jefferson 3 Urea Short 100 0.32 0.23 
Light ing Co. tPre) CNalco) Short 100 0.32 0.17 

Short 
Short 
Short 

100 
65 
65 

0.32 -0.14-
Short 65 
Short 33 0.32 0.21 
Short 33 6.32 0.16 
Short 33 0.32 0.15 

Urea tong 700 0.32 0.14 
(Halco) Long 65 

Long 33 0.32 0.14 

I-' 
.I-' 
CI 

San Diego Gas 
and Etec t r ic  

Encina 2 
(Pre) 

Urea Short 85 

TAMGEMTIALLY-FIRED BOILERS, HATURAL GAS 

Southern Cal. Etiwanda 3 333 Urea Short 96 0.12 0.07 42 105 
Edison Co. ( P W  Short 

Short 
50 
25 

0.06 
0.05 

0.04 
0.03 

33 
40 

Southern Cat. Etiuanda 4 333 Urea Short 96 0.08 0.06 25 105 
Edison Co. (Pre) Short 

Short 
50 
20 

0.05 
0.05 

0.04 
0.03 

20 
40 

SouthernCal. A t m i t o s 3  333 Urea Short 95 0.09 0.08 11 105 
Edison Co. w e )  Short 

Short 
50 
21 

0.05 
0.03 

0.04 
0.03 

20 
0 
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TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. uTILIrn BOILERS 
(Continued) 

Unlt 
Rated 

Capacity 
Molar 
WfWO 

Contrgl 
Type 

Length 
o f  

Capacity 
Tested 

Uncontrolled 
No& 

Control led 
"*?t 

Reduction 
i n  WO, 

NH3
Slip 

Reference 

U t l l l t y  {standardla (MU) Ratio endo or)^ les td  ( X )  Emissions Emiss~ans 
(I~ / M M B ~ u ) ~  (I~IHHB~U) 

Emissions 
( X )  

(ppm) 

TANGENTIAtLY- FIRED BOILERS, NATURAL GAS (CONf !WED) 

Swtharn CsI A l d t o s  4 333 Urea Short 76 0.09 0.07 12 9 106 
Edison Co. (Pre) Short 

Short 
45 
21 

0.05 
0.05 

0.04 
0.04 

7 
14 

7 
6 

Southern Cal. 
Ed ison Co. 

E l  Scgvldo 3 
CPre) 

342 Urea Short 
Short 
Short 

98 
40 
20 

0.10 
0.05 
0.05 

0.06 
0.04 
0.04 

36 
23 
28 

7 
12 
17 

707 

VI 
I 

Southern Cal. 
EdIson Co. 

E l  Segwrdo 4 
(Pre) 

342 Urea Short 
Short 
Short 

80 
50 
23 

0.08 
0.06 
0.07 

0.06 
0.04 
0.05 

25 
33 
28 

105 

P 
P 
h) WALL-FIRED BOILERS, MATURAL GAS 

Southern Cal. 
Fdison Co. 

E l  Segmdo 1 
iPre) 

156 Urea 
(AUS) 

Short 
Short 
short 

11 1 
45 
19 

0.11 
0- 1 
0.04 

0.08 
0.06 
0.03 

26 
4 1 
40 

15 
13 
18 

107 

Southern Cal. 
Edison Co. 

E l  Seguwlo 2 
(Pre) 

156 Urea Short 
Short 
Short 

85 
63 
37 

0.1 
0.09 
0.08 

0.07 
0.05 
0.05 

30 
50 
38 

to5 

Paei f i c  Gas & 
E lec t r i c  

Morro Bey 3j 
(Pre) 

345 0.8 
1.0 
1.2 
2.4 

Urea 
(Noell) 

Short 
Short 
Short 
short 

100 
100 
100 
100 * -

-* 

* -
-* 

b 
27 
29 
27 

110 308 

1.0 
1.5 
2.0 

Urea 
(Noell) 

Short 
Short 
Short 

83 
83 
83 -* 

-* -. 23 
26 
27 

80 108 
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TABLE 5 -14 .  PERFORMANCE OF SNCR ON COBM3NTIONAL U. S. UTILITY BOILERS 
(Concluded) 


Rated Moler Cmtrtg Length Capacity Uncontrolled Control led Reduct i on  Reference 
Un i t  Capacity M/UO Type o f  Tested WOq 

WHJ 
WOq i n  #ox s l ~ p

U t i t i t y  (Standardla (MU) Ratio endor or)^ Teatd (XI Emissions Emissions Emissions (ppn) 
(~b/ rnas tu)~  (I~IHMB~U) (XI 

WALL-FIRED BOILERS, NATURAL GAS (Continued) 

pac i f i c  Gas 4 
E lec t r i c  

blorro %ay 3j 
( P r d  

345 0.6 
1 .  

A m n i a  
(Hoe\\) 

Short 
Short 

TOO 
300 -* * - 27 

35 
110 108 

1.2 Short 100 * * 39 
1.8 Short 100 45 

1.8 
1.0 
1.5 

A m n i a  
(Noell) 

Short 
Short 
Short 

83 
83 
83 

30 
35 
41 

50 108 

2.0 I 

%tandard: Pre = Pre-HSPS 

k o n t r o t  Type: Urea o r  amrwrnia (MU3] in ject ion 

C~endors: AUS = AUS Cmhs t i on  Systems, Ine.; Malco = Ndco Fuel Tech; and Woell = Hoell, [nc. 

dShort = Short-term test  data, i-e., hours. 

eFor Valley 4, 100%capacity = A & B Mi l l ,  35% = A H i l l  only, 34% = B M i l l  only. 

f ~ncon t ro lled NOx before r e t r o f i t  of LNB + OFA + SHCR. 

g~ercent  reduction with SWCR only, before r e t r o f i t  o f  LHB + OFA. 

h ~ e t r o f i t  with LElB + OFA. 

i ~ e t r o fit with tNB + OFA + SWCR; therefore, percent reduction i s  f o r  SNCR. 

j ~ e s ti n s t a l  l e t  ion across one- t h i  rd of boi l e r  uidth. 

-- = Date not avaitable. 



For the Port Jefferson oil-fired boiler, the NOx 

emissions were 0.14 to 0.17 lb/MMBtu at full-load and 0.15 to 
0.21 lb/MMBtu at minimum load depending on the molar ratio. 

Higher molar ratios of 1.5 and 2.0 resulted in NOx removals of 

up to 56 percent at full and reduced load. The NH3 slip at an 

NSR of 1.0 was 20 to 40 parts per million (pprn). Further 


experimentation to reduce the NH3 slip at this site is 

planned. 


For the tangentially-fired natural gas boilers with 

urea-based SNCR, the NOx emissions at full-load range from 

0.06 to 0.08 lb/MMBtu. At lower loads, the NOx emissions 

range from 0.03 lb/MM~tu to 0.05 lb/MMBtu. The NOx reductions 


for these boilers ranged from 0 to 42 percent. While the 

results varied from station-to-station for the same boiler 


type, sister units at the same station generally achieved a 

similar reduction. Ammonia slip for these boilers was 6 to 

17 ppm. 


The results were similar for the wall-fired boilers 

firing natural gas. The NOx was reduced on El Segundo 1 and 2 

to less than 0.1 lb/MMBtu across the load range with an NH3 

slip of less than 75 ppm. A t  Morro Bay 3, both a urea-based 
and an NH3-based SNCR system were tested. Both of these 

systems reduced the NOx by 30 to 40 percent across the load 

range, depending on the molar ratio. However, the ammonia 

slip was 10 to 20 ppm lower for the amonia-based SNCR system 

than the urea-based SNCR. The relatively high NH3 slip levels 

are thought to be due to-the relatively short residence times 

in the convection section cavities. The NH3 slip is reported 

in chapter 7 .  

The effect of increasing the molar N to NO ratio on 

percent NOx reduction is shown in figures 5-38 and 5-39 for 
coal-fired and for natural gas- or oil-fired boilers, 

respectively. As shown in these figures, percent NOx 
reduction increases with increasing molar N/NO ratio. 

However, as molar ratio is increased the amount of slip will 
also increase. Further, above a molar ratio of approximately 
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Figure 5 - 3 9 .  NOx reduction vs. Molar N/NO ratio for conventional 
U. S. natural gas- and oil-fired boilers with SNCR. 



1.0 to 1.5, only slight increases in NOx reduction are 

generally seen. Thus, applications of SNCR must be optimized 


for effective reagent use. 

5.3.1.4 1. 


Short-term results of SNCR on seven fluidized bed boilers are 

given in table 5-15. Two of the boilers are bubbling bed and 

five are circulating bed. All of these boilers utilize 


ammonia-based SNCR systems. The NOx emissions from the 

Stockton A and B bubbling fluidized bed boilers were 
at full-load. The NOx emissions from the 
0.03 l b / ~ ~ ~ t u  


circulating fluidized bed boilers ranged from 0.03 to 


0.1 lb/MMBtu at full-load conditions. The average NOx 

emissions from these five boilers were 0.08 lb/MMBtu. 

5.3.2 


5.3.2.1 Process Descri~tion. Selective catalytic 

reduction involves injecting ammonia into boiler flue gases in 

the presence of a catalyst to reduce NOx to N2 and water. The 

catalyst lowers the activation energy required to drive the 


NOx reduction to completion, and therefore decreases the 

temperature at which the reaction occurs. The overall SCR 

reactions are: 113 


There are also undesirable reactions that can occur in an SCR 

system, including the oxidation of NH3 and SO2 and the 
formation of sulfate salts. Potential oxidation reactions 


114 
are: 

4NH3 + 502  4 4N0 + 6H2O (5-20) 

4NH3 + 302 + 2N2 + 6H2O (5-21) 

2NH3 + 202 + N20 * 3H20 (5 -22 )  

2 ~ 0 2+ 02 + 2 ~ 0 3  (5-23) 



TABLE 5-15. PERFORMANCE OF NH3-BASED SNCR ON U. S. FLUIDIZED BED 
COMBUSTION BOILERS 


Rated Capacity Length 
Years capecity Coal tested of test  emisstoras 

U t it i t y  Uni t  on1 9 ne (W) typea (HWBtu/hr) (hrs) ( Ib/HRBtu) Reference 

BUBBLING FLUIDIZED BED 

WSDEF Pover Go., L.P. Stockton A 1989 25 Mk .  280 2 0.03 109 

POSDEF Power Co., L.P. Stockton B 1989 25 Unk. 280 2 0.03 109 

CIRCULATING FLUIDIZED BED 

Ultrapower Rto Bravo Jasmin 1989 37 B i t  389 2 0.08 130 
Constel iat lon 
Operat inp Services 

U it rapouer Rio Bravo POSO 1989 37 B i t  389 2 0.08 110 
Constel l a t i o n  
Operethg Services 

Energy Systems Stockton Cogen 1988 56 Unk. 670 4 0.03 111 

Appl ied Energy Barbers Point A 1992 203 Unk. 896 2 0.10 112 
Services 

Applied Energy Barbers Point B 1992 203 Unk. 896 2 0.10 112 
Services 

a ~ o a lType: B i t  = B ituninous 
Unk = Unknown 



The reaction rates of both desired and undesired reactions 

increase with increasing temperature. The optimal temperature 

range depends upon the type of catalyst and an example of this 

effect is shown in figure 5-40.115 


Figure 5-41 shows several SCR configurations that have 

been applied to power plants in Europe or Japan. 116 The most 


common configurations are diagrams la and ib, also referred to 

as "high dustw and "low dust" configurations, respectively. 

Diagrams lc and id represent applications of spray drying with 

SCR. ~ia~rams SCR because
la through id are called "hot-side1# 

the reactor is located before the air heater. Diagram le is 

called llcold-side" 
SCR because the reactor is located 

downstream of the air heaters, particulate control, and flue 

gas desulfurization equipment. 117 


A new type of SCR system involves replacing conventional 
elements in a Ljungstrom air heater with elements coated with 

catalyst material. As shown in figure 5-42, the flue gas 
passes through the air heater where it is cooled, as in a 

standard Ljungstrom air heater. 118 The catalyst-coated air 


heater elements serve as the heat transfer surface as well as 
the NOx catalyst. The NH3 required for the SCR process is 
injected in the duct upstream of the air heater. Because this 


type of SCR has a limited amount of space in which catalyst 

can be installed. the NOx removal is also limited. However. 

replacing the air heater elements with catalyst mateiial would 

require no major modifications to the existing boiler and may 

be applicable to boilers with little available space for add- 

on controls. While this technique has been used in Germany, 

there is only one installation in the United States on a 

natural gas- and oil-fired boiler in California. 119 


The hardware for a hot-side or cold-side SCR system 

includes the catalyst material; the ammonia system--including 

a vaporizer, storage tank, blower or compressor. and various 


valves, indicators, and controls; the ammonia injection grid; 
the SCR reactor housing (containing layers of catalyst); 




COMPOSITE 
OF SCR NOx 
AND NH3 OXIDATION 

TEMPERATURE 

Figure 5 - 4 0 .  Relative effect oft,temperature 
on NOx reduction. 
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Figure 5-41. Possible configurations f o r  SCR . 116 





transition ductwork; and a continuous emission monitoring 


system. Anhydrous or dilute aqueous ammonia can be used; 
however, aqueous ammonia is safer to store and handle. The 


control system can be either feed-forward control (the inlet 


NOx concentration and a preset NH3/NO, ratio are used), feed- 

back control (the outlet NOx concentration is used to tune the 

ammonia feed rate), or a combination of the two. 

The catalyst must reduce NOx emissions without producing 


other pollutants or adversely affecting equipment downstream 


of the reactor. To accomplish this, the catalyst must have 


high NOx removal activity per catalyst unit size, tolerance to 

variations in temperature due to boiler load swings, minimal 

tendency to oxidize NH3 to NO and SO2 to SO3,  durability to 

prevent poisoning and deactivation, and resist erosion by fly 


ash. 

The SCR catalyst is typically composed of the active 


material, catalyst support material, and the substrate. The 


active compound promotes the NH~/NO, reaction and may be 

composed of a precious metal (e.g., Pt, Pd), a base metal 
oxide, or a zeolite. The entire catalyst cannot be made of 


these materials because they are expensive and stmcturally 

weak. The catalyst support (usually a metal oxide) provides a 

large surface area for the active material, thus enhancing the 


contact of the flue 'gaswith the active material. The 


mechanical form that holds the active compound and catalyst 

support material is called the substrate. The individual 


catalyst honeycombs or ~lates are combined into modules, and 


the modules are applied in layers. Figure 5-43 shows a 


typical configuration for a catalyst reactor. 120 Figure 5-44 


shows examples of relative optimum temperature ranges for 


precious metal, base metal, and zeolite catalysts. 11s 


Some manufacturers offer homogeneous extruded monolithi 

catalysts that consist of either base metal oxide or zeolite 

formulations. The specific formulations contain ingredients 

that have mechanical strength and are stable. These catalysts 
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Figure 5 - 4 3 .  Typical configuration for a catalyst reactor .  ieo 





are comparable in price to composite catalyst and have been 

installed in Europe and Japan.121 


The precious metal catalysts are typically platinum (Pt) 

or palladium (Pd) based. They are primarily used in clean 

fuel applications and at lower temperatures than the base 

metal oxides or zeolite catalysts. The NOx reduction 


efficiency of precious metal catalysts is reduced above 400 OC 

(750 OF) because the NH3 oxidation reaction is favored. 115 

The most common commercially available base metal oxide 

catalysts are vanadium/titanium based, with vanadium pentoxide 

(V2O5) used as the active material and titanium dioxide (Ti021 

or a titanium oxide-silicon dioxide (Si02) as the support 

material.122 Vanadium oxides are among the best catalysts for 


SCR of nitric oxide with ammonia because of their high 

activity at low temperatures (c400 OC 1~750OF]) and because 

of their high resistance to poisoning by sulfur oxides. 123 


The zeolite catalysts are crystalline aluminosilicate 

compounds. These catalysts are characterized by 

interconnected systems of pores 2 to 10 times the size of NO, 

NH3, S02, and 02 molecules. They absorb only the compounds 
with molecular sizes comparable to their pore size. The 

zeolite catalyst is reported to be stable over a wider 


temperature window than other types of catalyst. 

The SCR catalyst is usually offered in extruded honeycod 


or plate configurations as shown in figure 5-45.124 Honeycomb 


catalysts are manufactured by extruding the catalyst-

containing material through a die of specific channel and wall 

thickness. The pitch, or number of open channels, for coal- 

fired applications is larger than the pitch for oil or natural 

gas applications due to the increased amount of particulate 

matter with coal-firing. Plate catalysts are manufactured by 

pressing a catalyst paste onto a perforated plate or by 

dipping the plate into a slurry of catalyst resulting in a 

thin layer of catalyst material being applied to a metal 


screen or plate. 




honeycomb. plate 


Figure 5-45 .  Configuration of parallel flow catalyst.124 




5.3.2.2 5 

5.3.2.2.1 Coal-fired boilers. The performance of an SCR 


system is influenced by six factors: flue gas temperature, 
fuel sulfur content, NH3/N0, ratio, NOx concentration at the 

SCR inlet, space velocity, and catalyst condition. 

Temperature greatly affects the performance of SCR 


systems, and, as discussed earlier, each type of SCR catalyst 
has an optimum operating temperature range. Below this range, 

NOx reduction does not occur, or occurs too slowly, which 

results in NHj slip. Above the optimum temperature, the NHj 
is oxidized to NO,, which decreases the NOx reduction 


efficiency. The optimum temperature will depend on the type 

of catalyst material being used. 


The second factor affecting the performance of SCR is the 

sulfur content of the fuel. Approximately 1 to 4 percent of 

the sulfur in the fuel is converted to SO3.  The SO3 can then 
react with ammonia to form ammonium sulfate salts, which 

deposit and foul downstream equipment. As can be seen in 

figure 5-46, the conversion of SO2 to SO3 is temperature 

dependent, with higher conversion rates at the higher 

325temperatures. The temperature-sensitive nature of SO2 to 

' 
SO3 conversion is especially important for boilers operating 

at temperatures greater than 370 OC (700 OF) at the economizer 

outlet. Potential reaction equations fox ammonium sulfate 

salts are: 126 


NH3 (gas) + SO3 (gas) +. 520 (gas) -, NHqHS04 (liquid) (5-24) 

NHqHS04 (liquid) + NH3 (gas) + (NH4)2 SO4 (solid) (5-25) 

42 NH3 (gas) + SO3 (gas) + Hz0 (gas) (NH4)2 SO4 (solid) ( 5 - 2 6 )  

With the use of medium- to high-sulfur coals, the 


concentration of SO3 will likely be higher than experienced in 

most SCR applications to date. This increase in SO3 

concentration has the potential to affect amonium sulfate 

salt formation. However, there is insufficient SCR 
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Temperature, (T) 

Figure 5 - 4 6 .  Effect of tempg5ature on conversion 
of SO2 to SO3.  



application experience with medium- to high-sulfur coals to 


know the nature of the effects. Applications of SCR with 


medium- to high-sulfur coals may need to incorporate ways to 


minimize the impacts of amnonium sulfate salt formation and 


deposition. 


The third factor affecting s C R  performance is the ratio 

of NHJ to NOx For NOx reduction efficiencies up to 
approximately 80 percent, the NH3-NO, reaction follows 


approximately 1:l stoichiometry. To achieve greater NOx 


SmIIoval, it is necessary to inject excess NHJ, which results 


in higher levels of NH3 slip. 

The fourth factor affecting SCR performance is the 


concentration of NOx at the SCR inlet. The NOx reduction is 

relatively unchanged with SCR for inlet NOx concentratipns of 


127

150 to 600 ppm. However, at inlet concentrations below 


150 ppm, the reduction efficiencies decrease with decreasing 


NOx concentrations. 128 

The fifth factor affecting SCR performance is the gas 


flow rate and pressure drop across the catalyst. Gas flow 

through the reactor is expressed in terms of space velocity 

and area velocity. Space velocity (hr-1) is defined as the 

inverse of residence time. It is determined by the ratio of 


the amount of gas treated per hour to the catalyst bulk 

volume. As space velocity increases, the contact time between 

the gas and the catalyst decreases. As the contact time 
decreases, so does NOx reduction. Area velocity (ft/hr) is 
related to the catalyst-pitch and is defined as the ratio of 

the V O ~ W ~ 
of gas treated per hour to the apparent surface 
area of the catalyst. At lower area velocities, the NOx in 

the flue gas has more time to react with NH3 on the active 

sites on the catalyst; at higher area velocities, the flue gas 
has less time to react.129 

The sixth factor affecting SCR performance is the 

condition of the catalyst material. As the catalyst degrades 

over time or is damaged, NOx removal decreases. Catalyst can 


I 



be deactivated from wear resulting from attrition, cracking, 

or breaking over time, or from fouling by solid particle 
deposition in the catalyst pores and on the surface. 


Similarly, catalyst can be deactivated or "poisonedH when 

certain compounds (such as arsenic, lead, and alkali oxides) 

react with the active sites on the catalyst. Poisoning 

typically occurs over the long term, whereas fouling can be 

sudden. When the maximum temperature for the catalyst 

material is exceeded, catalysts can be thermally stressed or 

sintered, and subsequently deactivated. As the catalyst 


degrades by these processes, the NH3/NOx ratio must be 

increased to maintain the desired level of NO, reduction. 

This can result in increased levels of NH3 slip. However, the 

greatest impact of degradation is on catalyst life. Because 


the catalyst is a major component in the cost of SCR, reducing 

the life of the catalyst has a serious impact on the cost. 


The top layer of catalyst is typically a wdummytl
layer of 

catalyst used to straighten the gas flow and reduce erosion of 

subsequent catalyst layers. A metal grid can also be used as 
a straightening layer. The dummy layer is made of inert 

material that is less expensive than active catalyst 

material.130 Active catalyst material can be replaced as 


degradation occurs in several different ways in order to 

maintain NO, removal efficiency. First, all the catalyst may 

be replaced at one time. Second, extra catalyst may be added 
to the reactor, provided extra space has been designed into 
the reactor housing for this purpose. Third, part of the 
catalyst may be periodically replaced, which would extend the 
useful life of the remaining catalyst. 


5 . 3 . 2 . 2 . 2  5.The 

factors affecting the performance of SCR on coal-fired boilers 

are generally applicable to natural gas- and oil-firing. 

However, the effect may not be as severe on the natural 

gas- and oil-fired applications. 




The six factors affecting SCR performance on coal-fired 

boilers were: flue gas temperature, fuel sulfur content, 
NH3/NOx ratio, NOx concentration at the SCR inlet, space 


velocity, and catalyst condition. Of these, the fuel sulfur 

content will not be as much a factor in natural gas and oil 
firing applications because these fuels do not contain as much 

sulfur as coal. Therefore, there will not be as much SO3 in 

the flue gas to react with excess ammonia and deposit in 

downstream equipment. 


Another parameter which will not have as much impact in 

natural gas- or oil-fired boilers is the condition of the 

catalyst material. The SCR catalyst material can still be 

damaged by sintering or poisoned by certain compounds. 

However, since natural gas- and oil-fired boilers do not have 


as much fly ash as coal-fired boilers, the pores in the 
catalyst will not plug as easily and the surface of the 

catalyst would not be scoured or eroded due to the fly ash 

particles. 


5.3.2.3 
Performance of Selective Catalvtic 
.7 Reduction. 


Table 5-16 presents the results from pilot-scale SCR 

installations at two coal-fired boilers and one oil-fired 


boiler. The SCR pilot plants are equal to approximately 1 to 

2 MW and process a slip-stream of flue gas from the boiler. 

Each pilot plant contained two different catalysts that were 


evaluated simultaneously. As of 1993, these pilot plants had 

been operating 2-3 years. 


For the coal-fired SCR demonstration projects, the 

results indicate that 75-80 percent NO, reduction has been 


achieved with ammonia slip of less than 20.ppm. The lower NO, 
reduction and higher NH3 slip for the oil-fired demonstration 

at the Oswego site were measured at higher-than-design space 
velocities. Note that these results are pilot facilities in 

which operating and process parameters can be carefully 

controlled. 


To date, there are no full-scale SCR applications on oil- 

or coal-firing. However, as shown in table 5-16, Southern 
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TABLE 5-16. PERFORMANCE OF SCR ON U. S. UTILITY BOILERS 

Reduct ion 

in NO, 


Fuel SCR NH slip NHjto-NOX ernissionsb 

Utility Unit Type W e a  cbDm) ratio ( %  Reference 

PILOT-SCALE SYSTEMS 


NY State Elec. h Kintigh Coal Cold el 0.8 8Oc 131 
Gas c1 0.8 8tId 

Tennessee Valley Shawnee Coal Hot 1-7e 0.8 75-80e 132 
Authority 2-2of 0.8 75-8of 


Niagara Mohawk Oswego Oi1 Hot Up to 209 0.8 75-809 133 
Up to 5oh 0 . 8  60-8oh 

VI FULL-SCALE SYSTEMS 
I 

P Southern California Huntington Gas Hot 10-40 - - 90 134w 
u Edison Beach 2 

aType: Cold = Cold-side, post-FGD SCR, after air preheater; and Hot = Hot-side, high-dust 
SCR, before air preheater 


b~esults are given for two different catalysts. 


CSpace velocity = 6,990 hr'l; catalyst exposure time = 7,800 hours 

dspace velocity = 8,940 hr-I; catalyst exposure time = 2,400 hours. 

%pace velocity 3,240 hr-l; catalyst exposure time = 3,600 to 14,000 hours. 

f space velocity a 2,200 hr'l; catalyst exposure time = 1,500 to 7,700 hours. 

%pace velocity = 4,350 to 17,400 hr-l; 

h~pace velocity = 6,900 to 27,400 hr-l; 

- - = Data not available. 



California Edison has a commercial size installation of SCR on 


their gas-fired Huntington Beach Unit 2 boiler. The NOx 


reduction reported was approximately 90 percent with the 


highest level of NH3 slip at 40 ppm. 


The effect of catalyst exposure time and space velocity 


on catalyst performance was also examined for each of the 


pilot-scale demonstrations. Figures 5-47a and 5-471, show NOx 

removal and NH3 slip as a function of NH>/NO~ ratio for two 


catalysts in a cold-side, post-FGD SCR demonstration at the 

Kintigh site.130 The results show no change in the activity of 

either the extruded catalyst after 7,800 hours of operation or 

the replacement composite catalyst after 2,400 hours of 


operation. Each catalyst controlled NOx emissions by 
80 percent at an NH3/NOx ratio of 0.8 with a corresponding NH3 


slip of c 1 ppm. 131 

Figures 5-48a and 5-4813 show performance results for two 

catalysts in the high-dust SCR demonstration at the Shawnee 

site.132 The figures show a decrease in catalyst activity and 


an increase in residual NHl with increasing hours of operation 


for both catalysts. This deterioration in catalyst activity 

is more pronounced for the zeolite catalyst as shown in 

figure 5-48b.132 

Figures 5-49a and 5-49b show the performance results for 

the two catalysts evaluated in the SCR application on the oil- 

fired boiler at the Oswego plant. 133 In each figure, the 


curves show the effect of space velocity on NO, reduction as a 


function of NH3/NOx ratio. The effect of space velocity on 

NH3 slip is also shown in the figures. The results show the 
expected decrease in NOx reduction and increase in NH3 slip at 

the higher space velocity for both catalysts. The effect is 

more pronounced on the V/Ti catalyst.133 


5 . 3 . 3  Selective Noncatalvtic Reduction and Co&ustion 

Controls 


5.3.3.1 Process.Combustion controls such 


as LNBs and OFA may be used in combination with SNCR to reducq 
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Figure 5-47a. Extruded catalyst NOx 
conversion and residual g 3  

versus NH3-to-NOx Ratio. 
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Figure 5-47b. Replacement composite 

catalyst NOx conversion 

and residual NH3 zyrsus 
NH3-to-NO, Ratio. 




Figure 5-48a. V / T ~catalyst ammonia 

slip and NOx removal 
versus,pnonia- to-NOx 

ratio. 


Figure 5-48b. Zeolite catalyst ammonia 
slip and NOx removal 

versusl,~mmonia-to-NOX 
ratio.  



120 ' 1 " . , " . , . . '  
.-17,400 llhr 0- I 

.1,a ;4,350 llhr 1 

Figure 5 - 4 9 3 .  T102 cormgated plate catalyst 
NOx conversion and residual 135 

NH3 versus NHj-to-NO, ratio. 

Figure '5-49b. Vanadium titanium extruded catalyst 
NOx conversion and residual 133 

NH3 versus NH3-to-NO, ratio. 



NOx emissions on fossil fuel-fired utility boilers to achieve 


high levels of NOx reduction. It may also be possible to 


employ operational modifications such as LEA, BOOS, and FGR to 


provide additional reductions in NOx prior to the SNCR system. 

The process descriptions for combustion controls for 


coal-fired boilers are presented in section 5.1 and combustion 


control descriptions for natural gas- and oil-fired boilers 


are presented in sections 5.2. Selective noncatalytic 


reduction is described in section 5.3.1. 


5.3.3.2 Factors Affectins Performance. The same basic 


factors affecting the performance of individual combustion 


controls or SNCR will apply to these controls used in 


combination. However, since SNCR requires specific operating 


conditions such as gas temperature and residence time, the 


range of operating conditions for the combustion controls may 


be severely reduced if the combustion controls and SNCR system 


are designed incorrectly. When combining LNB + OFA + SNCR, 

some systems may be designed to achieve more NOx reduction 


with the LNB + OFA and use SNCR to "trimw NOx to desired 

levels. There are a very limited number of boilers employing 


a combination of these controls; therefore, all the factors 


affecting performance have not yet been identified. 


The factors affecting the individual combustion controls 


for coal-, natural gas- and oil-fired applications are given 


in sections 5.1 and 5.2. The factors affecting SNCR are 

presented in section 5.3.2. 


5 . 3 . 3 . 3  

Noncatalvtic Reduction. There is one application of LNB + OFA 

+ SNCR on a coal-fired boiler at Public Service Company of 
Colorado's Arapahoe Station Unit 4. This is a 100 MW roof-

fired boiler. Short-term data from this unit is given in 


Table 5-17. The predicted NOx reduction for LNB + OFA + SNCR 
was 70 percent; however, reported reductions have been 


70-85 percent. 


As was discussed in section 5.1.4.3.1, the LNB + OFA 
educed NOx emissions across the load range by 60-70 percent. 
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I TABLE 5-17, PERFORMANCE OF LNB + OFA + SNCR ON CONVENTIONAL U.S .  UTILITY BOILERS 

Uncontrolled Control ted Reduction 
Rated Length Hotar "OF . N O ~  i n  H O ~  

t t y  e m i s s ~ a s  emlssl om emissions~ n f  sapact t y  of W ~ N D  ~ a p a s i  
U t l lit y  ( ~ t a n d a r d ) ~  (MU) testd r a t i o  tested (lb/MMBtu) (lb/HblBtu) ( X I  Reference 

RMIF-FIRED BOILER. BITLRIIHUJS COAL 

Pub[ i c  Arapahoe 4 $00 ORB-XCL + short 
Service OPA + Urea 
Co. of CO IB&W, Noet I) 

astandad: Pre-HSPS 

b ~ o n t r o ~Type: ORB-XCL = Babcack & Uilcox; Dual Resister XCL Burner + Urea injection. 

C~endor: B&W = Babcock 8 W i  Icon. 

d ~ h a r t= Short-term test  data, i.e., hours. 

pp 




The addition of SNCR reduced NOx an additional 30-40 percent 


across the load range making a total reduction of 


approximately 70-85 percent. 


The NH3 slip was lowest (5-20 ppm) at 110 MW where the 


flue gas temperature are the highest. As the load and thus 

flue gas temperature are lowered, the NH3 slip increases to as 

high as 100 ppm. 


5.3.4 Se 


5.3.4.1 Process Descri~tion. Combustion controls such 


as OFA + LNB can be used in combination with SCR to reduce NOx 

emissions on fossil fuel-fired utility boilers to achieve the 


highest level of NOx reduction. It may also be possible to 


use operational modifications such as LEA and BOOS, and FOR to 

reduce NOx prior to the SCR reactor. 
The process descriptions for combustion controls for 


coal-fired boilers are given in section 5.1 and the process 


descriptions for combustion controls for natural gas- and oil- 

fired boilers are presented in section 5.2. Selective 

catalytic reduction is described in section 5 . 3 . 2 .  

5 . 3 . 4 . 2  

i.
The same basic 

factors affecting the performance of individual combustion 


controls or SCR will apply to these controls used in 


combination. However, since SCR requires very rigid operating 

conditions such as flue gas temperature and gas flow rate, the 

range of operating conditions for the combustion controls may 

be severely reduced. There are very few boilers employing a 

combination of these controls; therefore, all the factors 

affecting performance have not yet been identified. 


The factors affecting the individual combustion controls 


for coal-fired applications and natural gas- and oil-fired 

applications are given in sections 5.1 and 5.2. The factors 

affecting SCR are presented in section 5.3.2. 


5 . 3 . 4 . 3  Performance of Combustion Controls and Selective 

Catalvtic Reduction. There are no known retrofits of SCR on 

utility boilers that also have combustion controls. 
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6 . 0  NOx TECHNOLOGY CONTROL COSTS 

This chapter presents the estimated cost and cost 


effectiveness of nitrogen oxide (NO,) control technologies on 


fossil fuel-fired utility boilers. The section includes 


estimated total capital cost, annualized busbar cost 


(hereafter referred to as busbar cost), and cost effectiveness 

for 30 generic model plants, as well as information on the 


sensitivity of busbar cost and cost effectiveness to 


variations in key technical and economic assumptions. 


Sections 6.1 and 6.2 discuss costing methodology and the model 


plants, respectively. Sections 6.3 and 6.4 present the cost 


results for combustion modifications applied to coal-fired 


boilers and to natural gas- and oil-fired boilers, 


respectively. Section 6.5 presents the cost results for flue 

gas treatment and combination controls. 


6.1 COSTING METHODOLOGY 


This section describes the procedures used to estimate 


the capital and operatirig costs for new and retrofit NOx 


control technologies, and how these costs were converted to 

busbarrand cost effectiveness estimates. Cost procedures 


follow the general methodology contained in the Electric Power 

Research Institute (EPRI) Technical Assessment Guide (TAG)' 
and the Office of Air Quality (OAQPS) Costing Manual. 2 The 

general framework for handling capital and annual costs is 

shown in table 6-1. All costs are presented on 1991 dollars. 

However, cost indices for 1992 dollars are only 0.85 percent 


lower than 1991 dollars; therefore the values in this chapter 

are indicative of the 1991-1992 timeframe. The costing 




-- 

TABLE 6-1. CAPITAL AND OPERATING COST COMPONENTS 

-

Total capital Direct cost Basic system cost Basic equipment 
- .  cost Initial chemicals/catalyst 

Installation 
Start-up/optimization testing 

Retrofit cost Scope adders 
Work area congestion 

Indirect cost General facilities 
Engineering 
Royalty Fees 
Project contingency 
Process contingency 

Total O&M Cost Fixed O&M cost Operating labor 
QI Maintenance labor 
I 
h) Supervisory labor 

Maintenance materials 

Variable O&M cost Energy penalty 
~hemicals/catalyst 
Electricity 
Water 
Waste disposal 



pxocedures used to estimate the annualized cost of each NOx ' 

control technology are presented in sections 6.3 through 6.5 


imediately prior to the presentation of cost results for each 


technology. 


6.1.1 Total Ca~ital Cost 


Total capital cost includes direct and indirect costs. 


Direct costs are divided into two categories: basic system 


cost and retrofit cost. This section describes the procedures 


for estimating basic system cost, retrofit cost, and indirect 


cost. 


6.1.1.1 Basic System Cost. Basic system cost includes 


purchase and installation of system hardware directly 


associated with the control technology. This cost reflects 


the cost of the basic system components for a new application, 

but does not include any site-specific upgrades or 


modifications to existing equipment required to implement the 


control technology at an existing plant (e.g., new ignitors, 


new burner management system, and waterwall or windbox 


modifications). In addition, any initial chemical or catalyst 


costs and start-up/optimization tests are included in basic 

system cost. Costs associated with purchase and installation 


of C O ~ ~ ~ ~ U O U S 
emission monitoring (CEM) equipment required for 


determining compliance with State and Federal emission limits 


are not included in the analysis. 


The data used to estimate basic system cost for each 

technology were obtained from utility questionnaires, vendor 


information, published literature, and other sources. These 


cost data were then compiled in a data base, examined for 

general trends in capital cost versus boiler size (i.e., 

megawatt [ M W ] ) ,  and statistically analyzed using linear 

regression to fit a functional form of: 

BSC = a * M W ~  (6-1) 

where : 

BSC = Basic system cost ($/kW) I 

a = Constant derived from regression analysis 



MW = Boiler size (MW) 

b ' = Constant derived from regression analysis 
The basic system cost for the model plants and sensitivity
-
analyses were then derived for each NOx control technology 


using equation 6-1 and the calculated values of l1al1and "b. 

6.1.1.2 Ratrofit. Installation of NOx controls on 

an existing boiler is generally more costly than installation 


on a new unit. This increased cost is referred to as the 


retrofit cost. 


Retrofit costs are partially due to upgrades and 


modifications to the boiler that are required for the NOx 

control system to operate as designed. These modifications 


and upgrades are referred to as scope adders. Table 6-2 lists 


possible scope adders for the retrofit of combustion control 


systems (e.g., low NOx burner [LNB], LNB.+  advanced overfire 

air [AOFA], reburn). A possible scope adder for selective 

noncatalytic reduction (SNCR) includes boiler control 


modifications. A possible scope adder for selective catalytic 


reduction (SCR) retrofit is the air heater replacement; 


Another factor that contributes to the retrofit cost is the 


restricted access and work space congestion caused by existing 


equipment and facilities. A boiler with relatively few 


obstructions is less costly to retrofit than a boiler with 


substantial access limitations and congestion in the work 


area. 

For combustion control systems, scope adders contribute 


more to the retrofit cost than do access and congestion 


factors. Typically, burners and overfire air ports can be
-
installed From inside the boiler, so exiting equipment does 


not interfere. For SCR, site access and congestion can 


contribute significantly to the retrofit cost. The retrofit 


cost is generally low for SNCR since few scope adders are 

necessary when adding an SNCR system, and site access and 

congestion are less critical than in SCR applications. 


To estimate the total direct cost (basic system cost + 

retrofit cost), the basic system cost is multiplied by a 




TABLE 6 - 2 .  POSSIBLE SCOPE ADDERS FOR RETROFIT 
OF COMBUSTION CONTROLS 


Scope adders 


Ignitors (Modify) 


Ignitors (Replace) 


Waterwall Modifications 


Flame Scanners 


Pulverizer Modifications 


Boiler Control Modifications 


Burner Management 


Coal Piping Modifications 


Windbox Modifications 


Structural Modifications 


Asbestos Removal 


Insulation 


Electrical System Modifications 


Fan Modifications 




retrofit factor. The retrofit factor accounts for the 

retrofit cost as a percentage of the basic system cost. For 

example, a retrofit factor of 1.3 indicates that the retrofit 

cost is 30 percent of the basic system cost. Retrofit factors 


were developed for each NOx control technology based on cost 

data for planned or actual installations of individual NOx 

control technologies to existing utility boilers. The cost 


data were also used to estimate low, medium. and high retrofit 

factors for the model boiler analysis. A low retrofit factor 


of 1.0 could indicate a new unit or an existing unit requiring 

minimal. if any, upgrade or modification, and the work area is 

easily accessible. A medium retrofit factor reflects moderate. 
equipment upgrades or modifications and/or some congestion in 

the work area. A high retrofit factor indicates that 

extensive scope adders are required and/or substantial access 

limitations and congestion of the work area. 


6.1.1.3 Indirect Costs. Indirect costs include general 

facilities, engineering expenses, royalty fees, and 

contingencies. General facilities include offices, 

laboratories, storage areas, or other facilities required for 

installation or operation of the control system. Examples of 


general facilities are expansion of the boiler control room to 

house new computer cabinets for the boiler control system, or 

expansion of an analytical laboratory. Engineering expenses 


include the utility's internal engineering efforts and those 

of the utility's architect/engineering (A&E) contractor. 
~ngineering costs incurred by the technology vendor are 

included in the equipment cost and are considered direct 


costs. 

There are two contingency costs: project contingency and 


process contingency. project contingency is assigned based on 

the level of detail in the cost estimate. It is intended to 


cover miscellaneous equipment and materials not included in 

the direct cost estimate. Project contingencies range from 5 

to 50 percent of the direct costs, depending on the level of 

detail included in the direct cost estimate. Generally, the 




more detailed the cost estimate, the less the project 


contingency required. Process contingency is based on the 


maturity of the technology and the number of previous 


installations. Process contingency covers unforeseen expenses 


incurred because of inexperience with newer technologies. 


Process contingencies range from 0 to 40+ percent of the 


direct costs. Generally, the older and more mature the 


technology, the less process contingency required. 


To estimate the total capital cost (total direct cost + 
indirect costs), the total direct cost is multiplied by a 

indirect cost factor. The indirect cost factor accounts for 


the indirect costs as a percentage of the total direct cost. 

For example, an indirect cost factor of 1.3 indicates that the 


indirect costs are 30 percent of the total direct cost. 


Indirect cost factors were developed for each NOx technology. 


These indirect cost factors are based on cost data from 
planned and actual installations of individual NOx control 


technologies to different boilers. 


6.1.2 meratina and Maintenance Costs 
Operating and maintenance (O&M) costs include fixed and 

variable O W  components. Fixed O M  costs include operating, 

maintenance, and supervisory labor, and maintenance materials. 


Fixed O W  are assumed to be independent of capacity factor. 

Variable 06rM costs include any energy penalty resulting from 


efficiency losses associated with a given technology, and 
chemical, electrical, water, and waste disposal costs. 

Variable O M  costs are dependent on capacity factor. 

Cost rates for labor and materials included in the cost 


estimates are shown in table 6-3. The prices listed for coal, 


residual oil, distillate oil, and natural gas are the 


estimated national average prices for the year 2000, using the 


reference case analysis of the Department of Energy's (DOE'S) 


1992 Annual Energy Outlook. 3 The prices listed for ammonia 

and urea are average values obtained from vendors. Prices for 

labor, solid waste, electricity, water, and high pressure 




TABLE 6-3. FIXED AND VARIABLE O&M UNIT COSTS 

Item Cost Unit Reference 


Operating labor 2 0 . 0 0  $/man-hr 1 


Maintenance labor 2 0 . 0 0  $/man- hr 1 


Coal 1.74 $/MMB~U 3 


Residual o i l  4 . 6 2  $/MMB~U 3 


Distillate oil 5 . 7 3  3 


Natural gas 3.27 $/MMBtu 3 


Ammonia 145 .00  $/ton 4 1  5 1  6, 7 


Urea 200.00a $/ton of 50% urea 8, 9 ,  10, 11
0\ 
I 
 solution by wt. 


03 

Solid waste 9 . 5 0  $/ton 1 


Electricity 0 . 0 5  $/kwh I 


Water 0.60 $/lo00 gal 1 


High pressure steam 1 3.50 1 $/I000 Ib I 1 


a~ote that the cost for urea is listed for a 50 percent urea solution. $200/ton of 
50 percent solution is ?oughly equivalent to $400/ton urea on a dry basis. 



steam, are listed in 1989 dollars. These quantities do not ' 

have a major influence on total O&M costs, and therefore, more 


recent values were not used. 


6.1.3 Calculation of Busbar Cost and Cost Effectiveness 


Busbar cost is the sum of annualized capital costs and 


total O&M costs divided by the annual electrical output of the 

boiler. Busbar cost is commonly expressed in mills/kWh 


(1 mill = $0.001) and is a direct indicator of the cost of the 
control technology to the utility and its customers. To 


convert total capital cost to an annualized capital charge, 
the total capital cost is multiplied by an a ~ u a lcapital 


recovery factor (CRF). The CRF is based on the economic life 


over which the capital investment is amortized and the cost of 


capital (i.e., interest rate), and is calculated using the 


following equation: 


CRF = i(l+i)n/[(l+i)n-l] ( 6 - 2 )  

where : 

i = interest rate [assumed to be 0.10 (i.e., 
10 percent) throughout this study] 

n = the economic life of the equipment 
Cost-effectiveness values indicate the total cost of a 


control technology per unit of NOx removed and are calculated 


by dividing the t o t a l  annualized capital charge and 0&M 

expense by the annual reduction in tons of NOx emitted from 

the boiler. 


Example calculations of these values are provided in 

appendix A.1. 


6.2 MODEL PLANT DEVELOPMENT 


To estimate the capital cost, busbar cost, and cost 


effectiveness of NOx control technologies, a series of model 

plants were developed. These model plants reflect the 

projected range of size, duty cycle, retrofit difficulty, 

economic life, uncontrolled NOx emissions, and controlled NOx 


emissions for each major boiler type and NOx control 

technology. In addition, cost estimates were developed to 


illustrate the sensitivity of busbar costs and cost 


6 - 9  



6.2.1 

effectiveness to variations in each of the above parameters. 


Key design and operating specifications for the model plant 


boilers are presented in section 6.2.1. The NOx control 

technologies applied to each model plant type are presented in 


section 6 . 2 . 2 .  The procedures used to estimate the 
sensitivity of busbar cost and cost effectiveness to key 

design and operating assumptions are described in 


section 6.2.3. 

1 


~hirty model plants were selected to represent the 

population of existing and projected utility boilers. These 


model plants represent six groups of boilers: coal-fired 


wall, tangential, cyclone, and fluidized bed combustion (FBC) 

boilers; and natural gas- and oil-tired wall and tangential 
boilers. Within each of these groups, five model boilers were 

selected to estimate the range of total capital costs ($/kW). 


busbar cost (mills/kWh), and cost effectiveness ($/ton of NOx 

removed) for individual NOx control technologies. These five 


model boilers represent the typical range of plant size and 

duty cycle that exist for a given boiler type. For every 

group except the FBC boilers, the models include a large 

(600 MW) baseload unit, medium-size (300 MW) cycling and 

baseload units, and small (100 MW) peaking and baseload units. 

Because of the limitations on the size of FBC boilers, the FBC 

model plants are smaller than the other categories model 

plants and also have different duty cycles. The FBC model 


plants include a large (200 MW) baseload boiler, medium-size 
(100MW) cycling and baseload units, and small (50 MW) cycling 

and baseload units. 

For defining the model plants, the economic life of the 


control technology was assumed to be 20 years. Key design and 

operating characteristics for each of the 30 model plants are 

listed in table 6-4. 

6.2.2 - Control Alternatives 

Eight NOx control alternatives were selected for 

analysis: 

6-10 






TABLE 6 - 4 .  DESIGN AND OPERATING CHARACTERISTICS OF MODEL BOILERS 
(Concluded) 


Uncontrolled 

Fuel type Furnace type 
Boiler 

capacity, MW 
Capacity 
factor, 8 

Heat rate, 
Btu/kWh NOxI

I ~ / M M B ~ U  

Coal FBC 100 65 10,000 0.19 

Coal FBC 200 65 lO,OOO 0.19 

Gas/Oil Wall 100 10 12,500 0.5 

Gas/Oil Wall 100 65 10,000 0.5 

Gas/Oil wall 300 30 11,000 0.5 

Gas /Oil Wall 300 65 10,000 0.5 

Gas/Oil Wall 600 65 10,000 0.5 

Gas/Oil Tangential 100 10 12,500 0.3 

Gas/Oil Tangential 300 30 11,000 0.3 

Gas/Oil Tangential 100 65 10,000 0.3 

Gas/Oil ~aigential 300 65 10,000 0.3 

Gas/Oil Tangential 600 65 10,000 0.3 



a four combustion control alternatives (operational 

modifications, LNB, LNB + AOFA, and reburn) ; 
two flue gas treatment alternatives (SNCR and SCR); 

and 
two combinations of combustion and flue gas 

treatment (LNB + SNCR and LNB + AOFA + S C R ) .  

Operational modifications (described in section 5.1) 

include low excess air (LEA) , burners-out-of -senrice (BOOS) , 
and biased burner firing (BF). To estimate the costs of 

operational modifications, LEA + BOOS was selected as an 
example of this option. 

Tangentially-fired boilers with either close-coupled 

overfire air (CCOFA) or no overfire air (OFA) ports were 

classified in the LNB category (e-g., low NOx concentric 

firing system [LNCFSI I, discussed in section 5.1.4). 

Tangentially-fired boilers with separated OFA systems were 

classified in the LNB + AOFA category (e.g., LNCFS 111, 
discussed in section 5.1.4). As defined in section 5.1, wall- 

fired units may have OFA or AOFA systems. However, because 

retrofit data were available only for the LNB + AOFA systems 
and because of its higher NOx reduction potential, analysis is 
limited to LNB + AOFA. 

The matrix of control alternatives applied to each of the 

four groups of model boilers is shown in table 6-5. 

Performance levels used for each model boiler and control 

alternative are discussed in conjunction with the cost results 
in sections 6.3 through * 6 . 5 .  

6.2.3 

In addition to the model plant analysis, a sensitivity 

analysis is conducted for each NOx control technology to 

examine the effect of varying selected plant design and 
operating characteristics on the technology's busbar cost and 

cost effectiveness. For each NOx control technology, a 
reference boiler is selected to illustrate the results of the 

sensitivity analysis. These results are presented in two 
graphs for each technology/reference boiler combination. 



I 

TABLE 6 - 5 .  NOx CONTROL ALTERNATIVES EVALUATED 

NOx control 
alternative 


Operational 

controls 


LNB+AOFA 


Reburn 


SNCR 


m SCR 

Coal-fire boilers 

Wall Tangential Cyclone I FBC I 
Natural gas- and oil-fired 

I I 

Wall I Tangential 

X 


aFor tangentially-fired boilers, LNB includes close-coupled OFA. 



AS an example, the results of the sensitivity analysis ' 

for a coal-fired tangential boiler retrofit with LNB are shown 


in figures 6-1 and 6-2. The two figures show the effects of 


seven independent parameters (retrofit factor, boiler size, 

capacity factor, economic life, uncontrolled NOx levels, NOx 


reduction efficiency, and average annual heat rate) on cost 


effectiveness and busbar cost. Key performance and cost 

parameters for this reference boiler are a 1.3 retrofit 


factor, a 40-percent capacity factor, a 20-year economic life, 

a 0.7 l b / M t u  controlled NOx emission rate, a 45-percent 
reduction in NOx due to the LNB retrofit, and an 
11,000 Btu/kWh average annual heat rate. 


Figure 6-1 examines the effect of varying four of the 


seven parameters (retrofit factor, boiler size, capacity 

factor, and economic life). The central point on the graph 


reflects the cost effectiveness ($238 per ton) and busbar cost 


(0.41 rnills/kWh) for LNB applied to the reference boiler. 
Each of the four curves emanating from the central point 


illustrates the effect of changes in the individual parameter 


on cost effectiveness and busbar cost, while holding the other 


six parameters constant (this number includes the other three 

parameters shown on figure 6-1 and the three parameters 

illustrated in figure 6-2). Thus, each curve isolates the 


effect of the selected independent parameter on cost 


effectiveness and busbar cost. For example, a smaller boiler 


size, such as 200 MW, results in an estimated increase in the 
cost effectiveness value from $238 to $314 per ton and an 


increase in busbar cost from 0.41 mills/kWh to 0 .54  mills/kWh. 

Figure 6-2 illustrates the sensitivity of cost 


effectiveness to the remaining three parameters (uncontrolled 






-


-

-

-

m 
I 
I-' 
4 

-

7 h-

3 6  

-41 

150 1 I I I 
1 

Uncontrolled IOr (Ib/HnBtu) 0.4 0.5 0.6 0.7  0.8 0.9 1.0 
10x Reduction 41) 30 35 4 0  45  50 55 60  

Beat Rate (Btu/kWh) 9200 9800 10400 l1000 11600 12200 12000 

Uncontrolled BOX ZlOx Reduction Beat R a t e  I 
Figure 6 - 2 .  Impact of NOx emission characteristics and heat rate on LNB cost 

effectiveness for coal-fired tangential boilers. 




NOx levels, NOx reduction efficiency, and heat rate) .' AS 

with figure 6-1,the central point on the graph reflects the 


cost effectiveness and busbar cost for LNB applied to the 


reference boiler. Each of the three curves emanating from the 

central point illustrates the effect of changes in the 


individual parameter on cost effectiveness, while holding the 


other six parameters constant. Use of the curves to estimate 


the sensitivity of cost effectiveness to changes in an 

independent parameter is the same as with figure 6-1. 


The independent plant design and operating parameters 


used in the sensitivity analyses for other control 


technologies will vary from those listed in the example above.. 

6.3 COMBUSTION MODIFICATIONS FOR COAL-FIRED BOILERS 


This section presents the total capital cost, busbar 


cost, and cost effectiveness estimates far LNB, LNB + AOFA, 
and reburn applied to coal-fired boilers. Cost estimates for 

AOFA by itself are included with the discussion of LNB + AOFA. 
6.3.1 Low NO- ~urners=.= 

Cost estimates for LNB technology are presented in this 
section for coal-fired wall and tangential boilers. 


6.3.1.1
 C-. Costing procedures for LNB 

applied to wall-fired boilers were based on data obtained from 


10 units, ranging in size from 130 to 800 MW. These data 

included seven cost estimates and three actual installation 


costs. ~hesedata are summarized in appendix A-2 .  

No cost data were available for LNB applied to 


tangentially-fired units (LNCFS I). Therefore, vendor 


information on the relative cost of LNf3 and close-coupled OFA 

(LNCFS I) and LNB + close-coupled and separated OFA 
(LNCFS 111) was used to develop the LNCFS I cost algorithm for 


~ecauseof the inter-relationships between cost effectiveness 

and busbar cost, it is not possible to simultaneously graph the 

effect on both values of changes to uncontrolled NOx levels, 

NOx seduction efficiency, and heat rate. If busbar cost 

estimates are needed, refer to the cost procedures provided in 

appendix A. 




tangentially-fired units. This information indicates that LNB 


costs for tangential units are approximately 55 percent of the 

cost of LNB + AOFA. 12 Based on this information, the LNCFS 111 

cost algorithm for tangentially-fired boilers (refer to 


section 6.3.2) was adjusted for LNCFS I so that LNCFS I costs 

are about 40 percent lower than LNCFS 111. A scaling factor 

of 0.60 (b=-0.40) was assumed for LNCFS I. Details on these 

calculations are provided in appendix A . 3 .  

The basic system cost coefficients used in equation 6-1 


for wall-fired LNB systems were calculated to be a=220 and 

b=-0.44, based on the available cost data discussed above. 


For tangentially-fired LNB systems, the cost coefficients were 


calculated to be a=80 and b=-0.40, based on adjustments of the 

LNCFS 111 cost algorithm. 


Retrofit costs for wall-fired LNB systems averaged 


15 percent of the basic system cost (retrofit factor of 1.15) 

based on the available installation data. For tangentially- 


fired LNB systems, a retrofit factor of 1.15 was also assumed. 

For the model plant analysis, low, medium, and high retrofit 


factors of 1.0, 1.3, and 1.6 were used. 


For both wall-fired and tangentially-fired LNB systems, 

indirect costs were estimated at 30 percent of basic system 


and retrofit costs. Fixed and variable O W  costs were assumed 

to be negligible. 


6.3.1.2 Model Plants Results. The capital cost, busbar 


cost, and cost effectiveness for the ten wall- and 

tangentially-fired model boilers are presented in table 6-6. 


A n  economic life of 20 years and a NOx reduction efficiency of 

45 percent were assumed for all of the model boilers. For the 


600 MW baseload wall-fired boiler, the estimated cost 


effectiveness ranges from $175 to $279 per ton of NOx removed. 


For the 100 MW peaking wall-fired boiler, the estimated cost 


effectiveness ranges from $2,000 to $3,200 per ton. 


Cost per ton of NOx removed with LNB on tangential 


boilers is lower than LNB on wall-fired boilers because of 




TABLE 6-6. COSTS FOR LNB APPLIED TO COAL-FIRED BOILERS 

Plant Total capital cost, Busbar cost, Cost effectiveness, 
identification $/kw mills/kWh $/ton 

Retrofit factor 


Tangentially-fired boilerse 

IT\ 

I 
w 100 MW, Peaking 16 21 26 2.21 2.87 3.54 1,120 1,460 1,800 

0 
 100 MW, Baseload 16 21 26 0.34 0.44 0.54 216 281 34 5, 

300 MW, Cycling 11 14 17 0.47 0.62 0.76 274 356 438 

'300 MW, Baseload 11 14 17 0.22 0.28 0.35 139 I81 223 


600 MW, Baseload . 8 10 13 0.17 0.22 0.27 105 137 169 

auncontrolled NOx levels of 0.90 lb/MMBtu and an LNB NOx reduction of 45 percent 

were used for wall-fired boilers. 


b a k i n g  = 10 percent capacity factor. 
cBaseload = 65 percent capacity factor. 
dcycling = 30 percent capacity factor. 
eUncontrolled NOx levels of 0.70 lb/MMBtu and an LNB NO, reduction of 45 percent 
were used for tangentially-fired boilers. 



lower capital cost associated with LNCPS I. The cost 

effectiveness for the 600 MW tangentially-fired boiler ranges 

from $105 to $169 per ton. For the 100 MW peaking 


tangentially-fired boiler, cost effectiveness ranges from 


$1,120 to $1,800 per ton. 


6.3.1.3 Sensitivitv Analvsis. The effect of plant 


characteristics (retrofit factor, boiler size, capacity 


Factor, and economic life) on cost effectiveness and busbar 
cost for wall-fired boilers is shown in figure 6-3. 

Figure 6-4 presents the sensitivity of cost effectiveness to ~ 
NOx emission characteristics (uncontrolled NOx level and NOx 

reduction efficiency) and heat rate. As shown in figure 6 - 4 ,  

because equal percent changes in uncontrolled NOx and 

NOx reductions result in equivalent changes in cost 

effectiveness, these two curves overlap. As shown in the 


figures, the reference boiler's cost effectiveness and busbar 

cost are approximately $400 per ton of NOx removed and 

0.90 mills/kWh. 


Of the plant characteristics, the variation of capacity 


factor from 10 to 70 percent has tho greatest impact on cost 

effectiveness and busbar cost. The cost effectiveness value 


and busbar cost are inversely related to capacity factor, and 
thus, as capacity factor decreases, the cost effectiveness 


value and busbar cost increase. This is especially noticeable, 

at low capacity factors where a decrease of 75 percent in the 


reference plant's capacity factor (from 40 percent to 

10 percent) results in an increase in the cost effectiveness 


value and busbar cost of nearly 300 percent. 
Variations in economic life and boiler s i z e  follow a 

trend similar to capacity factor, but do not cause as great a 

change in cost effectiveness and busbar cost. For example, a 
decrease of 75 percent in economic life (from 20 to 5 years) 

results in an increase in the plant's cost effectiveness value 

and busbar cost of nearly 125 percent. Similarly, a decrease 

of 75 percent in bailer size (from 400 to 100 MW) results in 

1 
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6-3. Impact of plant characteristics on LNB cost effectiveness~ i ~ u r e  

and busbar cost for. coal-fired wall boilers. 
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Figure 6-4. Impact of NOx emission characteristics and heat rate 
on LNB cost effectiveness for coal-fired wall boilers. 
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an increase in the plant's cost effectiveness value and busbar 

cost of nearly 80 percent. 


Variation in the retrofit factor from 1.0 to 1.6 causes 


the smallest relative percent change in cost effectiveness and 


busbar cost. Increases of 0.1 in the retrofit factor cause a 


linear increase of approximately 8 percent in the cost 

effectiveness value and busbar cost. 


Uncontrolled NOx, NOx reduction, and heat rate all 

exhibit an inverse relationship with the cost effectiveness 


value. As mentioned above, equal percentage changes in 

uncontrolled NOx and NOx reduction result in equivalent 

changes in cost effectiveness. A decrease of 30 percent in ' 

either of the parameters results in a 50 percent increase in 

the cost effectiveness value. Heat rate also exhibits an 

inverse relationship with the cost effectiveness value. 


however. since the potential relative change in heat rate is 


less than the potential variation in the NOx characteristics. 

the impact on cost effectiveness is not as great. 

The effect of plant characteristics (retrofit factor. 


boiler size, capacity factor, and economic life) on cost 

effectiveness and busbar cost for tangentially-fired boilers 

is shown in figure 6-5. Figure 6-6 presents the sensitivity 


of cost effectiveness to NOx emission characteristics 

(uncontrolledNOx level and NOx reduction efficiency) and heat 


rate. As shown in the figures. the reference boiler's cost 

effectiveness and busbar cost are approximately $240 per ton 

of NOx removed and 0.41 rnills/kWh. The cost effectiveness 


value and busbar cost for LNB applied to tangentially-fired 


boilers are lower than for LNB on wall-fired boilers because 
of lower capital costs associated with tangentially-fired 

boilers. The sensitivity cunres follow the same general 

trends as with LNB applied to wall-fired boilers. In contrast 

I 

to the curves for LNB applied to wall-fired boilers. 

uncontrolled NOx and NOx reduction do not overlap for 

tangentially-fired boilers due to the difference in relative 


percent changes in the two parameters. 
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F i g u r e  6-5.  Impact of plant characteristics on LNB cost effectiveness 

-

and busbar cost for coal-fired tangential boilers. 
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6.3.2 Low NOv- Burners with Advanced Overfire Air 

Cost estimates for LNB + AOFA technology are presented 
for coal-fired wall and tangential boilers. Estimated NOx 


reductions and capital costs for AOFA by itself are 40 to 


50 percent'of the levels expected from LNB + AOFA. As a 
result, busbar costs for AOFA by itself are estimated at 40 to 

50 percent of the cost estimates in this section for LNB + 
AOFA and cost effectiveness values are estimated to 

approximately equal those for LNB + AOFA. 

6.3.2.1 Costina Procedures. There were limited cost 


data available on LNB + AOFA applied to wall-fired boilers. 
Therefore, as explained in appendix A.4, the basic system cost 

algorithm for LNB + AOFA was developed based on a relative 
price differential between LNB and LNB + AOFA. Based on the 

data available, the LNB basic system cost algorithm was 


adjusted so that LNE + AOFA costs are approximately 75 percent 
higher than LNB alone. The scaling factor was derived from 


the LNB + AOFA cost estimates. 

Costing procedures for LNB + AOFA applied to 
tangentially-fired boilers (LNCFS 111) were based on cost 

estimates obtained from 14 units, ranging in size from 124 to 


905 MW. These data are summarized in appendix A . 5 .  

The basic system cost coefficients used in equation 6-1 

for wall-fired LNB + AOFA systems were calculated to be a=552, 
b=-0.50, based on the adjustments of the LNB cost algorithm. 

For tangentially-fired LNB + AOFA systems, the cost 
coefficients were calculated to be a=247 and b=-0.49, based on 

the available cost data discussed above. 

Retrofit costs for tangentially-fired LNB + AOFA systems 

ranged from 14 to 65 percent of the basic system cost, with a 

mean of 30 percent. This corresponds to a mean retrofit 

factor of 1.30. This retrofit factor was assumed to apply to 


wall-fired LNB + AOFA systems as well. For the model plant 

analysis, low, medium, and high retrofit factors of 1.0, 1.3, 


and 1.6 were used. 




Indirect costs ranged from 20 to 45 percent of total 

direct costs for tangentially-fired LNB + AOFA systems. Based 

on this, an indirect cost factor of 1.30 was assumed for the 


cost procedures for both tangentially-fired and wall-fired 


systems. Fixed and variable O&M costs were assumed to be 


negligible. 


6.3.2.2 Model Plants Results. The capital cost, busbar 


cost, and cost effectiveness for the ten wall- and 

tangentially-fired model boilers are presented in table 6-7. 


An economic life of 20 years and a NOx reduction efficiency of 

50 percent were assumed for all of these boilers. For the 


600 MW baseload wall-fired boiler, the estimated cost 


effectiveness ranged from $269 to $430 per ton of NOx removed. 

For the 100 MW peaking wall-fired boiler, the estimated cost 

effectiveness ranges from $3,420 to $5,470 per ton. 


Cost per ton of NOx removed with LNB + AOFA is lower for 
the tangentially-fired units due to the lower capital cost of 


LNCFS 111. Cost effectiveness for the tangentially-fired 


units ranged from $165 to $264 per ton for the 600 MW'baseload 


unit and $2,060 to $3,300 per ton for the 100 MW peaking unit. 

6.3.2.3 Sens_itivi_tv. The effect of plant 


characteristics (retrofit factor, boiler size, capacity 


factor, and economic life) on cost effectiveness and busbar 


cost for wall-fired boilers is shown in figure 6-7. 

Figure 6-8 presents the sensitivity of cost effectiveness to 


NO, emission characteristics (uncontrolled NOx level and NOx 


reduction efficiency) and heat rate. As shown in the figures, 


the reference boiler's cost effectiveness and busbar cost are 


approximately $630 per ton of NOx removed and 1.6 rnills/kWh. 


The sensitivity curves follow the same general trends as with 

LNB applied to coal-fired wall boilers (refer to 

section 6.3.1.3). 


The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) on cost 




TABLE 6-7. COSTS FOR LNB + AOFA APPLIED TO COAL-FIRED BOILERS 

Plant Total capital cost, Busbar cost, Cost effectiveness, 

identification $/kw mills/kWh $/ton 

Retrofit factors 1.0 1.3 I.6 1.0 1.3 1.6 1.0 1.3 1.6 


Tangentially-fired boilerse 

Q\ 
I 
tu 100 MW, Peakinq 34 44 54 4.51 5.86 7.21 2,060 2,680 3,300 
w 

100 MW, Baseload 34 44 54 0 .69  0.90 1.11 396 515 634 

300 MW, Cycling 20 26 31 0.88 1.14 1.40 456 592 729 

300 MW Bas'eload 20 26 31 0.40 0.53 0.65 231 301 370 

600 MW, Baseload 14 18 22 0.29 0 . 3 7  0 .46  165 214 264 

aUncontrolled NO, levels of 0.90 lb/MM~tuand an LNB + AOFA NOx reduction of 
50 percent were used for wall-fired boilers. 


b~eaking= 10 percent capacity factor. 
C~aseload= 65 percent capacity factor. 
d~ycling= 30 percent capacity factor. 
eUncontrolled NO, levels of 0.70 lb/MMBtu and an LNB + AOFA NOx reduction of 
50 percent were used for tangentially-fired boilers 
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Figure 6 -8 .  Impact of NOx emission characteristics and heat rate on LNB + AOFA 
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effectiveness and busbar cost for tangentially-fired boilers 


is shown in figure 6-9. Figure 6-10 presents the sensitivity 

of cost effectiveness to NOx emission characteristics 

(uncontrolledNOx level and NOx reduction efficiency) and heat 

rate. As shown in the figures, the reference boiler's 
cost-effectivenessand busbar cost are approximately $390 per 

ton of NOx removed and 0.74 mills/kWh. The cost effectiveness 

values and busbar costs for LNB + AOFA applied to 
tangentially-fired boilers are lower than for LNB + AOFA on 
wall-fired boilers because of lower capital costs associated 

with tangentially-fired boilers. The sensitivity curves 

follow the same general trends as with LNB applied to coal- 
fired wall boilers (refer to section 6.3.1.3). 

6.3.3 


Cost estimates for natural gas reburn (NOR) are presented 
for coal-fired wall, tangential, and cyclone boilers in this 


section. 

6.3.3.1 Costins Procedures. Limited cost data on NGR 


for coal-fired boilers were obtained from vendor and utility 

questionnaire responses. Cost data on reburn were submitted 


for one 75 MW plant in response to the questionnaire, and a 
vendor provided installation costs for a 33 MW and 172 MW 

unit. These data are summarized in appendix A . 6 .  A 

regression on the data showed a high degree of scatter and no 

obvious costing trend. Therefore, the reburn costs were based 

upon the 172 MW unit, whose size is more representative of 
most utility boilers. 


The economy of scale was assumed to be 0.6 for the reburn 

basic cost algorithm. Using this assumption, the cost 


coefficients in equation 6-1 for reburn are a.229 and b=-0.40. 
The cost of installing a natural gas pipeline was not included 
in the analysis because it is highly dependent on site 

specific parameters such as the unit's proximity to a gas line 

and the difficulty of installation. 


The vendor questionnaire indicated that the retrofit of 

natural gas reburn would cost 10 to 20 percent more than a 
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Figure 6-9. Impact of plant  characteristics on LNB + AOFA cost effectiveness 

and bushar c c s t  for coal-fired tangent ia l  boilers. 
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Figure 6-10 .  Impact of NO, emission characteristics and heat rate on LNB + AOFA 

cost effectiveness for coal-fired tangential boilers. 
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reburn system applied to a new boiler. Prom this, the 


retrofit factor was assumed to be 1.15. However, for the 


sensitivity analysis, the retrofit factor was varied from 1.0 


to 1.6 to account for different retrofit difficulties on 

specific boilers. 


The indirect costs were estimated to be 40 percent of the 

total direct cost, corresponding to an indirect cost factor of , 

1.40. 


Annual O&M costs were the total of the additional fuel 

costs caused by the higher price of natural gas versus coal 


and utility savings on sulfur dioxide (SO2) credits, caused by 

lower SO2 emission levels when using natural gas reburn on a 


coal-fired boiler. The analysis was conducted assuming 


18 percent of the total heat input was from natural gas. The 


SO2 credit was assumed to be $200 per ton of S02, equal to 

$0.24/MMBtu based on a coal-sulfur content of 1.5 percent. 

Refer to appendix A.6  for a summary of the costing data 

and procedures. 


6.3.3.2 Model.The capital cost, busbar 
cost, and cost effectiveness for the 15 wall-, tangentially-, 


and cyclone-fired model boilers are presented in table 6-8. 


An economic life of 20 years and a NOx reduction efficiency of 

55 percent were assumed for all of these boilers. The fuel 


price differential was varied from $0.50 to $2.50/MMBtu. For 

the 600 MW baseload wall-fired boiler, the estimated cost 

effectiveness ranges from $480 to $2,080 per ton of NOx 


removed. For the 100 peaking wall-fired boiler, the 


estimated cost effectiveness ranges from $3,010 to 


$4,600 per ton. 

Cost per ton of NOx removed with reburn is higher for the 


tangentially-fired units due to the lower baseline NOx 

emissions. Cost effectiveness for the tangentially-fired 

units ranges from $615 per ton to $2,680 per ton for the 


600 MW baseload unit and $3,870 per ton to $5,930 per ton for 


the 100 MW peaking unit. 






Cost per ton of NOx removed is lower for cyclone-fired 


boilers than for wall-fired boilers because of higher baseline 


NOx for cyclone-fired boilers. For the 600 Mw baseload 

cyclone boiler, cost effectiveness ranges from $290 to 


$1,250 per ton and for the 100 Mw peaking boiler, cost 

effectiveness ranges from $1,810 to $2,720 per ton. 


6.3.3.3 Sensitivitv Analvsis. The effect of plant 


characteristics (retrofit factor, boiler size, capacity 


factor, and economic life) and fuel price differential on cost 

effectiveness and busbar cost for wall-fired boilers is shown 

in figure 6-11. Figure 6-12 presents the sensitivity of cost 

effectiveness to NOx emission characteristics (uncontrolled 


NOx level and NOx reduction efficiency) and heat rate. As 

shown, the reference boiler's cost effectiveness and busbar 


cost are approximately $1,400 per ton of NOx removed and 

3.8 mills/kWh. 


Of the parameters shown in figure 6-11, the variation of 


capacity factor from 10 to 70 percent and variation of fuel 


price differential from $0.50 to $2.50/m~tu have the greatest 


impact on cost effectiveness and busbar cost. The cost 


effectiveness value and busbar cost are inversely related to 


capacity factor, and thus, as capacity factor decreases, the 


cost effectiveness value and busbar cost increase. This is 


especially noticeable at low capacity factors where a decrease 

of 75 percent in the reference plant's capacity factor (from 


40 percent to 10 percent) results in an increase in the cost 

effectiveness value and busbar cost of approximately 


100 percent. 


The cost effectiveness value and busbar cost are linearly 


related to fuel price differential. An increase or decrease 


of $ l . O O / ~ t uin the fuel price differential compared to the 


reference plant cause a corresponding change in cost 

effectiveness and busbar cost of approximately 50 percent. 


Variations in economic life and boiler size follow a 

trendsimilar to capacity factor, but do not cause as great a' 

change in cost effectiveness and busbar cost. For example, a 






m o l  Prlce D i t t .  = 1.5 $/I(IIBtu 
Boilmr Sixm - 400 MI 
Capacity Factor = 4 0 1  

Uncontrolled BOX (Ib/l4HBtu) 0.6 0.7 0.8 0.9 1.O 1.1 1.2 

51-7 55.0 58.3 61.7 6 5  .OHOx Reduction ( a  ) 45  - 0  48.3 
Beat Rate (Btu/kWh) 9200 9800 10400 11000 11600 12200 12800 

-I)- Uncontrolled BOX lPOx Reduction Beat Rate 

Figure 6-12. Impact of NOx emission characteristics and heat rate on NGR 
eest effectiveness for eeal-fired w a l 3 k m i 3 e r a .  



decrease of 7 5  percent in economic life (from 20 to 5 years) 

results in an increase in the plant's cost effectiveness value 

and busbar cost of nearly 45 percent. Similarly, a decrease 


of 75 percent in the boiler size (from 400 to 100 Mw) results 

in an increase in the plant's cost effectiveness value and 

busbar cost of vearly 25 percent. 


variation in the retrofit factor from 1.0 to 1.6 causes 


the smallest relative percent change in cost effectiveness and 


busbar cost. Increases of 0.1 in the retrofit factor cause a 


linear increase of approximately 6 percent in the cost 

effectiveness value and busbar cost. 


Of the parameters shown in figure 6-12, the variation of 


uncontrolled NOx from 0.6 to 1.2 l b / ~ ~ ~ t u 
has the greatest 


impact on cost effectiveness. Uncontrolled NOx levels exhibit 


an inverse relationship with the cost efdectiveness value. A 

30-percent decrease in the reference plant's uncontrolled NOx 


level (0.9 to 0.6 lb/~MBtu) results in an increase in the cost 

effectiveness value of 50 percent. Variations in the NOx 


reduction from 45 to 65 percent and heat rate from 9,200 to 

12,800 Btu/kWh have less than a 6-percent change in cost 


effectiveness. 

The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) and fuel 


price differential on cost effectiveness and busbar cost for 

tangentially-fired boilers is shown in figure 6-13. 

Figure 6-14presents the sensitivity of cost effectiveness to 

NOx emission characteristics (uncontrolled NOx level and NOx 

reduction efficiency) and heat rate. As shown, the reference 


boiler's cost effectiveness and busbar cost are approximately 


$1,800 per ton of NOx removed and 3.8 mills/k~h. The cost 


effectiveness value for natural gas reburn applied to 


tangentially-fired boilers is generally higher than for 

natural gas reburn on wall-fired boilers, because of the lower 

uncontrolled NOx levels of tangentially-fired boilers. The 


sensitivity curves follow the same general trends as with 

natural as reburn applied to wall-fired boilers. 
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Figure 6-13. Impact of plant characteristics on NGR cost effectiveness 
and Busbar cast for coal-fired tangential boilers. 





The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) and fuel 


price differential on cost effectiveness and busbar cost for 


cyclone-fired boilers is shown in figure 6-15. Figure 6-16 


presents the sensitivity of cost effectiveness to NOx emission 


characteristics (uncontrolled NOx level and NOx reduction 


efficiency) and heat rate. As shown, the reference boiler's 

cost effectiveness and busbar cost are approximately $840 per 


ton of NOx removed and 3.8 mills/kWh. The cost effectiveness 


value for natural gas reburn applied to cyclone-fired boilers 


is lower than for natural gas reburn on wall-fired boilers 


because of higher uncontrolled NOx levels of cyclone-fired 


boilers. The sensitivity curves follow the same general 


trends as with natural gas reburn applied to wall-fired 


boilers. 


6.4 COMBUSTION MODIFICATIONS FOR NATURAL GAS- AND OIL-FIRED 

BOILERS 


This section presents the capital cost, busbar cost, and 


cost effectiveness estimates for operational modifications 


(with LEA + BOOS used as an'example), LNB, LNB + AOFA, and 
reburn applied to natural gas- and oil-fired boilers. Cost 

estimates for AOFA by itself are included with the discussion 

of LINB + AOFA. 
6.4.1 Owerational Modifications 


6.4.1.1 Costina Procedures. Cost estimates for LEA + 
BOOS as an example of operational modifications were prepared 

for natural gas- and oil-fired wall and tangential boilers. 


The only capital costs required for implementing LEA + 
BOOS are costs for emissions and boiler efficiency testing to 

determine the optimal fuel and air settings. The cost of a 

4-week testing and tuning period was estimated at $75,000. 

There are no retrofit costs associated with LEA + BOOS. 
Indirect costs were estimated at 25 percent of the direct 

costs. 


Burners-out-of-service alone can decrease boiler 

efficiency by up to 1 percent, which ultimately increases 
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,Figure 6-16. Impact of NOx emission characteristics and heat rate on NGR 

cost effectiveness for coal-fired cyclone boilers. 




annual fuel costs. An average efficiency loss of 0.3 percent 


has been reported. 13 


For the model plant analysis, LEA + BOOS was assumed to 
cause a 0.1, 0.3, and 0.5 percent loss in boiler efficiency. 

Other 0&M costs were assumed to be negligible. 

6.4.1.2 1.
The capital cost, busbar 


cost, and cost effectiveness for the ten wall- and 


tangentially-fired model boilers are presented in table 6-9. 


For all of these boilers, an economic life of 20 years and a 

NOx reduction efficiency of 40 percent were assumed. For the 


600 MW baseload wall-fired boiler, the estimated cost 


effectiveness ranges from $43 to $202 per ton of NOx removed. 

For the 100 MW peaking wall-fired boiler, the estimated cost 


effectiveness ranges from $140 to $299 per ton. 

Cost per ton of NOx removed for tangential units is 


higher than for wall-fired units due to lower uncontrolled NOx 


levels and, therefore, fewer tons of NOx removed. The cost 

effectiveness values for the tangentially-fired units ranges 


from $71 to $336 per ton for the 600 MW boiler and $234 to 


$498 for the 100 MW peaking boiler. 

6.4.1.3 Sensitivi+y.The effect of plant 


characteristics (boiler size, capacity factor, and economic 


life) and boiler efficiency on cost effectiveness and busbar 

cost for wall-fired boilers is shown in figure 6-17. 


Figure 6-18 presents the sensitivity of cost effectiveness to 


NOx emission characteristics (uncontrolled NOx level and NOx 

reduction efficiency) and heat rate. As shown in figure 6-18, 

because equal percent changes in boiler size and capacity 


factor result in equivalent changes in cost effectiveness, 

these two curves overlap. As shown in both figures, the 

reference boiler's cost effectiveness and busbar cost are 


approximately $130 per ton of NOx removed and 0.14 mills/kWh, 

Of the parameters shown in figure 6-17, the variation of 


efficiency loss from 0.0 to 0.6 percent has the greatest 


impact on cost effectiveness and busbar cost. The cost 




-- 

TABLE 6-9. COSTS FOR LEA + BOOS APPLIED TO NATURAL GAS- AND OIL-FIRED BOILERS 

Plant Total capital cost, Busbar cost, Cost effectiveness, 

identification $/kw mills/kWh $/ton 

Efficiency loss 0.1 0.3 0.5 0.1. 0.3 0.5 0.1 0 . 3  0.5 
( %1 
Wall-fired boilersa 


100 MW, ~eakingb 0.94 0.94 0.94 0.27 0.37 140 219 299 


100 MW, Baseloadc 0.94 0.94 0 . 9 4  0.06 0.14 0.22 59 138 218 

300 MW, cyclingd 0.31 0.31 0.31 0.06 0.14 0.23 52 132 211 

300 MW, Baseload 0.31 0.31 0.31 0.05  0.13 0.20 46 125 205 

600 MW, Baseload 0.16 0.16 0.16 0.04 0.12 0.20 43 122 202 

m 

I Tangentially-fired boilers= 


IP 
-J 100 MW, Peaking 0.94 0.94 0.94 0.18 0.27 0.37 234 366 498  

100 MW, Baseload 0.94 0.94 0.94 0.06 0.14 0.22 98 230 363 

300 MW, Cyclinq 0.31 0.31 0.31 0.06 0.14 0.23 87 219 352 


300 MW Baseload 0.31 0.31 0.31 0.05 0.13 0.20 77 209 342 

0.16 0.16 0.16 0.04 0.12 0.20 71 203 336 


aUncontrolled NO, levels of 0.50 lb/MMBtu and an LEA + BOOS NOx reduction of 
40 percent were used for wall-fired boilers. 

bpeaking = 10 percent capacity factor. 
cBaseload = 65 percent capacity factor. 
d~ycling= 30 percent capacity factor. 
eUncontrolled NOx levels of 0.30 lb/MMBtu and an LEA + BOOS NOx reduction of 
40 percent were used for tangentially-firedboilers. 
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Figure 6-18. Impact of NOx emission characteristics and heat rate on LEA + BOOS 
-cost effectiveness for natural gas- and oil-fired wall boilers. 



effectiveness value and busbar cost are linearly related to 


fuel price differential. A 0.1 percent boiler efficiency loss 


results in an increase in the cost effectiveness value and 

busbar cost of 30 percent. 

Variations in boiler size, capacity factor, and economic 


life follow similar trends, and have less impact on cost 


effectiveness and busbar cost than fuel price differential. 


For example, a decrease of 75 percent in boiler size and 

capacity factor result in an increase in the plant's cost 


effectiveness value and busbar cost of approximately 


20 percent. A decrease of 75 percent in economic life result 


in an increase of the plant's cost effectiveness value and 


busbar cost of less than 10 percent. 


Of the parameters shown in figure 6-18, the variation of 


uncontrolled NOx from 0.2 to 0.8 lb/MM~tu has the greatest 

impact on cost effectiveness. Uncontrolled NOx roughly 


exhibits a inverse relationship with the cost effectiveness. 


value. A 60 percent decrease in the reference plant's 

uncontrolled NO, level (0.5 to 0.2 lb/MMBtu) results in an 


increase in the ccist value effectiveness of 60 percent. 


Variations in the NOx reduction follow a trend similar to 
uncontrolled NOx, but do not cause as great a change in cost 

effectiveness. For example, a decrease of 25 percent in NOx 


reduction (from 40 to 30 percent) results in an increase in 


the plant's cost effectiveness value and busbar cost of nearly 


30 percent. Variation in heat rate has very little effect 


upon cost effectiveness.. 

The effect of plant characteristics (boiler size, 


capacity factor, and economic life) and boiler efficiency loss 


on cost effectiveness and busbar cost for tangentially-fired 

boilers is shown in figure 6-19. Figure 6-20 presents the 


sensitivity of cost effectiveness to NOx emission 

characteristics (uncontrolled NOx level and NOx reduction 


efficiency) and heat rate. As shown in figure 6-20, because 


equal percent changes in boiler size and capacity factor 

result in equivalent changes in cost effectiveness, these two 
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Figure 6-19. Impact of plant characteristics on LEA + BOOS cost effectiveness .and busbar cost for natura l  gas- and oil-fired tangential boilers. 
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Figure 6-20.  Impact of NOx emission characteristics and heat rate on LEA + BOOS 

cost effectiveness for natural gas- and oil-fired boilers. 



cunres overlap. As shown in both figures, the reference 

boiler's cost effectiveness and busbar cost are approximately 


$200 per ton of NOx removed and 0.14 mills/kWh. The cost 


effectiveness values for LEA + BOOS applied to tangentially- 
fired boilers is higher for LEA + BOOS than on wall-fired 
boilers because of the low uncontrolled NOx levels of 


tangentially-fired boilers. The sensitivity curves follow the 


same general trends as with LEA + BOOS applied to wall-fired 
boilers. 


6.4.2 Low N D- O 

Cost estimates for LNB technology are presented for 


natural gas- and oil-fired wall and tangential boilers in this 

section. Estimated NOx reductions and capital costs for AOFA 

by itself are 40 to 50 percent of the levels expected from LNB 

+ AOFA. As a result, busbar cost for AOFA by itself are 
estimated at 40 to 50 percent of the cost estimates in this 

section for LNB + AOFA and cost effectiveness values are 
estimated to approximately equal those for LNB + AOFA. 

6.4.2.1 Costins Procedures. Cost data from the utility 


questionnaire for LNB applied to natural gas- and oil-fired 


wall boilers were limited to an installed cost for one oil- 


fired wall unit. The data from this unit were combined with 

literature estimates of installed costs for two natural gas-

and oil-fired boilers. 13 These three data points were then 


compared to installed costs for coal-fired wall LNB systems 

assuming a retrofit factor of 1.15. As discussed in 

appendix A.8,  these data suggest that installed costs for 

natural gas- and oil-fired boilers are equal to the costs for 

coal-fired boilers. As a result, the LNB basic system cost 


algorithm for coal-fired wall boilers was used to estimate the 


costs for natural gas- and oil-fired LNB systems. Thus, the 

basic system cost coefficients in equation 6-1 were a=220 and 

b=-0.44 for wall-fired LNB systems. 

For LNB applied to natural gas- and oil-fired tangential 

boilers, no cost data were available. Because of similarities 




between LNB technology applied to all fossil fuels, the costs 


for LNB on natural gas- and oil-fired tangential boilers were 


assumed to be equal to costs associated with LNB applied to 

coal-fired tangential boilers. Thus, the basic system cost 


coefficients in equation 6-1 were a=80 and b=-0.40 for 


tangentially-fired LNB systems. Because specific data on 


scope adders for gas- and oil-fired units were not available. 


the retrofit factors for coal-fired boilers of 1.0, 1.3, and 


1.6 were used for the model plant analysis. Indirect costs 


were estimated at 30 percent of basic system and retrofit 


costs. Fixed and variable O W  costs were assumed,to be 

negligible. 


6.4.2.2 Model Plants Results. The capital cost, busbar 


cost, and cost effectiveness for the ten wall- and 

tangentially-fired model boilers are presented in table 6-10. 


An economic life of 20 years and a NOx reduction efficiency of 

45 percent were assumed for all of these boilers. For the 

600 MW baseload wall-fired boiler, the estimated cost 


effectiveness ranges from $314 to $503 per ton of NOx removed. 


For the 100-MW peaking wall-fired boiler, the estimated cost 


effectiveness ranges from $3,600 to $5,750 per ton. 


Cost per ton of NOx removed with LNB on 

tangentially-fired boilers is lower than LNB on wall-fired 


boilers because of the lower capital cost with LNCFS I. For 


the 600 MW baseload tangentially-fired boiler, the cost- 


effectiveness ranges from $246 to $394 per ton. For the 100 


MW peaking tangentially-.fired boiler, cost effectiveness 


ranges from $2,620 to $4,190 per ton. 


6.4.2.3
 &-E. The effect of plant 

characteristics (retrofit factor, boiler size, capacity 

factor, and economic life) on cost effectiveness and busbar 
cost for wall-fired boilers is shown in figure 6-21. 

Figure 6-22 presents the sensitivity of cost effectiveness to 


NOX emission characteristics (uncontrolled NOx level and NOx 

reduction efficiency) and heat rate. As shown in these 


figures, the reference boiler's cost effectiveness and busbar 
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TABLE 6-10. COSTS FOR LNB APPLIED TO NATURAL GAS- AND OIL-FIRED BOILERS 

Plant Total capital cost, Busbar cost, Cost effectiveness, 

identification $/kW mills/kWh $/ton 

Retrofit factors 1.0 1.3 1.6 1.0 I.3 1.6 1.0 1.3 1.6 


Tanqentially-fired boilerse 


100 MW, Peakinq 16  2 1  26 2.21 2 . 8 7  3.54 2 ,620  3 ,400  4,190 

100 MW, Baseload 16 2 1  26 0.34 0.44 0 . 5 4  504 655 806 

300 MW, Cycling 11 14 17 0.47 0 . 6 2  0 .76  639 831 1,020 

300 MW Baseload 11 14 17 0.22 0 . 2 8  0 .35 325 422 519 

aUnc~ntr~lled
NOx levels of 0.50 lb/MMBtu and an LNB reduction of 45 percent 

were used for wall-fired boilers. 


b~eaking= 10 percent capacity factor. 
=Baseload = 65 percent capacity factor. 
d~ycling= 30 percent capacity factor. 
eUncontrolled NOx levels of 0.30 lb/MMBtu and an LNB NOx reduction of 45 percent 

were used for tangentially-fired boilers. 
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Figure 6-22. Impact of NOx emission characteristics and heat rate on LNB 

cost effectiveness fur natural gas- and oil-fired wall boilers. 



cost are approximately $720 per ton of NOx removed and 


0.89 mills/kWh. The sensitivity curves follow the same 

general trends as with LNB applied to coal-fired wall boilers 


(refer to section 6.3.1.3). 


The effect of plant characteristics (retrofit factor,, 


boiler size, capacity factor, and economic life) on cost 


effectiveness and busbar cost for tangentially-fired boilers 

is shown in figure 6-23. Figure 6-24 presents the sensitivity 


of cost effectiveness to NOx emission characteristics 


(uncontrolled NQx level and NOx reduction efficiency) and heat 


rate. As shown in the figures, the reference boiler's cost 

effectiveness and busbar cost are approximately $560 per ton 

of NOx removed and 0.41 mills/kWh. The cost effectiveness 


values and busbar costs for LNB applied to tangentially-fired 

boilers are lower than for I d B  on wall-fired boilers because 

of lower capital costs associated with tangentially-fired 

boilers. The sensitivity curves follow the same general 


trends as with LNB applied to coal-fired wall boilers (refer 


to section 6.3.1.3). 


6.4.3 $ow N , v- O 

Cost estimates for LNB + AOFA technology were prepared 
for natural gas- and oil-fired wall and tangential boilers. 


6.4.3.1 Costins Procedures. No cost data were available 


on LNB + AOFA technology applied to natural gas- and oil-fired 

wall and tangential units. However, because of the similarity 


between LNB technology applied to all fossil fuels, costs for 


LNB + AOFA on natural gas- and oil-fired boilers were assumed 
to be equal to the costs for LNB + AOFA technology on coal- 
fired boilers. Thus, the basic system cost coefficients in 


equation 6-1 were a=552 and b=-0.40 for wall-fired LNB + AOFA 
systems and a=247 and b=-0.49 for tangentially-fired 
LNB + AOFA systems. Due to the lack of actual cost data, the 
specific scope adders for natural gas- and oil-fired boilers 


could not be estimated. As a result, the  same scope adder 
costs for coal-fired units were assumed to be applicable to 


natural gas- and oil-fired boilers. Therefore, the retrofit 
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Figure 6-23. Impact of plant characteristics on Ml3 cor;t effectiveness and 

busbar cost for natural  gas- and oil-fired tangential boilers. 
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Figure 6-24.  Impact of NOx emission characteristics and heat rate on LNB cost 

effectiveness for natural gas- and oil-fired tangential boilers. 



factors are 1.0, 1.3, and 1.6. Indirect costs were estimated 


at 30 percent of basic system and retrofit costs. Fixed and 


variable O&M costs were assumed to be negligible. 

6.4.3.2 Model Plants Results. The capital cost, busbar 


cost, and cost effectiveness for the ten wall- and 


tangentially-fired model boilers are presented in table 6-11. 


An economic life of 20 years and a NOx reduction efficiency of 

50 percent were assumed for all of these boilers. For the 


600 MW baseload wall-fired boiler, the estimated cost- 


effectiveness ranges from $483 to $774 per ton of NOx removed. 

For the 100-MW peaking wall-fired boiler, the estimated cost 


effectiveness ranges from $6,160 to $9,850 per ton. 


Cost per ton of NOx removed with LNB + AOFA is lower for 
tangentially-fired units due to the lower capital cost of 


LNCFS 111. For the 600-MW baseload tangentially-fired boiler, 


the cost effectiveness ranges from $384 to $615 per ton. For 


the 100 MW peaking tangentially-fired boiler, cost 


effectiveness ranges from $4,810 to $7,690 per ton. 


6.4.3.3 Sensitivitv Analvsis. The effect of plant 


characteristics (retrofit factor, boiler size, capacity 


factor, and economic life) on cost effectiveness and busbar 

cost for wall-fired boilers is shown in figure 6-25. 


Figure 6-26 presents the sensitivity of cost effectiveness to 


NOx emission characteristics (uncontrolled NOx level and NOx 

reduction efficiency) and heat rate. As shown in the figures, 
the reference boiler's cost effectiveness and busbar cost are 


approximately $1,200 per ton of NOx removed and 1.6 mills/k~h. 


The sensitivity curves follow the same general trends as with 


LNEI applied to coal-fired wall boilers (refer to 
section 6.3.1.3). 


The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) on cost 

effectiveness and busbar cost for tangentially-fired boilers 

is shown in figure 6-27. Figure 6-28 presents the sensitivity 


of cost effectiveness to NO, emission characteristics 


(uncontrolled NOx level and NOx reduction efficiency) and heat 




TABLE 6 - 1 1 .  COSTS FOR LNB + AOFA BURNERS APPLIED TO NATURAL 
GAS- AND OIL-FIRED BOILERS 

Plant Total capital cost, Busbar cost, Cost effectiveness, 

identification $/kw mills/kWh $/ ton 

Retrofit factors 1.0 1.3 1.6 1.0 1.3 1.6 1.0 1.3 1.6 


Wall-fired boilersa 


Tangentially-fired boilerse 


100 MW, Peaking 34 44 54 4.51 5.86 7.21 4,810 6,250 7,690 

100 MW, Baseload 34 44 54 0.69 0.90 1.11 925 1,200 1,480 

300 MW, Cycling 20 26 31 0.88 1.14 1.40 1,060 1,380 1,700 

300 MW Baseload 20 26 31 0.40 0.53 0.65 540 702 -864 

600 MW, Baseload 14 18 22 0.29 0.37 0.46 384 500 615 

aUncontrolled NOx levels of 0.50 lb/MM~tuand an LNB + AOFA NO, reduction of 50 percent 
were used for wall-fired boilers. 


bpeaking = 10 percent capacity factor. 
CBaseload = 65 percent capacity factor. 
d~ycling= 30 percent capacity factor. 
eUncontrolled NO, levels of 0.30 lb/MM~tu and an LNB + AOFA NO, reduction of 50 percent 
were used for tangentially-fired boilers. 
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Figure 6-26 .  Impact of NOx emission characteristics and heat rate on LNB + AOFA 

cost effectiveness for natural  gas- and oil-fired wall boilers. 
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-. 6.4.4.1 


rate. As shown in the figures, the reference boiler's cost 
effectiveness and busbar cost are approximately $900 per ton 

of NOx removed and 0.74 mills/kWh. The cost effectiveness 

value and busbar cost for LNB + AOFA applied to tangentially- 
fired boilers are lower than for LNB + AOFA on wall-fired 
boilers because of lower capital costs associated with 


tangentially-Fired boilers. The sensitivity cunres follow the 

same general trends as with LNB applied to coal-fired wall 
boilers (refer to section 6.3.1.3). 

6.4.4 Natural Gas Reburn 

Cost estimates for NGR were prepared for wall and 

tangential oil-fired boilers. 


No actual cost data were 


received from utilities or vendors for reburn applied to o i l -
fired boilers. Because of the general similarity between the 

application of reburn to both oil- and coal-fired boilers, the 

capital cost procedures that were used for coal-fired boilers 

were also used for oil-fired boilers. Therefore, the 


coefficients in equation 6-1 are a=243 and b=-0.40. The 

retrofit factor and indirect cost factor were estimated to be 

1.15 and 1.40, respectively. 


Although the national average price of fuel oil is higher 

per million Btu than natural gas, there are regions of the 

country (e.g., New England) where fuel oil is the less 


expensive fuel. As a result, fuel oil is the primary boiler 
fuel in these areas. In these situations, natural gas reburn 

can be used as an economic option to reduce NOx emissions. 

For the economic analysis of natural gas reburn on oil-fired 
boilers, a price differential between these two fuels of $0.54 

to $2.50/MMBtu was assumed. To account for the lower sulfur 

content of natural gas compared to fuel oil, a credit for 


reduced SO2 emissions of $200 per ton was used. Based on a 
fuel oil sulfur content of 1.0 percent, this credit equates tQ 

approximately $O.lG/MMBtu of natural gas fired. 




6 . 4 . 4 . 2  Model Plants Results. The capital cost, busbar 

cost, and cost effectiveness for the ten wall- and 

tangentially-fired model boilers are presented in table 6-12. 


An economic life of 20 years and a NOx reduction efficiency of 

55 percent were assumed for all of these boilers. For the 


600 MW baseload wall-fired boiler, the estimated cost 


effectiveness ranges from $950 to $3,560 per ton of NOx 

removed. For the 100 MW peaking wall-fired boiler, the 

estimated cost effectiveness ranges from $5,080 to $7,690 per 


ton. 


Cost per ton of NOx removed with natural gas reburn on 
tangentially-fired boilers is higher than that of wall-fired 


boilers because of lower baseline NOx emissions for 

tangentially-fired boilers. For the 600 MW baseload 


tangentially-fired boiler, the cost effectiveness ranges from 


$1,580 to $5,940 per ton. For the 100 MW peaking 

tangentially-fired boiler, cost effectiveness ranges from 


$8,460 to $12,800 per ton. 


6 . 4 . 4 . 3  Sensitivitv Analvsis. The effect of plant  

characteristics (retrofit factor, boiler size, capacity 


factor, and economic life) and fuel price differential on cost 


effectiveness and busbar cost for wall-fired boilers is shown 


in figure 6-29. Figure 6-30 presents the sensitivity of cost 

effectiveness to NOx emission characteristics (uncontrolled 

NOx level and NOx reduction efficiency) and heat rate. As 

shown, the reference boilers cost effectiveness and busbar 


cost are approximately $2,700 per ton of NOx removed and 


4.0 mills/kWh. The sensitivity curves follow the same general 

trends as for natural gas reburn applied to coal-fired wall 


boilers (refer to section 6.3.3.3). 


The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) and fuel 

price differential on cost effectiveness and busbar cost for 


tangentially-fired boilers is shown in figure 6-31. 


Figure 6-32 presents the sensitivity of cost effectiveness to 


NOx emission characteristics (uncontrolled NOx level and NOx 
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TABLE 6-12. COSTS FOR NGR APPLIED TO OIL-FIRED BOILERS 

Plant Total capital cost, Busbar cost, Cost effectiveness, 

identification $/kw mills/kWh $/ton 


Fuel price 0.50 1.50 2.50 0.50 1.50 2.50 0.50 1.50 2.50 

differential 

($/MMBtu) 


Wall-fired boilersa 

Tangentially-fired boilers= 


100 MW, Peaking 


100 MW, Baseload 
I1 I 

58.01 
I 

58.01 58.01 
I 

1.921 
I 

3.721 
I 

5.521 
I I 

2,3201 4,5101 6,690 
I I I I I I I I I 

300 MW, Cycling 38.0 38.0 38.0 2 . 4 7  4 . 4 5  6.43 2,720 4 , 9 0 0  7,080 

300 MW Baseload 38.0 38.0 38.0 1.49 3.29 5.09 1,800 3,990 6,170 

600 MW, Baseload 29.0 29.0 29.0 1.30 3.10 4.90 1 , 5 8 0  3,760 5,940 

Wncontrolled NO, levels of 0.50 I ~ / M M B ~ U 
and an NGR NOx reduction of 55 percent 

were used for wall-fired boilers. 

beaking = 10 percent capacity factor. 
=Baseload = 65 percent capacity factor. 
d~ycling= 30 percent capacity factor. 
e~ncontrolledNO, levels of 0.30 lb/~~E3tu
and an NGR NOx reduction of 55 percent 
were used for tangentially-fired boilers. 




- - - - - ---- - - - - 

mx naduction - 55% 

Retrofit Factor 1.0 1.1  1.2 1.3 1.4 1.5 1.6 
Fuel Price iff. (5/nnatu) 0 .50  0 .a3 1.17 1.50 1 . 8 3  2.17 2.50 

Boiler Size (HW) 100 200 300 400 5dO 600 700 

Capacity Factor ( a )  10 20 30 4 0  5 0  60  70 

Economic Life (yr) 5 10 15 20 2 5 30 35 

+Retrofit Factor +Fuel Price Diff. jC Boiler Size 
-k Capacity Factor *Economic Life 

Figure 6-29. Impact of plant characteristics on NGR cost effectiveness 
and busbar cost for oil-fired wall boilers. 



)~mfmnncaBoiler Pararaters 
Imtroiit ~omt- 1.3 

5500 Capacity Factor = 408 

1 

Uncontrolled I O x  (Ib/HHBtu) 0 .2  0.3 0.4 0.5 0.6 0.7 0 . 0  

Now Reduction ( 8 )  45.0 46.3 51.7 55.0 50.3 61.7 65. 0 

Beat Rate (Btu/kWh) 9200 9800 10400 11000 11600 12200 12000 

-It Uncontrolled I O x  BOX Reduction Beat Rate I 

Figure 6-30. Impact of NOx emission characteristics and heat rate on NGR 

cost effectiveness for oil-fired wall boilers. 
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Referonce boiler Paramatar. 
' 14Uncontrollad #Or = 0.3 lb/)U1Btu 7.26 


Retrofit Factor 1 .0  1.1 1.2 1.3 1 .4  1.5 1.6 

Fuel Price Diff. ($/HHBtu) 0.50 0.83 1.17 i.50 1.83 2.17 2 .so 
B o i l e r  Size {HW) 100 200 300 400 500 600 700 

Capacity Factor ( a )  10 20 30 4 0  5 0  66 70 
10 15 20  25 30 35 

Retrofit Factor Fuel P r i c e  Dif f .  i& Boiler Size+Capacity Factor economic L i f e  

Figure 6-31. Impact of plant characteristics on NGR cost effectiveness and 
busbar cost for oil-fired tangential boilers. I 





reduction efficiency) and heat rate. As shown, the reference 


boiler's cost effectiveness and busbar cost are approximately 


$4,450 per ton of NOx removed and 4.0 millslkwh. The cost 

effectiveness values for natural gas reburn applied to 


tangentially-fired boilers is generally higher than for 

natural gas reburn on wall-fired boilers because of the lower 

uncontrolled NOx levels of tangentially-fired boilers The 


sensitivity curves follow the same general trends as for 


natural gas reburn applied to coal-fired wall boilers (refer 


to section 6.3.3.3). 


6.5 FLUE GAS TREATMENT CONTROLS 

This section presents the capital cost, busbar cost, and 
cost-effectiveness estimates for flue gas treatment controls 


on fossil fuel boilers. Costs for SNCR are given in 


section 6.5.1 and costs for SCR are in section 6 . 5 . 2 .  Costs 

for combining LNB + SNCR are presented in section 6.5.3 and 
the cost of + OFA + SCR are given i n  section 6.5.4. 
6 . 5 . 1  Selective Noncatalvtic Reduction 

Cost estimates for SNCR technology are presented in this 

section for coal-fired wall, tangential, cyclone, and FBC 


boilers, and for natural gas- and oil-fired wall and 

tangential boilers. Because the cost estimates for a low-


energy, urea-based SNCR system were found to be comparable in 


cost to a high-energy NH3-based SNCR system, results are only 


presented Eor the low-energy, urea-based SNCR system. 


6.5.1.1 Costins Procedures. Vendor cost estimates were 


used to develop the capital cost algorithms. 14 Each boiler was 


assumed to have two levels of wall injectors and one level of 

lance injectors. Since FBC units are typically smaller and 


have different operating characteristics than wall-, 


tangential-, or cyclone-fired boilers, these units have a 


greater likelihood of needing less than three levels of 

injectors. If two levels of injectors were eliminated on the 

FBC units, cursory analysis indicates that levelized 

technology costs could decrease 40 percent. 




The injected urea solution was assumed to be 10 percent 

urea by weight, 90 percent dilution water. The normalized 


stoichiometric ratio (NSR) was assumed to be 1.0. Simplified 


algorithms in the form of equation 6-1 were developed from the 


capital cost estimates. The capital cost coefficients for the 


three coal-fired boilers were nearly identical, therefore, 


a=32 and b=-0.24 was used to characterize the costs for all 


three. Similarly, the cost coefficients for both natural gas-


and oil-fired boilers were nearly identical, and coefficients 


of a=31 and b=-0.25 were used to characterize costs for both. 


Vendor cost estimates were also used to estimate fixed 

O M  costs. The costs for an SNCR system include operating, 
maintenance, supervisory labor, and maintenance materials. 


Fixed 0&M costs were found to be independent of fuel type. 
Simplified algorithms in the form of equation A . 5  

(appendix A . l )  were developed from the vendor estimates. 15 The 

boilers had fixed O&M cost coefficients of a=85,700 and 

b=-0.21. 


Variable O&M costs include the urea solution (chemical 


costs), energy losses due to mixing air, energy losses due to 


the vaporization of the urea solution, dilution water, and 


electricity costs necessary to operate the air compressor and 

other miscellaneous equipment. The chemical costs were 


estimated by determining the amount of urea that had to be 


injected as a Function of the baseline NOx emission levels and 


the assumed NSR of 1.0. The amount 0 5  urea injected was 

multiplied by solution price to determine the chemical cost. 


The amount of urea injected was also used to determine the 
energy loss to the injected solution. This energy loss was 

multiplied by the fuel cost to determine the costs. 


Electricity costs were determined as a function of unit size 

and reagent injection rate. Appendix A.10 presents the 

equation for calculating urea cost. 


A retrofit factor of 1.0 was assumed for the analysis 


based upon the assumption that the retrofit of SNCR has few 




scope adders and work area congestion is not a significant 

factor for retrofitting the technology (refer to 


section 6.1.1.2). The indirect cost factor was assumed to be 


1.3. However, due to the limited SNCR applications on boilers 

with generating capabilities of over 200 MW, the indirect 

costs on these units may be a greater percentage of total 


direct costs then on smaller units. 


6.5.1.2 1. 

6.5.1.2.1 Coal-fired model ~lants. The capital cost, 


busbar cost, and cost effectiveness for the 20 coal-fired 


wall, tangential. cyclone, and FBC boilers are presented in 

table 6-13. An economic life of 20 years and a NOx reduction 

efficiency of 45 percent were assumed for all of these 


boilers. The urea price for each boiler was varied from $140 


to $260 per ton for a 50-percent urea solution. For the 


600 MW baseload wall-fired boiler, the estimated cost 


effectiveness ranges from $560 to $870 per ton of NOx removed. 

For the 100 MW peaking wall-fired boiler, the estimated cost 


effectiveness ranges from $2.160 to $2,470 per ton. 


Cost per ton of NOx removed with SNCR on tangential 


coal-fired boilers is higher than wall-fired boilers because 


of lower uncontrolled NOx for tangentially-fired boilers. 


Cost effectiveness for the 600 MW baseload tangentially-fired 

boiler ranges from $610 to $910 per ton. For the 100 MW 


peaking tangentially-fired boiler, cost effectiveness ranges 


from $2,660 to $2,960 per ton. 

Cost per ton of NOx removed with SNCR on cyclone boilers 


is lower than wall- and tangentially-fired boilers because of 


higher uncontrolled NOx for cyclone boilers. Cost 


effectiveness for the 600 MW baseload cyclone boiler ranges 


from $510 to $820 per ton and for the 100 MW peaking cyclone 


boiler, cost effectiveness ranges from $1,460 to $1,780 per 


ton. 


Cost per ton of NOx removed with SNCR on an FBC boiler is 


higher than wall-. tangentially- and cyclone-fired boilers due 


to the lower uncontrolled NOx levels on FBC boilers as 




compared to the other three types of boilers. Cost 


effectiveness for the 200 MW baseload FBC boiler ranges from 


$1,520 to $1,820 per ton. For the 50 MW cycling FBC boiler, 


cost effectiveness ranges from $5,100 to $5,410 per ton. 


6.5.1.2.2 Natural aas- and oil-fired model alants. The 


capital cost, busbar cost, and cost effectiveness for the 


10 natural gas- and oil-fired wall and tangential model 


boilers are presented in table 6-14. An economic life of 


20 years and a NOx reduction efficiency of 35 percent were 


assumed for all of these boilers. For the 600 MW baseload 


wall-fired boiler, the estimated cost effectiveness ranges 


from $859 to $1,240 per ton of NOx removed. For the 100 MW 


peaking wall-fired boiler, the estimated cost effectiveness 


ranges from $4,470 to $4,850 per ton. 

Cost per ton of NOx removed with SNCR on tangential 


boilers is higher than wall-fired boilers because of lower 


baseline NOx for the tangentially-fired boilers. Cost 


effectiveness for the 600 Mw baseload tangentially-fired 

boiler ranges from $1,070 to $1,430 per ton. For the 100 MW 


peaking tangentially-fired boiler, cost effectiveness ranges 


from $7,090 to $7,450 per ton. 


6.5.1.3 Sensitivitv Analvsis 


6.5.1.3.1 1.
The 


effect of plant characteristics (boiler size, capacity factor, 

and economic life) and urea solution on cost effectiveness and 

busbar cost for wall-fired boilers is shown in figure 6-33. 

Figure 6-34 presents the. sensitivity of cost effectiveness to 


NOx emission characteristics (uncontrolled NOx level and NOx 


reduction.efficiency) and heat rate. As shown in the figures, 


the reference boiler's cost effectiveness and busbar cost are 


approximately $820 per ton of NOx removed and 1.8 mills/kWh. 


Of the parameters shown in figure 6-33, the variation of 

capacity factor from 10 to 70 percent has the greatest impact 


on cost effectiveness and busbar cost. The cost effectiveness 


value and busbar cost are inversely related to capacity 


factor, and thus, as capacity factor decreases, the cost 




- - - -- - -- 

TABLE 6-14. COSTS FOR SNCR APPLIED TO NATURAL GAS- AND OIL-FIRED BOILERS 

Plant Total capital cost, Busbar cost, Cost effectiveness, 

identification $/kw mills/kWh $/ton 

Urea cost, $/ton 140 200 260 140 200 260 140 200 260 


Wall-fired boilersa 
 r 

100 MW, peakingb 13 13 13 4.89 5.10 5.30 4,470 4,660 4,850 


100 MW, Baseloadc 13 13 13 1.15 1.31 1.48 1,310 1,500 1,690 

300 MW, cyclinqd 10 I0 10 1.33 1.51 1.69 1,380 1,570 1,760 


300 MW, Baseload 10 10 10 0.85 1.02 1.18 976 1,160 1,350 


600 MW, Baseload 8 8 8 0.75 0.92 1.08 859 1,050 1,240 


Tangentially-fired boilerse 
m 

I 

00 100 MW, Peakinq 13 13 13 4.65 4.77 4.89 7,090 7,270 7,450 
0 


100 MW, Baseload 13 13 13 0.96 1.05 1.15 1,820 2,000 2,180 


300 MW, Cyclinq 10 I0 10 1.12 1.22 1.33 1,940 2,120 2,300 

300 MW Baseload 10 10 10 0.66 0.76 0.85 1,260 1,440 1,620 


600 MW, Baseload 8 8 8 0.56 0.66 0.75 1,070 1,250 1,430 


auncontrolled NO, levels of 0.50 l b / M ~ ~ t u  
and an SNCR NO, reduction of 35 percent 

were used for wall-fired boilers. 

bpeaking = 10 percent capacity factor. 
CBaseload = 65 percent capacity factor. 
d~ycling= 30 percent capacity factor. 
euncontrolled NOx levels of 0.30 l b / ~ ~ ~ t u  
and an SNCR NOx reduction of 35 percent 
were used for tangentially-fired boilers. 


-
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Figure 6 - 3 3 .  Impact of plant characteristics on SNCR cost effectiveness 
a d  busbar cost for coal-fired wall boilers. 





effectiveness value and busbar cost increase. This is 


especially noticeable at low capacity factors where a decrease 


of 75 percent in the reference plant's capacity factor (from 

40 percent to 10 percent) results in an increase in the cost 

effectiveness value and busbar cost of nearly 90 percent. 


Variations in economic life and boiler size follow a 


. trend similar to capacity factor, but do not cause as great a 
change in cost effectiveness and busbar cost. For example, a 


decrease of 75 percent in economic life (from 20 to 5 years) 

results in an increase in the plant's cost effectiveness value 


and busbar cost of approximately 30 percent. Similarly, a 


decrease of 75 percent in the boiler size (from 400 to 100 MW) 

results in an increase in the plant's cost effectiveness value 


and busbar cost of nearly 25 percent. 

Cost effectiveness shown in figure 6-34, the variation of 


NOx reduction from 30 to 60 percent has the greatest impact on 


cost effectiveness. Variation in NOx reduction is inversely 

related to cost effectiveness and busbar cost. A 50-percent 


decrease in the reference plant's NOx reduction (45 to 


30 percent) results in an increase in the cost effectiveness 

value of approximately 50 percent. Variations in the 


uncontrolled NOx level and heat rate have less than a 


5-percent change in cost effectiveness. 


The effect of plant characteristics (boiler size, 


capacity factor, and economic life) and urea solution price on 

cost effectiveness and busbar cost for tangentially-fired 

boilers is shown in figure 6-35. Figure 6-36 presents the 


sensitivity of cost effectiveness to NOx emission 


characteristics (uncontrolled NOx level and NOx reduction 

efficiency) and heat rate. As shown in the figures, the 

reference boiler's cost effectiveness and busbar cost are 


approximately $900 per ton of NOx removed and 1.6 mills/kWh. 

The cost effectiveness values of SNCR applied to tangentially- 

fired boilers are slightly higher than for SNCR on wall-fixed 

boilers because of lower uncontrolled NOx levels of 

tangentially-fired boilers, although the busbar cost is less 
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Uncontrolled NOx {lb/HHBtu) 0.4 0.5 0.6 

10%Reduction (I) 30 35 40 
Beat Rate (Btu/kWh) 9200 9800 10400 

Uncontrolled NOx 10x Reduction Beat Rate I 
Figure 6-36. Impact of NO, emission characteristics and heat rate on SNCR cost 

effectiveness for coal-fired tangential boilers. 




because oi the smaller amount of urea that must be injected to 


achieve an equivalent percent NOx reduction. The sensitivity 
curves follow the same general trends as with SNCR applied to 


wall-fired boilers. . 
The effect of plant characteristics (boiler size, 


capacity factor, and economic life) and urea solution price on 

cost effectiveness and busbar cost for cyclone boilers is 
shown in figure 6-37. Figure 6-38 presents the sensitivity of 

cost effectiveness to NOx emission characteristics 
(uncontrolledNOx level and NOx reduction efficiency) and heat 

rate. As shown in the figures, the reference boiler's cost 

effectiveness and busbar cost are approximately $730 per ton 

of NOx removed and 2 . 7  mills/kWh. The cost effectiveness 
values and busbar cost for SNCR applied to cyclone-fired 

boilers are lower than for SNCR on wall-fired boilers because 

of higher uncontrolled NOx levels of cyclone-fired boilers. 
The sensitivity curves follow the same general trends as with 

SNCR applied to wall-fired boilers. 

The effect of plant characteristics (boiler size, 

capacity factor, and economic life) and urea solution price on 

cost effectiveness and busbar cost for FBC boilers is shown in 
figure 6-39. Figure 6-40presents the sensitivity of cost 


effectiveness to NOx emission characteristics (uncontrolled 
NOx level and NOx reduction efficiency) and heat rate. As 
shown in the figures, the reference boiler's cost 

effectiveness and busbar cost are approximately $1,700 per ton 

of NOx removed and 0.81 mills/k~h. The cost effectiveness 

values for SNCR applied to FBC boilers is higher than SNCR on 
wall-fired boilers because of lower uncontrolled NOx levels of 

FBC boilers, although the busbar cost is less because of the 

smaller amount of urea that must be injected to achieve 

equivalent percent NOx reductions. The sensitivity curves 
follow the same general trends as with SNCR applied to 

wall-fired boilers. 

6.5.1.3.2 


w.The effect of plant characteristics (boiler size, 

6 - 8 6  




Figure 6-37. Impact of plant characteristics on SNCR cost effectiveness 
and busbar cost for coal-fired cyclone boilers. 
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Figure 6-38. Impact of NOx emission characteristics and heat rate on SNCR 
cost effectiveness for coal-fired cyclone boilers. 
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Figure 6-39. Impact of plant characteristics on SNCR cost effectiveness and 
busbar cost for coal-fired FBC boilers. 



Uncontrolled HOx (lb/HHBtu) 0.10 0.13 0 .16  0 .19  . 0.22 0.2 5 0.28 

NO. Reduction ( 8 )  30 35 4 0 45  50 55 6 0  
Beat Rate (Btu/kWh) 9200 9 8 0 0  1 0 4 0 0  11000  11600  12200 

Figure 6-40. Impact of NO, emission characteristics and heat rate on SNCR cost 
effectiveness for coal-fired FBC boilers. 



capacity factor, and economic life) and urea solution price on 

cost effectiveness and busbar cost for wall-fired boilers is 

shown in figure 6-41. Figure 6-42 presents the sensitivity of 

cost effectiveness to NOx emission characteristics 


(uncontrolled NOx level and NOx reduction efficiency) and heat 

rate. As shown in the figures, the reference boiler's cost 
effectiveness and busbar cost are approximately $1,300 per ton 

of NOx removed and 1.2 mills/kWh. The cost effectiveness 

values for SNCR applied to natural gas- and oil-fired wall 

boilers is higher than for SNCR on coal-fixed wall boilers 

because of lower uncontrolled NOx levels of natural gas- and 

oil-fired boilers, although the busbar cost is less because of 

the smaller amount of urea that must be injected to control 

NO,. The sensitivity curves follow the same general trends as 

with SNCR applied to coal-fired wall boilers. 


The effect of plant characteristics (boiler size, 

capacity factor, and economic life) and urea solution price on 

cost effectiveness and busbar cost for tangentially-fired 

boilers is shown in figure 6-43. Figure 6-44-presents the 

sensitivity of cost effectiveness to NOx emission 


characteristics (uncontrolled NOx level and NOx reduction 

efficiency) and heat rate. As shown in the figures, the 
reference boiler's cost effectiveness and busbar cost are 

approximately $1,600 per ton of NOx removed and 


0.95 mills/kWh. The cost effectiveness values for SNCR 

applied to tangentially-fired boilers are higher than SNCR on 

wall fired boilers becau+se of lower uncontrolled NOx levels of 


tangentially-fired boilers, although the busbar cost is less 

because of smaller amount of urea that must be injected to 

control NOx. The sensitivity curves follow the same general 

trends as with SNCR applied to coal-fired wall boilers. 

6.5.2 SCR 

Cost estimates for SCR technology are presented in this 

section for coal-fired and natural gas- and oil-fired wall and 

tangential bo$lers. In addition, estimates are presented for 

SCR applied to cyclone-fired coal boilers. 
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Figure 6-41. Impact of plant characteristics on SNCR cost effectiveness and 

busbar cost for natural gas- and oil-fired wall boilers. 



Uncontrolled UOw (lb/HHBtn) 0.2 0 .3  0.4 0 .5  0.6 0.7 0.8 

BOX Reduction ( 8 )  25.0 28.3 31.7 35 .0  38.3 41.7 45 .0  
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Figure 6-42. Impact of NOx emission c h a r a c t e r i s t i c s  and heat  rate on SNCR 
csst effectiveness for natural  gas- and oil-fired wall boilers. 
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Figure 6-43. Impact of plant  characteristics on SNCR cost effectiveness and 

busbar cost for natural gas- and oil-fired tangential boilers. 





6.5.2.1. Costins Procedures. Based on outputs from 

Integrated Air Pollution Control System (IAPCS) 16, simplified 

algorithms in the form of equation 6-1 were developed to 

estimate capital costs. The SCR basic system cost 

coefficients for each of the five boiler types are: 

Coal Wall 174 -0.30 
Tanqential 165 -0.30 

Catalyst price, which has a ;i&nificant impact on capital 
costs, was estimated to be $400/ft3 for coal-, natural gas-, 

and oil-fired boilers. Catalyst life was assumed to be 3 

years for coal-fired boilers and 6 years for natural gas- and 
oil-fired boilers. Catalyst volumes f,or coal-fired boilers 
were assumed to be double the volume of oil-fired boilers and 

approximately six times larger than the volume of natural gas- 

fired boilers. 

Oil/Gas 

Fixed operating and maintenance costs for an SCR system 

include operating, maintenance, supervisory labor and 

maintenance materials and overhead. Variable O W  costs are 

ammonia, catalyst replacement, electricity, water, steam, and 

catalyst disposal. The IAPCS model was used to estimate fixed 

and variable O W  costs, and details on these calculations are 

provided in appendix A.ll. 
The following factors affect the retrofit difficulty and 

costs of an SCR system: 
Congestion in the construction area from existing 

buildings and equipment. 

Underground electrical cables and pipes. 

The length of ductwork required to connect the SCR 
reactor vessels. to the existing ductwork. 

Due to the lack of actual installation cost data, an EPA 

analysis of SCR costs were used to estimate retrofit factors 

Cyclone 
Wall 

Tangential 

196 

165 

156 

-0.31 

-0.324 
-0.329 



This reference estimates retrofit factors of 1.02 (low), 1.34 


(moderate), and 5 . 5 2  (high), based on data obtained from hot-

side SCR retrofits on German utility boilers. For the model 


plant analysis, a moderate retrofit factor of 1.34 was used. 

Indirect costs were assumed to be 45 percent of the process 


capital. For the application of SCR to boilers burning 


medium- to high-sulfur coals, indirect costs may be greater 

than 45 percent of the process capital, due to factors 


discussed in chapter 5. 


6.5.2.2 


6.5.2.2.1 Coal-f_i_r_ed. The capital cost, 


busbar cost, and cost effectiveness for the 15 coal-fired 


wall, tangential, and cyclone boilers are presented in 

table 6-15. An economic life of 20 years and a NO, reduction 


efficiency of 80 percent and a space velocity of 2,50O/hr were 


assumed for all of these boilers. For the 600 MW baseload 


wall-fired boiler, the estimated cost effectiveness ranges 

from $1,270 to $1,670 per ton of NOx removed. For the 100 MW 

peaking wall-fired boiler, the estimated cost effectiveness 

ranges from .$7,540 to $9,650 per ton. 


Cost per ton of NOx removed with SCR on 

tangentially-fired boilers is higher than wall-fired boilers 


because of lower uncontrolled NOx levels for tangentially- 


fired boilers. Cost effectiveness for the 600 MW baseload 

tangentially-fired boiler ranges from $1,580 to $2,100 per 


ton. For the 100 MW peaking tangentially-fired boiler, cost 

effectiveness ranges frqm $9,470 to $12,200 per ton. 


Cost per ton of NOx removed with SCR on cyclone-fired 


boilers is lower than wall-fired boilers because of higher 


uncontrolled NOx levels for cyclone-fired boilers. Cost 

effectiveness for the 600 MW baseload cyclone-fired boiler 


ranges from $810 to $1,050 per ton and for the 100 MW cyclone 

boiler, cost effectiveness ranges from $4,670 to $5,940 per 


ton. 


6 . 5 . 2 . 2 . 2  e.The 

capital cost, busbar cost, and cost effectiveness for the 




- - - - -- - - - -  

TABLE 6-15. COSTS FOR SCR APPLIED TO COAL-FIRED %OILERS 

Plant identification 

Catalyst life (yr) 
Total capital cost, $ / k ~  

2 I 3 I 4 

Busbar cost, mills/km 

2 1 3 I 4 

Cost effectiveness, $/ton 

2 I 3 1 4 
Wall-fired boilersa 

100 MW, peakinqb 110 110 110 43.4 37.1 33.9 9,650 8,250 7,540 
100 MW, BaseloadC 110 110 110 7.16 6.19 5.70 1,990 1,720 1,580 
300 MW, cyclinsd 86.0 86.0 86.0 13.1 11.0 9.91 3,300 2,770 2,500 
300 MW, Baseload 86.0 86.0 86.0 6.34 5.36 4.88 1,760 1,490 1,360 
600 MW, Baseload 75.0 75.0 75.0 6.02 5.04 4.56 1,670 1,400 1,270 

C T \ . 
I 

w 
03 

a~ncontrolledN4, levels of 0.90 lb/MMBtu and an SCR NO, reduction of 80 percent were used 
for wall-fired boilers. 
b~eaking= 10 percent capacity factor. 
=~aseload= 65 percent capacity factor. 
d~ycling= 30 percent capacity factor. 
e~ncontrolledNO, levels of 0.70 lb/MM~tuand an SCR NOx reduction of 80 percent were 
used for tangentially-fired boilers. 
funcontrolled NO, levels of 1.5 lb/MMBtu and an SCR NOx reduction of 80 percent were used for 
cyclone-fired boilers. 

-



10 natural gas- and oil-fired wall and tangential model 


boilers are presented in tables 6-16 and 6-17, respectively. 


An economic life of 20 years and a NOx reduction efficiency of 


85 percent were assumed for all of these boilers. Space 


velocities of 14,00O/hr and 5,00O/hr were assumed for natural 


gas-fired boilers and oil-fired boilers, respectively. Cost 


per ton of NOx removed with SCR on natural gad-fired boilers 


is lower than oil-fired boilers because of smaller catalyst 


volumes for natural gas-fired boilers. 


For the 600 MW baseload wall-fired boilers, the estimated 

cost effectiveness ranges from $970 to $1,070 per ton of NOx 


removed for the natural gas-fired boilers and $1,130 to $1,410 


per ton of NOx removed for the oil-fired boilers. For the 


100 MW peaking natural gas- and oil-fired wall boilers, the 


estimated cost effectiveness ranges from $6,700 to $7,200 per 


ton and $7,550 to $8,990 per ton, respectively. 


Cost per ton of NOx removed with SCR on tangentially- 


fired boilers is higher than wall-fired boilers because of 


lower uncontrolled NOx levels for tangentially-fired boilers. 


Cost effectiveness for the 600 MW baseload tangentially-fired 


boiler ranges from $1,530 to $1,690 per ton for the natural 

gas-fired boilers and $1,800 to $2,260 per ton of NOx removed 


for the oil-fired boilers. For the 100 MW peaking natural 

gas- and oil-fired tangential boilers, cost effectiveness 


ranges from $10,800 to $11,700 per ton and $12,200 to $14,600 


per ton, respectively. 


6.5.2.3 Sensitivity Analvsis 


.6.5.2.3.1 fCoal-fir The 

effect of plant characteristics (retrofit factor, boiler size, 

capacity factor, and economic life) and catalyst life on cost 


effectiveness and busbax cost for wall-fired boilers is shown 

in figure 6-45. Figure 6-46 presents the sensitivity of cost 

effectiveness to NOx emission characteristics (uncontrolled 


NOx level and NOx reduction efficiency) and heat rate., As 


shown in the figures, the reference boiler's cost 




TABLE 6-16. COSTS FOR SCR APPLIED TO NATURAL GAS-FIRED BOILERS 

Plant I Total capital cost, 1 Busbar cost, I Cost effectiveness, 
identification $/kw mills/kWh $/ton 


Catalyst life (yr) 3 6 9 3 6 I 9 3 6 9 

wall-f ired boilersa 


100 MW, peakingb 74.0 1 74.0 ( 19.1 18.1 17.8 7,200 6,700 

100 MW, Baseloadc 1 7 4 . 0 1  7 4 . 0 1  74.0) 3.301 3.151 3.10) 1,5501 1,4801 1,460 

300 MW, cyclinqd 53.0 53.0 53.0 5.03 4.70 4.59 2,150 2,010 1,960 

300 MW, Baseload 53.0 53.0 53.0 2.55 2.40 2.35 1,200 1,130 1,100 


600 MW, Baseload 43 .O 43.0 43.0 2.26 2.11 2.06 1,070 994 970 


Q\ Tangentially-fired boilerse 
I 
P 100 MW, Peaking 72.0 72.0 72.0 18.6 17.6 17.3 11,700 11,000 10,800
0 
0 
 100 MW, Baseload 72.0 72.0 72.0 3.15 2.99 2.94 2,470 2,350 2,310 

300 MW, Cycling 52.0 52.0 52.0 4.86 4.53 4.42 3,470 3,230 3,150 


300 MW Baseload 52.0 52.0 52.0 2.43 2.27 2.22 1,900 1,780 1,740 


600 MW, Baseload 42.0 42.0 42.0 2.15 2.00 1.95 1,680 1,570 1,530 


Wncontrolled NOx levels of 0.50 lb/MMBtu and an SCR NO, reduction of 85 percent 

were used for wall-fired boilers. 


bpeaking = 10 percent capacity factor. 
c~aseload= 65 percent capacity factor. 
dcycling = 30 percent capacity factor. 
eUncontrolled NOx levels of 0.30 lb/~MBtu and an SCR NOx reduction of 85 percent 
were used for tangentially-fired boilers. 




TABLE 6-17. COSTS FOR SCR APPLIED TO OIL-FIRED BOILERS 

Plant Total capital cost, Busbar cost, Cost effectiveness, 

identification $ /kW mills/kWh $ /ton 

Catalyst life 3 6 9 3 I 6 9 3 6 9 

Wall-fired boilersa 


100 MW, ~eakinqb 82.0 82.0 82.0 23.9 21.0 20.1 8,990 7,910 7,550 


100 MW, Baseloadc 82.0 82.0 82.0 4.03 3.59 3.44 1,900 1,690 1,620 


300 MW, cyclingd 60.0 60.0 60.0 6.61 5.66 5.34 2,830 2,420 2,280 


300 MW, Baseload 60.0 60.0 60.0 3.28 2.84 2.69 1,540 1,340 1,270 


600 MW, Baseload 50.0 50.0 50.0 3.00 2.55 2.41 1,410 1,200 1,130 


m Tanqentially-fired boilerse 
t 
I-' 100 MW, Peaking 1 79.0 79.0 79.0 23.3 20.5 19.5 14,700 12,800 12,200
0 

P 100 MW, Baseload 79.0 79.0 79.0 3.88 3.44 3.29 3,040 2,700 2,580 

,300 MW, Cycling 59.0 59.0 59.0 6.44 5.49 5.17 4,600 3,910 3,690 

300 MW Baseload 59.0 59.0 59.0 3.16 2.72 2.57 2,480 2,130 2,010 


600 MW, Baseload 49.0 49.0 49.0 2.88 2.44 2.30 2,260 1,920 1,800 


auncontrolled NOx levels of 0.50 lb/~M~tu
and an SCR NOx reduction of 85 percent 

were used for wall-fired boilers. 

b~eaking= 10 percent capacity factor. 
cBaseload = 65 percent capacity factor. 
d~ycling= 30 percent capacity factor. 
euncontrolled NOx levels of 0.30 I ~ / M M B ~ U 
and an SCR reduction of 85  percent 
were used for tangentially-fired boilers. 
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Figure 6-45.  Impact of plant characteristics on SCR cost effectiveness and 
busbar cost for coal-fired wall boilers. 
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Figure 6-46.  1mpact-ofNOx emission characteristics and heat rate on SCR 

cost effectiveness for coal-fired wall boilers. 




effectiveness and busbar cost are approximately $2,000 Per ton 


of NOx removed and 8.1 mills/k~h. 


Of the parameters shown in figure 6-45. the variation of 


capacity factor from 10 to 70 percent has the greatest impact 


on cost effectiveness and busbar c o s t .  The cost effectiveness 

value and busbar cost exhibit a nearly inverse relationship 

with capacity factor, and thus, as capacity factor decreases. 

the cost effectiveness value and busbar cost increase. This 


is especially noticeable at low capacity factors where a 


decrease of 75 percent in the reference plant's capacity 


factor (from 40 to 10 percent) results in an increase in the 


cost effectiveness value and busbar cost of over 250 percent. 

Variations in catalyst life, economic life, and boiler 


size follow a trend similar to capacity factor, but do not 


cause as great a change in cost effectiveness and busbar cost. 

For example, a decrease of 33 percent of the catalyst life 

(from 3 years to 2 years) increases the cost effectiveness 


approximately 25 percent. Similarly. a decrease of 75 percent 


in economic life (from 20 to 5 years) results in an increase 

in the plant's cost effectiveness value and busbar cost of 

approximately 50 percent, and a decrease of 75  percent in the 

boiler size (from 400 to 100 MW) results in an increase in the 

plant's cost effectiveness value and busbar cost of nearly 

25 percent. 


The cost effectiveness value and busbar cost are linearly 

related to retrofit factor. An increase or decrease of 0.3 

from the reference plant's retrofit factor of 1.3 causes a 


corresponding change in the cost effectiveness value and 


busbar cost of less than 5 percent. 

Of the parameters shown in figure 6-46. the variation of 


uncontrolled NOx from 0.6 to 1.2 lb/~MBtu has the greatest 

impact on cost effectiveness. Variation in NOx reduction 


exhibits an inverse relationship to cost effectiveness. A 


33 percent decrease in the reference plants uncontrolled NOx 

(from 0.9 to 0.6 lb/M~~tu)
results in an increase in the cost 

effectiveness value of approximately 50 percent. 




Variation in the heat rate from 9,200 to 12,800 Btu/k~h 


follows a trend similar to the variation in uncontrolled NO,. 


A 16-percent decrease in heat rate (11,000 to 9,200 Btu/kWh) 

results in an increase of cost effectiveness of approximately 


20 percent. Potential variations in the NOx reduction 


efficiency of the system result in less than a 5-percent 


change in cost effectiveness. 


The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) and catalyst 


life on cost effectiveness and busbar cost For tangentially-

fired boilers is shown in figure 6-47. Figure 6-48 presents 


the sensitivity of cost effectiveness to NOx emission 


characteristics (uncontrolled NOx level and NOx reduction 

efficiency) and heat rate. As shown in the figures, the 


reference boiler's cost effectiveness and busbar cost are 


approximately $2,600 per ton of NOx removed and 7.9 mills/kwh. 


The cost effectiveness values and busbar cost for SCR applied 


to tangentially-fired boilers are higher than for SCR on wall- 

fired boilers because of lower uncontrolled NO, levels. for 


tangentially-fired boilers, although the busbar cost is 


slightly lower for tangentially-fired boilers because of the 


lower capital and 0 & M  costs. The sensitivity curves follow 
the same general trends as with SCR applied to wall-fired 

boilers. 


The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) and catalyst 


life on cost effectiveness and busbar cost for cyclone-fired 


boilers is shown in figure 6-49. Figure 6-50 presents the 


sensitivity of cost effectiveness to NOx emission 


characteristics (uncontrolled NOx level and NO, reduction 


efficiency) and heat rate. As shown in the figures, the 

reference boiler's cost effectiveness and busbar cost are 

approximately $1,300 per ton of NO, removed and 8.5 mills/kWh. 


The cost effectiveness values and busbar cost for SCR applied 


to cyclone-fired boilers are lower than for wall-fired boilers 


because of higher uncontrolled NOx levels for cyclone-fired 
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Figure 6-47. Impact 
busbar 

of plant characteristics on SCR cost effectiveness and 
cost for coal-fired tangential boilers. 
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Figure 6-48. Impact of NOx emission characteristics and heat rate on SCR cost 

effectiveness for coal-fired tangential boilers. 
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Figure 6-49. Impact of plant characteristics on SCR cost effectiveness and 
busbar cost for coal-fired cyclone boilers. 





boilers, although the busbar cost is slightly higher for 

cyclone-fired boilers of the higher capital and O&M costs. 

The sensitivity curves follow the same general trends as with 

SCR applied to wall-fired boilers. 


6 . 5 . 2 . 3 . 2  

analysis. The effect of plant characteristics (retrofit 


factor, boiler size, capacity factor, and economic life) and 


catalyst life on cast effectiveness and busbar cost for wall- 

fired boilers is shown in figures 6-51 and 6-52. Figures 6-53 


and 6-54 present the sensitivity of cost effectiveness to NOx 


emission characteristics (uncontrolled NOx level and NOx 

reduction efficiency) and heat rate. As shown in the figures, 
the natural gas-fired reference boiler's cost effectiveness 

and busbar cost are approximately $1,450 per ton of NOx 

removed and 3.4 mills/kWh and the oil-fired reference boilers 

cost effectiveness and busbar cost .are approximately 


$1,750 per ton on NOx removed and 4.1 mills/kWh. The cost 

effectiveness value and busbar cost for SCR applied to natural 


gas-fired boilers are lower than for oil-fired boilers because 


of the smaller catalysts volumes on natural gas-boilers. 

Similarly, cost effectiveness and busbar cost for SCR applied 


to natural gas- and oil-fired wall boilers are lower than for 


the coal-fired wall boilers because of the smaller catalyst 


volumes and expected longer catalyst life on natural gas- and 

oil-fired boilers. The sensitivity curves follow the same 

general trends as with SCR applied to coal-fired wall boilers. 


The effect of plant characteristics (retrofit factor, 

boiler size, capacity factor, and economic life) and catalyst 

life on cost effectiveness and busbar cost for natural gas-


and oil-fired tangential boilers is shown in figures 6-55 and 

6-56. Figures 6-57 and 6-58 present the sensitivity of cost 

effectiveness to NO, emission characteristics (un~ontrolled 


NOx level and NOx reduction efficiency) and heat rate. As 

shown in the figures, the natural gas-fired reference boiler's 


cost effectiveness and busbar cost are approximately 


$2,300 per ton of NOx removed and 3.2 mills/kWh and the oil-
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Figure 6-51. Impact of plant characteristics on SCR cost effectiveness and busbar cost 
f o r  natural gas-fired wall boilers. 



Referonce Boiler Parameterm (14.02 
Unconttollod NOr - 0 . 5  Ib/WIIBtu 
1Mx Reduction = 85U 
Reat Rat. = 11000 Btu/kWh 

1 1 

I 


Retrofit  Factor -1.0 1.1 1.2 1 

Catalyet L i f e  3.0 

Boiler Size 100 

capacity Factor 101 


Economic Lffe 5 


R e t r o f i t  Factor Catalyst Life B o i l e r  S i z e

+Capacity Factor Economic L i f e  

Figure 6-52. Impact of plant characteristics on SCR cost effectiveness and busbar cost 

for oil~fired wall boilers. 
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Figure 6-53. Impact of NOx emission characteristics and heat rate on SCR cost 
effectiveness for natura1,gas-firedw a l l  boilers. 
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Figure 6-54. Impact of NO, emission characteristics and heat rate on SCR cost 
effectiveness for oil-fired wall boilers. 
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Figure 6-55. Impact of plant characteristics on SCR cost effectiveness and busbar cost 

for natural gas-fired tangential boilers. 
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Figure 6-56. Impact of plant characteristics on SCR cost effectiveness and busbar cost 

for oil-fired tangential boilers. 
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Figure 6-58. .Impact of NOx emission characteristics and heat rate on SCR cost 
effectiveness for oil-fired tangential boilers. 




fired reference boiler's cost effectiveness and busbar cost 


are approximately $2,800 per ton of NOx removed and 
4.0 mills/k~h. The cost effectiveness value and busbar cost 


for SCR applied to natural-gas fired boilers are lower than 

for oil-fired boilers because of the smaller catalyst volumes 


on natural-gas boilers. Similarly, cost effectiveness and 


busbar cost for SCR applied to natural gas- and oil-fired 


tangential boilers are lower than for the coal-fired 


tangential boilers because og the smaller catalyst volumes and 


expected longer catalyst life on natural gas- and oil-fired 


boilers. The sensitivity curves follow the same general 


trends as with SCR applied to coal-fired wall boilers. 


6.5.3 Low NO,- Burners with Selective Non-Catalvtic Reduction 

Cost estimates for the combination control of LNB + SNCR 
are presented in this section for coal-fired and natural 

gas- and oil-fired wall and tangential boilers. 


6.5.3.1 Costins Procedures. To develop the cost 


algorithms for the combination control LNB + SNCR, the 
individual capital, variable Om, and fixed O&M cost 

algorithms for LNB and SNCR were combined. Refer to 


sections 6.3.1, 6.4.2, and 6.5.1 for these costing procedures. 


6.5.3.2 Model Plant Results. 


6.5.3.2.1 Coal-fired model ~lants. The capital cost, 


busbar cost, and cost effectiveness for the ten wall- and 


tangentially-fired boilers are presented in table 6-18. An 

economic life of 20 years and a NOx reduction efficiency of 

45 percent for fm3 and 4.5 percent for SNCR were assumed for 


all boilers. The urea price of each boiler was varied from 

$140 to $260 per ton for a 50-percent urea solution. For the 

600 MW baseload boiler, the estimated cost effectiveness 


ranged from $370 to $478 per ton of NOx remo,ved. For the 

100 MW peaking wall-fired boiler, the estimated cost 

effectiveness ranges from $2,750 to $2,860 per ton. 


Cost per ton of NOx removed with LNB + SNCR on 

tangentially-fired boilers is slightly lower than for wall-


fired boilers because of lower capital cost associated with 
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TABLE 6-18. COSTS FOR LNB + SNCR APPLIED TO COAL-FIRED BOILERS 

Plant Total capital Busbar cost, - Cost effectiveness, 
identification cost,a $/kW mills/kWh $/ ton 

Urea cost ($/ton) 140 200 260 140 200 260 140 200 260 


Wall-fired boilersb 


, Tangentially-fired boilersf 

100 MW, Peakinq 33 33 33 7.40 7.56 7.72 2,420 2,480 2,530 

100 MW, Baseload 33 33 33 1.44 1.57 1.70 589 643 696 

300 MW, Cyclinq 23 23 23 1.78 1.92 2 . 0 7  663 716 770 

300 MW Baseload 23 23 23 1.00 1.14 1.27 411 465 519 

600 MW, Baseload 18 18 18 0 . 8 4  0.97 1.10 344 398 - 452 

aLNB retrofit factor and indirect cost factor are 1.15 and 1.3 respectively. SNCR 

retrofit factor and indirect cost factor are 1.0 and 1.3, respectively. 

buncontrolled NOx levels of 0.90 l b / ~ ~ ~ t uand an LNB + SNCR total NOx reduction of 

7 0  percent were used for wall-fired boilers. 
CPeaking = 10 percent capacity factor. 
d~aseload= 65 percent capacity factor. 
'=Cycling = 30 percent capacity factor. 
funcontrolled NO, levels of 0.70 lh/MM~tu and an LNB + SNCR total NOx reduction of 
70 percent were used for tangentially-fired boilers. 




LNB applied to tangentially-fired boilers. Cost effectiveness 

for the 600 MW baseload tangentially-fired boiler ranges from 


$344 to $452 per ton. For the 100 MW peaking tangentially-


fired boiler, the estimated cost effectiveness ranges from 


$2,420 to $2,530 per ton. 


6.5.3.2.2 Natural sas- and oil-fired model olants. The 


capital cost, busbar cost, and cost effectiveness for the ten 

wall- and tangentially-fired boilers are presented in 

table 6-19. An economic life of 20 years and a NOx reduction 

efficiency of 45 percent for LNB and 35 percent for SNCR were 

assumed for all boilers. The urea price of each boiler was 

varied from $140 to $260 per ton for a 50-percent urea 

solution. For the 600 MW baseload boiler, the estimated cost 


effectiveness ranged from $585 to $697 per ton of NOx removed. 

For the 100 MW peaking wall-fired boiler, the estimated cost 

effectiveness ranges from $5,200 to $5,300 per ton. 


Cost per ton of NOx removed with LNB + SNCR is higher on 
tangentially-fired boilers because of lower uncontrolled NOx 


levels of these boilers. Cost effectiveness for the 600 MW 


baseload tangentially-fired boiler ranges from $641 to 


$750 per ton. For the 100 Mw peaking tangentially-fired 


boiler, the estimated cost effectiveness ranges from $5,830 to 


$5,940 per ton. 


6.5.3.3 Sensitivitv Analvsis. 


6.5.3.3.1 Coal-fired boiler sensitivitv analvsis. The 


effect of plant characteristics (retrofit factor, boiler size, 


capacity factor, and economic life) and urea solution price on 


cost effectiveness and busbar cost for wall-fired boilers is 


shown in figure 6-59. Figure 6-60 presents the sensitivity of 


cost effectiveness to NOx emission characteristics 


(uncontrolled NOx level and the NOx reduction efficiency of 

the LNB and SNCR systems) and heat rate. As shown in the 

figures, the reference boiler's cost effectiveness and busbar 


cost are approximately $620 per ton of NOx removed and 


2.1 mills/kWh. 




TABLE 6-19. COSTS FOR LNB + SNCR APPLIED TO NATURAL GAS- AND OIL-FIRED BOILERS 

Plant Total capital Busbar cost, Cost effectiveness, 

identification cost,a $/kW mills/k~h $/ton 

Urea cost ($/ton) 140 200 260 140 200 260 140 200 260 


Wall-f ired boiled 


cn Tanqentially-fired boilersf 

I 
P 100 MW, Peakinq 32 32 32 7.03 7.09 7.16 5,830 5,890 5,940
td 

r8l -100 MW, Baseload 32 32 32 1.21 1.27 1.32 1,260 1,310 1,370 

300 MW, Cyclinq 22 22 22 1.52 1.58 1.63 1,430 1,490 1,540 


300 MW Baseload 22 22 22 0.72 0.83 0.89 810 864 919 


600 MW, Baseload 17 17 17 0.62 0.67 0.72 641 695 750 


aLNB retrofit factor and indirect cost factor are 1.15 and 1.3, respectively. SNCR 

retrofit factor and indirect cost factor are 1.0 and 1.3, respectively. 

buncontrolled NOx levels of 0.50 lb/MMBtu and an LNB + SNCR total NOx reduction of 
64 percent were used for wall-fired boilers. 

CPeaking = 10 percent capacity factor. 
d~aseload= 65 percent capacity factor. 
eCycling = 30 percent capacity factor. 
f~ncontrolledNOx levels of 0.30 lb/MMBtu and an LNB + SNCR total NO, reduction of 
64 percent were used for tangentially-fired boilers. 
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Figure 6 - 5 9 .  Impact of plant characteristics on LNB + SNCR cost effectiveness and 
busbar cost for coal-fired wall boilers. 
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Of the parameters shown in figure 6-59, the variation of 


capacity factor from 10 to 70 percent has the greatest impact 


on cost effectiveness and busbar cost. The cost effectiveness 


value and busbar cost are inversely related to capacity 


factor, and thus, as capacity factor decreases, the cost 


effectiveness value and busbar cost increase. This is 


especially noticeable at low capacity factors where a decrease 


of 75 percent in the reference plant's capacity factor (from 


40 to 10 percent) results in an increase in the cost 


effectiveness value and busbar cost of nearly 200 percent. 

Variations in economic life and boiler size follow a 


trend similar to capacity factor, but do not cause as great a 


change in cost effectiveness and busbar cost. For example, a 

decrease of 75 percent in economic life (from 20 to 5 years) 


results in an increase in the plant's cost effectiveness value 

and busbar cost of approximately 75 percent. Similarly, a 


decrease of 75 percent in boiler size (from 400 to 100 MW) 


results in an increase in the plant's cost effectiveness value 


and busbar cost of nearly 75 percent. 


The cost effectiveness value and busbar cost are linearly 


related to both retrofit factor and urea cost. An increase or 


decrease of 0.3 in retrofit factor or $60 per ton in urea cost 

compared to the reference plant causes a corresponding change 

in cost effectiveness and busbar cost of less than 5 percent. 

Of the parameters shown in figure 6-60, the variation of 

uncontrolled NOx from 0.6 to 1.2 lb/MMBtu has the greatest 


impact on cost effectiveness. Variation in NOx reduction 

exhibits an inverse relationship to cost effectiveness. A . 

33-percent decrease in the reference plants uncontrolled NOx 


(from 0.9 to 0.6 l b / M ~ ~ t u ) 
results in an increase in the cost 

effectiveness value of approximately 35 percent. 


Variation in the NOx reduction of LNB from 30 to 

60 percent follow a trend similar to the variation in 

uncontrolled NO,. A 33-percent decrease of the NOx reduction' 

of the LNB results in an increase of cost effectiveness of 
25 percent. Variation in the NOx reduction of the SNCR systeq 
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from 30 to 60 percent follows a trend similar to NOx reduction 

of the LNB, but do not cause as great a change in cost 

effectiveness. A 33-percent decrease in the NOx reduction of 

the SNCR system results in an increase in the cost 


effectiveness value of approximately 15 percent. Variation in 


heat rate from 9,200 to 12,800 Btu/kWh has nearly an identical 
effect on cost effectiveness as the potential variation in NOx 


reduction by the SNCR system. A 16-percent decrease in heat 


rate (11,000 to 9,200 Btu/kWh) results in an equivalent 


increase of cost effectiveness value. 


The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) and urea 
solution price on cost effectiveness and busbar cost for 

tangentially-fired boilers is shown in figure 6-61, 


Figure 6-62 presents the sensitivity of cost effectiveness to 


NOx emission characteristics (uncontrolled NOx level and the 

NOx reduction efficiency of the LNB and SNCR systems) and heat 
rate. As shown in the figures, the reference boiler's cost 


effectiveness and busbar cost are approximately $560 per ton 


of NOx removed and 1.5 mills/kwh. The cost effectiveness 


values and busbar cost for LNB + SNCR applied to tangentially- 
fired boilers are slightly lower than for LNB + SNCR on wall- 
fired boilers because of lower capital cost associated with 


LNB applied to tangentially-fired boilers. The sensitivity 


cunres follow the same general trends as with LNB + SNCR 
applied to  wall-fired boilers. 

6.5.3.3.2 N ~


analvsis. The effect of plant characteristics (retrofit 


factor, boiler size, capacity factor, and economic life) and 


urea solution price on cost effectiveness and busbar cost for 


wall-fired boilers is shown in figure 6-63. Figure 6-64 


presents the sensitivity of cost effectiveness to NOx emission 


characteristics (uncontrolled NO, level and the NOx reduction 
efficiency of the LNB and SNCR systems) and heat rate. As 

shown in the figures, the reference boiler's Cost 


effectiveness and busbar cost are approximately $1,000 per ton 
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Figure 6-61. Impact of plant characteristics on LNB + SNCR cost effectiveness and 
busbar cost for coal-fired tangential boilers, 
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Figure 6 - 6 4 .  Impact of NOx emission characteristics and heat rate on LNB + SNCR cost 
effectiveness for natural gas- and oil-fired wall boilers. 
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of NOx removed and 1.8 mills/kWh. Cost effectiveness for 

LNB + SNCR applied natural gas- and oil-fired wall boilers are 

higher than for LNB + SNCR applied to coal-fired wall boilers 
because of lower uncontrolled NOx levels of natural gas- and 

oil-fired boilers, although the busbar cost is less because of 


the smaller amount of urea that must be injected to achieve an 


equivalent percent NOx reduction. The sensitivity cusves 

follow the same general trends as with LNB + SNCR applied to 
coal-fired wall boilers. 


The effect of plant characteristics (retrofit factor, 


boiler size, capacity factor, and economic life) and urea 


solution price on cost effectiveness and busbar cost for 


tangentially-fired boilers is shown in figure 6-65. 


Figure 6-66 presents the sensitivity of cost effectiveness to 

NOx emission characteristics (uncontrolled NOx level and the 

NOx reduction efficiency of the LNB and SNCR systems) and heat 

rate. As shown in the figures, the reference boiler's cost 


effectiveness and busbar cost are approximately $1,100 per ton 


of NOx removed and 1.2 mills/kWh. The cost effectiveness 


values of LNB + SNCR applied natural gas- and oil-fired 
tangential boilers are higher than for LNB + SNCR applied to 
natural gas- and oil-fired wall boilers because of lower 


uncontrolled NOx levels of tangentially-fired boilers, 

although the busbar cost is less because of the smaller amount 


of urea that must be injected to achieve an equivalent percent 

NOx reduction. The sensitivity curves follow the same general 


trends as with LNB + SNCR applied to coal-fired wall boilers. 
6.5.4 Low NOv= Burners with Advanced Overfire Air and 

Selective Catalytic Reduction 


Cost estimates for the combination control of LNB + 
AOFA + SCR are presented in this section for wall and 

tangential coal-fired and natural gas- and oil-fired boilers. 


6.5.4.1 Costins Procedures. The cost algorithms for LNB 


+ AOFA + SCR were developed by combining the individual 
capital, variable O&M, and fixed O W  cost algorithms for each 
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of the three technologies. Refer to sections 6.3.2, 6.4.3, 

and 6 . 5 . 2  for these costing procedures. 

6 . 5 . 4 . 2  Model Plant Results. 
I 

6.5.4.2.1 Coal-fired model blants. The capital cost, I 

busbar cost, and cost effectiveness for the ten wall- and 

tangentially-fired boilers are presented in table 6-20. An 

economic life of 20 years and a NOx reduction efficiency of 

50 percent for LNB + AOFA and 80 percent for SCR were assumed 

for all boilers. The catalyst price was estimated to be 


$400/ft3 for each boiler, and an average retrofit factor of 


1.34 was used. For the 600 MW baseload boiler, the estimated 


cost effectiveness ranged from $1,300 to $1,660 per ton of NOx 


removed. For the 100 MW peaking wall-fired boiler, the 


estimated cost effectiveness ranges from $9,250 to $11,100 per 


ton. 


Cost per ton of NOx removed with LNB + AOFA + SCR on 
tangentially-fired boilers is higher than for wall-fired 


boilers due to the lower baseline NOx levels associated with 

tangentially-fired boilers. Cost effectiveness for the 600 MW 


baseload tangentially-fired boiler ranges from $1,500 to 


$1,970 per ton. For the 100 MW peaking tangentially-fired 

boiler, the estimated cost effectiveness ranges from $9,990 to 


$12,400 per ton. 


6.5.4.2.2 0.
The 


capital cost, busbar cost, and cost effectiveness for the 10 I 

wall- and tangentially-fired boilers are presented in 


table 6-21 and 6-22, respectively. An economic life of 20 

years and a NOx reduction efficiency of SO percent for LNB + 
AOFA and 85 percent for SCR were assumed for all boilers. The 


catalyst price was estimated to be $400/ft3 for each boiler, 

and an average retrofit factor of 1.34 was used. Space 


velocities of 14,000/hr and 5,00O/hr were assumed for natural 
gas- and oil-fired boilers, respectively. Cost per ton of NOx ~ 
removed with SCR on oil-fired boilers is higher than natural 
 Igas-fired boilers because of greater catalyst volume for oil-


fired boilers. 

I 

I 
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TABLE 6-20. COSTS FOR LNB + AOFA + SCR APPLIED TO COAL-FIRED BOILERS 

Plant Total capital Busbar cost , Cost effectiveness, 
identification cost,a $/kW mills/kWh $/ton 


Catalyst life (yr) 2 3 4 2 I 3 4 2 3 4 

Wall-fired boiler& 

QI Tanqentially-f ired boilersf 
I 

)-L 
w 100 MW, Peaking 149 149 149 48.4 42 .0  38.9 12,400. 10,800 9,990 
m 
 100 MW, Baseload 149 149 149 7.75 6 . 7 8  6.29 2,490 2,180 2,020 

300 MW, Cycling 109 109 109 13.8 11.7 10.7 4,040 3,420 3,120 


300 MW Baseload 109 109 309 6.59 5.61 5.13 2,110 1,800 1,650 


600 MW, Baseload 90.0 90.0 90.0 6.13 5.16 4.67 1,970 1,660 1,500 


aLNB + AOFA retrofit factor and indirect cost factor are both 1.3. SCR retrofit 
factor and indirect cost factor are 1.34 and 1.45, respectively. 


buncontrolled NO, levels of 0.90 lb/MMBtu and an LN3 + AOFA + SCR total NO, 
reduction of 90 percent were used for wall-fired boilers. 


CPeaking = 10 percent capacity factor. 
d~aseload= 65 percent capacity factor. . 
eCycling = 30 percent capacity factor. 
f~ncontrolledNOx levels of 0.70 lb/MM~tu and an LNB + AOFA + SCR total NOx 
reduction of 90 percent were used for tangentially-fired boilers. 
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TABLE 6-21. COSTS FOR LNB + AOFA + SCR APPLIED TO NATURAL GAS-FIRED BOILERS 


Plant Total capital Busbar cost, Cost effectiveness, 
identification cost,a $/kW mills/kWh $/ton 

Catalyst life 3 6 9 3 6 9 3 6 9 

(yr) 
Wall-fired boiler& 

m Tangentially-fired boilersf 
P 100 MW, Peaking 116 116 116 24.4 23.4 23.114,200 13,60013,400
W 
in 100 MW, Baseload 116 116 116 3.99 3.84 3 . 7 9  2,900 2 , 7 9 0  2 , 7 5 0  

300 MW, Cyclinq 77.0 77.0 77.0 5.94 5 6 1  5.50 3,930 3,710 3,640 

300 MW Baseload 7 7 . 0  7 7 . 0  7 7 . 0  2 . 9 0  2.74 2.69 2 , 1 0 0  1,990 1,960 

600 MW, Baseload 60.0 60.0 60.0 2.47 2.32 2.27 1,800 1,690 1,650 


aLNB + AOFA retrofit factor and indirect cost factor are both 1.3. SCR retrofit 
factor and indirect cost factor are 1.34 and 1.45, respectively. 


b~ncontrolledNOx levels of 0.50 ib/MMBtu and an LNB + AOFA + SCR total NO, 
reduction of 93 percent were used for wall-fired boilers. 

cpeaking = 10 percent capacity factor. 
d~aseload= 65 percent capacity factor. 
eCycling = 30 percent capacity factor. 
f~ncontrolledNOx levels of 0.30 lb/MM~tuand an LNB + AOFA + SCR total NOx 
reduction of 93 percent were used for tangentially-fired boilers. 
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TABLE 6-22. COSTS FOR LNB + AOFA + SCR APPLIED TO OIL-FIRED BOILERS 

Plant Total capital Busbar cost, Cost effectiveness, 

identification cost,a $/kW mills/kWh $/ ton 

Catalyst life (yr) 3 6 9 3 I 6 I 9 3 6 9I 
Wall-fired b o i l e d  


m Tanqentially-fired boilersf 

1 I 

P 100 MW, Peakinq 123 123 123 29.2 26.3 25.316,900 15,300 14,700
W 
4 


100 MW, Baseload 123 123 123 4.72 4.28 4.14 3,400 3,110 3,010 


300 MW, Cycling 85.0 85.0 85.0 7.53 6.57 6.25 4,970 4,340 4,130 


300 MW Baseload 85.0 85.0 85.0 3.63 3.19 3.04 2,690 2,300 2,210 


aLNB + AOFA retrofit factor and indirect cost factor are both 1.3. SCR retrofit 
factor and indirect cost factor are 1.34 and 1.45, respectively. 


buncontrolled NOx levels of 0.50 lb/MMBtu and an LNB + AOFA + SCR total NOx 
reduction of 93 percent were used for wall-fired boilers. 

CPeaking = 10 percent capacity factor. 
d~aseload= 65 percent capacity factor. 
eCycling = 30 percent capacity factor. 
f~ncontrolledNOx levels of 0.30 lb/MM~tu and an LNB + AOFA + SCR total NOx 
reduction of 93 percent were used for tangentially-fired boilers. 




For the 600 MW baseload boiler, the estimated cost 

effectiveness ranged from $1,200 to $1,290 per ton of NOx 


removed far the natural gas-fired boilers and $1,350 to $1,610 

per ton of NOx removed for oil-fired boilers. For the 100 MW 


peaking natural gas- and oil-fired wall boilers, the estimated 


cost effectiveness ranges from $10,500 to $11,000 per ton and 


$11,300 to $12,700 per ton, respectively. 

Cost per ton of NOx removed with LNB + AOFA + SCR on 

tangentially-fired boilers is higher than for wall-fired 


boilers due to the lower baseline NOx levels associated with 

tangentially-fired boilers. Cost effectiveness for the 600 MW 

baseload tangentially-fired boilers range from $1,650 to 


$1,800 per ton for the natural gas-fired boiler and $1,900 to 

$2,330 per ton of NOx removed for oil-fired boilers. For the 


100 MW peaking natural gas- and oil-fired tangential boilers, 


the estimated cost effectiveness range from $13,400 to 


$13,200 per ton and $14,700 to $16,900 per ton of NOx removed 


for oil-fired boilers. 


6.5.4.3 e 
6.5.4.3.1 Coal-fired boilers sensitivitv analysis. The 


effect of plant characteristics (retrofit factor, boiler size, 

capacity factor, and economic life) and catalyst life on cost 


effectiveness and busbar cost for wall-fired boilers is shown 


in figure 6-67. Figure 6-68 presents the sensitivity of cost 


effectiveness to NOx emission characteristics (uncontrolled 


NOx level and NOx reduction efficiency for both LNB + AOFA and 
SCR) and heat rate. As shown in the figures, the reference 


boiler's cost effectiveness and busbar cost are approximately 


$2,120 per ton of NOx removed and 9.5 rnills/kWh. 

Of the parameters shown in figure 6-67, the variation of 


capacity factor from 10 to 70 percent has the greatest impact 


on cost effectiveness and busbar cost. The cost effectiveness 


value and busbar cost exhibit an inverse relationship with 


capacity factor, and thus, as capacity factor decreases, the 

cost effectiveness value and busbar cost increase. This is 

especially noticeable at low capacity factors where a decrease 
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Figure 6 - 6 7 .  Impact of plant characteristics on LNB + AOFA + SCR cost effectiveness 
and busbar cost for coal-fired wall boilers. 
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Figure 6-68. Impact of NOx emission characteristics and heat rate on LNB + AOFA + SCR 
cost effectiveness for coal-fired wall boilers. 



of 75 percent in the reference plant's capacity factor (from 


40 to 10 percent) results in an increase in the cost 


effectiveness value and busbar cost of nearly 300 percent. 


Variations in catalyst life, economic life, and boiler 


size follow a trend similar to capacity factor, but do not 


cause as great a change in cost effectiveness and busbar cost. 

For example, a decrease of 33 percent of the catalyst life 

(from 3 years to 2 years) increases the cost effectiveness 
-

value approximately 20 percent. Similarly, a decrease of 

75 percent in economic life (from 20 to 5 years) results in an 

increase in the plant's cost effectiveness value and busbar 


cost of approximately 60 percent, and a decrease of 75 percent 


in the boiler size (from 400 to 100 MW) results in an increase 
in the plant's cost effectiveness value and busbar cost of 


nearly 35 percent. 


The cost effectiveness value and busbar cost are linearly 


related to retrofit factor. An increase or decrease of 0.3 


from the reference plant's retrofit factor of 1.3 causes a 


corresponding change in the cost effectiveness valu and busbar 


cost of less than 10 percent. 


Of the parameters shown in figure 6-68, the variation of 

uncontrolled NOx from 0.6 to 1.2 lb/MM~tu has the greatest 


impact on cost effectiveness. Variation in NOx reduction 

exhibits an inverse relationship to the cost effectiveness 


value. A 33-percent decrease in the reference plants 

uncontrolled NOx (from 0.9 to 0.6 lb/MMBtu) results in an 

increase in the cost effectiveness value of approximately 

50 percent. 


Variation in the heat rate from 9,200 to 12,800 ~tu/kWh 

follows a trend similar to the variation in uncontrolled NOx. 

A 16-percent decrease in heat rate (11,000 to 9,200 Btu/kWh) 

results in an increase of the cost effectiveness value of 

approximately 20 percent. Potential variations in the NOx 


seduction efficiency of LNB + AOFA or SCR result in less than 
a 5 percent change in cost effectiveness. 



The effect of plant characteristics (retrofit factor, 
boiler size, capacity factor, and economic life) and catalyst 
life on cost effectiveness and busbar cost for tangentially- 

fired boilers is shown in figure 6-69. Figure 6-70 presents 
the sensitivity of cost effectiveness to NOx emission 

characteristics (uncontrolled NOx level and NOx reduction 

efficiency for both LNB + AOFA and SCR) and heat rate. As 

shown in the figures, the reference boiler's cost 

effectiveness and busbar cost are approximately $2,450 per ton 

of NOx removed and 8.5 mills/kWh. The cost effectiveness 

values for LNB + AOFA + SCR applied to tangentially-fired 
boilers are slightly higher than on wall-fired boilers because 

of lower uncontrolled NOx levels of tangentially-fired 

boilers, although the busbar cost is lower because of the 
higher capital and O&M costs associated with.LNB + AOFA + SCR 
applied to wall-fired boilers. The sensitivity curves follow 

the same general trends as with LNB + AOFA + SCR applied to 
wall-fired boilers. 

6.5.4.3.2 Natural qas- and oil-fired boiler sensitivitv 

analvsis. The effect of plant characteristics (retrofit 

factor, boiler size, capacity factor, and economic life) and 

catalyst life on cost effectiveness and busbar cost for 

natural gas- and oil-fired wall boilers is shown in 
figure 6-71 and 6-72, respectively. Figures 6-73 and 6-74 

presents the sensitivity of cost effectiveness to NOx emission 

characteristics (uncontrolled NOx level and NOx reduction 
efficiency for both LNB + AOFA and SCR) and heat rate. As 

shown in figures 6-71 and 6-72, the natural gas-fired 

1 reference boiler's cost effectiveness and busbar cost are 
approximately $1,900 per ton of NOx removed and 4.8 mills/kWh 

l 

and the oil-fired reference boilers cost effectiveness and I 

busbar cost are approximately $2,200 per ton of NOx removed I 

and 5.6 mills/kWh. The cost effectiveness values and busbar I 
costs for LNB + AOFA + SCR applied to natural gas-fired 
boilers are lower than for oil-fired boilers because of the 

smaller catalyst volumes on natural gas boilers. Similarly, 
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Figure 6-69. Impact of plant characteristics on LNB + AOFA + SCR cost effectiveness 
and busbar cost for coal-fired tangential boilers, 
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Figure 6-70. Impact of NO, emission characteristics and heat rate on LNB + AOFA + SCR 
cost effectiveness for coal-fired tangential boilers. 



20.35 

110. RuIuction-LdlB+M?A - 508 
WOx Rutuctton-SCR - I S 8  

17.81 

15.26 2 
L 
\ 

12.72 

Q
rl
4 
a-

10.10 
%8 
u 
a 
P 
m 

7.63 

5.09 

2 - 5 1  

Retrofit  Factor 1.0 1.1 1.2 1.3 1 . 4  1-5 . 1.6 
Cstalyet L f f e  ( y r )  3.0 4.0 5.0 6.0 7 .0  8.0 9 .O 

Boiler Size (MW) 100 200 300 400 500 600 700 
CapacityPactor ( 8  10 20 30 4 0  50 60 70 

BconomicIife (yr)  5 10 15 20  25 30 35 

-1 ~ e t r d fit Factor+Capacity Factor 

~ a t a l y ' 8 t  Life 

&xmomic Life 

A Boiler Size  I 
I 

Figure 6-71. Impact of plant characteristics on LNB + AOFA + SCR cost effectiveness 
and busbar cost for natural gas-fired wall boilers. 
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Figure 6-72. Impact of plant characteristics on LNB + AOFA + SCR cost effectiveness 
and busbar cost for oil-fired wall boilers. 
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Figure 6-73. Impact of NO, emission characteristics and heat rate on LNB + AOFA + SCR 
cost effectiveness for natural-gas-fired wall boilers. 
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Figure 6-74. Impact of NO, emission characteristics and heat rate on LNB + AOFA + SCR 
cost effectiveness for oil-fired wall boilers. 




cost effectiveness values for LNB + AOFA + SCR applied to 
natural gas- and oil-fired wall boilers are slightly higher 
than on coal-fired wall boilers because of lower uncontrolled 

NOx levels of natural gas- and oil-fired boilers, although the 
busbar cost is lower because of the smaller catalyst volumes 
and longer catalyst life associated with SCR applied to 

natural gas- and oil-fired boilers. The sensitivity curves 

I follow the same general trends as with LNB + AOFA + SCR 

I applied to coal-fired wall boilers. 
The effect of plant characteristics (retrofit factor, 

boiler size, capacity factor, and economic life) and catalyst 

life on cost effectiveness and busbar cost for tangentially- 

fired boilers is shown in figures 6-75 and 6-76. Figures 6-77 
and 6-78 present the sensitivity of cost effectiveness to NO, 

emission characteristics (uncontrolled NOx level and NOx 

reduction efficiency for both LNB + AOFA and SCR) and heat 
rate. As shown in figures 6-76 and 6-78,the natural gas-

fired reference boiler's cost effectiveness and busbar cost 

are approximately $2,600per ton of NOx removed and . 
3.9 mills/kWh and the oil-fired reference boilers cost 

effectiveness and busbar cost are approximately $3,000 per ton 
of NOx removed and 4.6 mills/kWh. The cost effectiveness 
value and busbar costs for LNB + AOFA + SCR applied to natural 
gas-fired boilers are lower than for oil-fired boilers because 

of the smaller catalyst volumes on natural gas boilers. 
Similarly, cost effectiveness values for LNB + AOFA + SCR 
applied to natural gas- and oil-fired tangential boilers are 
slightly higher than on coal-fired wall boilers because of 
lower uncontrolled NOx levels of natural gas- and oil-fired 
boilers, although the busbax cost is lower because of the 
smaller catalyst volumes and longer catalyst life associated 
with SCR applied to natural gas- and oil-fired boilers. The 
sensitivity curves follow the same general trends as with LNB 
+ AOFA + SCR applied to coal-fired wall boilers. 
Tangentially-fired boilers are slightly higher than on wall-

I fired boilers because of lower uncontrolled NOx levels of 
I 
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Figure 6 - 7 5 .  Impact of plant characteristics on L N 3  + AOFA + SCR cost effectiveness 
and busbar cost for natural gas-fired tangential boilers. 
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Figure 6-76. Impact of plant characteristics on LNB + AOFA + SCR cost effectiveness 
and busbar cost for oil-fired tangential boilers. 
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Figure 6-78 .  Impact of NOx emission characteristics and heat rate on LNB + AOFA + SCR 
cost effectiveness for oil-fired tangential boilers. 
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tangentially-fired boilers, although the busbar cost is lower 


because of the higher capital and O W  costs associated with 

LNB + AOFA + SCR applied to wall-fired boilers. The 
sensitivity curves follow the same general trends as with 


LNB + AOFA + SCR applied to wall-fired boilers. 
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7.0 ENVIRONMENTAL AND ENERGY IMPACTS OF NOx CONTROLS 


This chapter presents the reported effects of combustion 


modifications and flue gas treatment controls on boiler 


performance and secondary emissions from new and retrofit 


fossil fuel-fired utility boilers. Since most of these 


effects are not routinely measured by utilities, there are 


limited data available to correlate boiler performance and 


secondary emissions with nitrogen oxides (NO,) emissions or 


NOx reduction. These effects are combustion-related and 


depend upon unit-specific factors such as furnace type and 


design, fuel type, and operating practices and restraints. As 

a result, the data in this chapter should be viewed as general 


information on the potential effects of NOx controls, rather 


than a prediction of effects for specific boiler types. 


The effects of combustion controls on coal-fired boilers, 


both new and retrofit applications, are given in section 7.1. 


The effects of combustion controls on natural gas- and oil-


fired boilers are presented in section 7.2. The effects of 


flue gas treatment controls on conventional and fluidized bed 


combustion (FBC) boilers are given in section 7.3. 


7.1 EFFECTS FROM COMBUSTION CONTROLS ON COAL-FIRED UTILITY 


BOILERS 


Combustion NOx controls suppress both thermal and fuel 


NOx formation by reducing the peak flame temperature and by 


delaying mixing of fuel with the combustion air. This can 


result in a decrease of boiler efficiency and must be 


considered during the design of a NOx control system for any 

new or retrofit application. 




In coal-fired boilers, an increase in unburned carbon 


(UBC) indicates incomplete combustion and results in a 

reduction of boiler e£ficiency. The UBC can also change the 
properties of the fly ash and may affect the performance of 


the electrostatic precipitator. Higher UBC levels may make 

the flyash unsalable, thus increasing ash disposal costs for 

plants that currently sell the flyash to cement producers. 


Other combustion efficiency indicators are carbon 


monoxide (CO) and total hydrocarbon (THC)emissions. An 


increase in CO emissions also signals incomplete combustion 

and can reduce boiler efficiency. Emissions of THC from coal-


fired boilers are usually low and are rarely measured. 

7.1.1 Retrofit Amlications 


7.1.1.1 1.
The results from 


combustion modifications on coal-fired boilers are presented 


in table 7-1. Carbon monoxide emissions are presented for 


burners-out-of-service(BOOS), advanced overfire air (AOFA), 


l o w  NOx burners (LNB) ,  LNB + AOFA, and reburn. For several of 
these applications, the data show increased CO emissions with 


retrofit combustion controls. For other units, however, the 

CO levels after application of controls were equal to or less 


than the initial levels. 

For the only reported BOOS application, the CO emissions 


increased from 357 parts per million (pprn) to 392-608 ppm. 

The corresponding NOx reduction was 30 to 33 percent. 

While there were four units mentioned in section 5.1.2.3 


that have NOx emission data from retrofit AOFA, only one unit 


(Hammond 4 )  had corresponding CO emissions data. This unit is 

an opposed-wall unit firing bituminous coal. Data are 


presented for different loads prior to and after the retrofit 


of an AOFA system. The CO levels prior to the retrofit of 

AOFA range from 20 to 100 ppm over the load range. With the 


AOFA system, the CO levels decreased to an average of 15 ppm 

across the load range. The NOx reduction was 10 to 25 percent 


across the load range. These data indicate a large decrease 


in CO; however, the CO levels were not routinely monitored 
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TABLE 7-1. SUMMARY OF CARBON MONOXIDE EMISSIONS FROM COAL-FIRED BOILERS 
WITH COMBUSTION NOx CONTROLS 


Carbon monoxide 
Rated Control (ppr) WOK

Unit capacity typeC Capacity reduction 
U t i l i t y  (MI, [vendorld tested Uncontrolled Control (XI Reference:3 

OPERATIONAL FHW)IFICATIONS, BITUHIHOUS COAL 

Gulf Power Co. Crist 7 Wall 500 BOOS 85 357 392-608 30-33 1 
(Pre)  

OVERFIRE I I R ,  BITUMINOUS COAL 

Georgia Power Hwrmand 4 Val l 500 AOFA 100 100 15 25 2*3 
Co. C P r d  (FU) 80 30 15 * -

60 20 15 10 

LOU 110, BURNERS, BITUMINOUS COAL 

4 Gulf Power Co. Lansing Smith 2 Tan 190 -,- LHCFS I 95 12 15 42 4,s 
I (Pre)  (ABB-CE) 71 15 10 39 

W 60 15 20 34 

Ohio Edison Co. Edgewater 4 
( P r e l  

Tennessee 
Valley 
Authority 

Board of Pub[ i c  Qufndero 2 
U t i l i t i e s  (Pre) 

Alabama Power Wel t 272 XCL 100 40 60 50 1 0 , l l  
Co. (8W) 68 50 46  

50 43 

Georgia Power Wal l 500500 W/SF 100100 1 100100 8 45 2.3.1245 2.3.12Wall 1 I ?/:/ I 1 : 1 - - 1Co. (FU) 80 3080 30 8 
60 20 8 50 

Dayton Power 8 JM Stuert 4 Cell 610 LHCB 100 26 35 55 
Light Co. (Pre )  ( B W  75 17 28 54 

. - 5 6  20 10 47 

13 
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TABLE 7-1. SUMPlARY OF CARBON MONOXIDE EMISSIONS FROM COAL-FIRED BOILERS 
WITH COMBUSTION NOx CONTROLS (CONTINUED) 

I I I I I I ICarbon mnnox ide 

LOU mrO,BURNERS, SUBBITUMIFIOVS COAL 

Board of Public Buindero 2 Val 1 137 RO-I1 80 - - 70 - - 9 
Utilities (Pre) CABB-CE) 70 - - 70 - - 

55 - * 50 -* 

Arizona Public Four Corners 4 Wall 8t8 CF/SF 105 53 86 57 14 
Service Co. ( ~ r e l  ( F W  69 35 33 29 

49 30 41 6 

Arizona Public Four Corners 5 Mall 818 CF/SF 93 - - ~ 5 0  50 t 4  
Service. Co. (Pre) (FW) 

LOU MO, BURNERS + OVERFIRE A I R ,  BITUMINOUS COAL 

4 Publ i c  Service Velmont 5 Tan 165 LNCFS I 1  91 <30 (30 52 15 
I CO. of CO (Pre) (ABB-CE) 75 - - -- 26 
tP 50 - - - - 27 

GulfPolrerCo. LansingSmith2 Tan 7 0 0  LHCFS I 1  95 12 28 39 4,5,10 
re) (ABB-CE) 71 15 22 35 

60 15 20 30 

Public Service Cherokee 4 Tan 350 LWCFS 1 I 100 4 0  (30 46 16 
CO. of co (Pre) MBB-CE) 71 31 

45 - - * - 35 

Gulf Power Co. Lansing Smith 2 Tan 190 LNCFS I11 95 12 45 48 4,5,10 
(Pre) (ABB-CEI 71 1s 25 47 

60 15 22 39 

Ohio Edison Co. Samnis 6 Wall 630 DRB-XCL 100 17.4-25.8 225-670 17 
re) (BSU) 55 31.8 55 

Pub1i c  Service Arapahoe 4 Roof 100 ORB-XCL + 100 48 38 66 18 
GO. of co (Pre) OFA 80 42 21 71 

(BBW) 60 39 12 63 
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TABLE 7-1. SUMMARY OF CARBON MONOXIDE EMISSIONS FROM COAL-FIRED BOILERS 

WITH COMBUSTION NOx CONTROLS (CONCLUDED) 


Carbon monoxide 
Rated Control (PPn) MOx 

U n i t  Unifi capacity typec Capacit y  reduct ion 
U t i l i t y  ( ~ t a n d a r d ) ~  type (MU) (vedor>d tested Uncontr o l  led (%) Reference 

REBURH, BITUHIMWS COAL 

l l l i n o i s  Power Uennepin 1 Ten 75 I MGR I 100 I 2 1' 2 I 63 79-20 
Co. (Prel (EERC) 

Uisconsfn Power Nelson Deney 2 Cyc 114 Coal Reburn 100 60-70 90-1 f O  53 21 
and Light  Co. [Pre) (BRW 75 40-70 80-tOO 50I I 50 80-94 80-100 36 

Ohio Edison Co. Nfles 1 125 WGR 100 25-50 312 47 22 

a~tandard: Pre a Pre-HSPS 

h i t  Type: Cell = Celt Burner; Cyc = Cyclone; Roof = Roof - fired; tan = tangential l y - f  ired; and Wall = Wall - f i red.  

c ~ o n t r o l  Type: AOFA = Advanced Overf i r e  Air; BOOS = Burners-out-of -service; CF/SF = Control led  Flow/Split Flame LNB; DRB-ICL = Duel Register Axial 
Control LNB; IFS = Internal Fuel Staged LHB; LNCB = Low HO, Celt Burner; LNCFS, I,11, I 1  = Low NOx Concentric F i r ing  System, Level I, 11, 111; 
NGR = HaturaI Gas Reburn; OFA = Overf i r e  Air; RO-I l = RO- IILHB; SI = Sorbent In ject ion fo r  Sulfur D toxide Control; and XCL = Axial Control led LNB. 

- - = data not aveilable. 



prior to the retrofit and the decrease may be attributable to 

plant operating personnel taking action to reduce CO emissions 


after the retrofit. 2 


For the one tangential boiler with retrofit LNB (Lansing 


Smith 21, the uncontrolled CO emissions were 12 to 15 pprn 


while the CO emissions were 10 to 20 pprn with the Low NOx 


Concentric Firing System (LNCFS) Level I which incorporates 


close-coupled OFA (CCOFA) . The corresponding NOx reduction 

was 34 to 42 percent across the load range. 

For all but two of the wall-fired boilers firing 

bituminous coal with LNB, the reported uncontrolled CO 


emissions were 100 pprn or less and the controlled CO emissions 


were 60 pprn or less. However, for Edgewater 4, the CO 


increased from 16 pprn up to 100 to 170 pprn following retrofit 

of LNB. At reduced load, Quindaro 2 reported a CO level of 


95 pprn with LNB. The CO level without LNB was not reported. 

The largest decrease in CO emissions was at the Hammond 4 

unit. However, as previously discussed, the CO level was not 


routinely measured prior to the retrofit and the decrease may 

be attributable to plant operating personnel taking action to 


reduce the CO emissions after the retrofit. For the one cell-

fired unit, J.M. Stuart 4, the CO emissions with LNB were 

slightly higher than uncontrolled levels at full-load and 


intermediate load. The CO emissions were less with LNB at low 


load. The corresponding NOx reductions ranged from 47 to 

55 percent. 

The Four Corners 4 unit, which converted from cell firing 

to an oppoaed-wall circular firing configuration, showed a 

small increase in CO emissions with LNB when firing 

subbituminous coal. The corresponding NOx reduction for Four 

Corners 4 ranged from 6 to 57 percent across the load range. 

Quindaro 2 was also tested on subbituminous coal and the CO 

ranged from 50-70 pprn across the load range. 




There are four applications of LNB and AOFA on tangential 


boilers shown in table 7-1. The LNB represented are the LNCFS 

Levels I1 and 111 which incorporates separated OFA (SOFA) and 


a combination of SOFA and CCOFA, respectively. Three of these 


units (Valmont 5, Lansing Smith 2, and Cherokee 4) have the 


LNCFS I1 technology. For these units, the CO emissions for 


both uncontrolled and controlled conditions were less than 


30 ppm. For the one unit employing LNCFS I11 technology 


(Lansing Smith 2 ) ,  the CO emissions increased from 

uncontrolled levels of 12 to 15 pprn up to controlled levels of 


2 2  to 45 ppm. 

One wall-fired boiler, Sammis 6, was originally a cell-


fired boiler and was retrofitted with LNB + OFA. At full- 

load, the CO increased to more than 225 pprn from baseline 


levels of 17-25 ppm. At reduced load, the CO also increased 


almost two-fold to 55 ppm. The reason for the large in CO at 


full-load was not reported. The NOx reduction was 


approximately 65 percent. The one roof-fired boiler, 


Arapahoe 4, reported decreases in CO and ranged from 12-38 pprn 


with LNB + OFA. The NOx reduction ranged from 63-71 percent 

across the load range. 


For the tangentially-fired unit (Hennepin 1) with 


retrofit reburn, the CO emissions for both uncontrolled and 


controlled conditions were 2 ppm. Carbon monoxide data from 

two cyclone units with reburn are also given in table 7-1. 


One unit (Nelson Dewey 21, uses pulverized coal as the reburn 

fuel while the other unit (Niles l), uses natural gas as the 


reburn fuel. The CO emissions for the cyclone boilers 


increased with the reburn system. For Nelson Dewey 2, the CO 


emissions were 60 to 94 pprn without reburn and 80 to 110 pprn 


with reburn. The corresponding NOx reduction was 36 to 


53 percent across the load range. For Niles 1, the CO 


emissions increased greatly from 25 to 50 to 312 pprn at full 


load. At lower loads, the CO emissions were still at elevated 


levels of 50 to 214 ppm. The corresponding NOx reduction was 

36 to 47 percent. 
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To summarize, the CO emissions may increase with retrofit 

combustion modifications. However, as shown in table 7-1, 

with few exceptions, the CO emissions were usually less than 

100 ppm with retrofit combustion controls. 


7.1.1.2 Unburned Carbon Emissions and Boiler Efficiency. 


Table 7-2 presents UBC and boiler efficiency data from 18 

applications of retrofit combustion NO, controls on coal-fired 

boilers. For Hammond 4 ,  the AOFA resulted in an increase of 
UBC two or three times the uncontrolled level. Uncontrolled 

levels of UBC at Hammond 4 ranged from 2.3 percent at low load 

to 5.2 percent at full load. With the AOFA, the UBC levels 

increased to 7.1 percent at low load and 9.6 percent at full 
load. The boiler efficiency at low load decreased by 

0.7 percentage points and by 0.4 percentage points at full 

load. The corresponding NOx reduction with AOFA was 


10 percent at low load and 25 percent at full load. 

For the tangential unit with LNCFS I technology, an sing 


Smith 2, the UBC levels range from 4.0 to 5.0 percent without 

LNB and 4.0 to 5.3 percent with LNB. The boiler efficiency 


with LNB decreased $lightly to 89.6 percent. 

The UBC from all of the wall-fired boilers increased with 

the retrofit of LNB and LNB with OFA. For Edgewater 4 ,  the 

uncontrolled UBC levels increased from 2.7 to 3.2 percent to 

6.6 to 9.0 percent with the LNB. The corresponding NOx 


reduction was 39 to 43 percent across the load range. The 


boiler efficiency decreased by 1.3 percentages points at full 


load with the LNB, 

For Gaston 2, the UBC increased from 5.3 to 6.3 percent 

at low load and 7.4 to 10.3 percent at full load. The 


corresponding NOx reduction at Gaston 2 ranged from 43 to 


50 percent across the  load range. g oiler efficiency data were 

not available for this unit. For Hammond 4, the UBC increased 
from 2.3 t o  5.8 percent at low load and 5.2 to 8.0 percent at 
full load with LNB. Increased UBC levels such as these could 
limit the sale of fly ash to cement producers that typically 

require UBC levels of 5 percent or less. The corresponding 
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TABLE 7-2. SUMMARY OF UNBURNED CARBON AND BOILER EFFICIENCY DATA FROM 

COAL-FIRED BOILERS WITH COMBUSTION NOx CONTROLS 


Unburned carbon Boi l e r  ef f ic iency 
(X I  (%I 

Rated Controt Uncon- Uncon- NOx 
Unlt mifi c a p c i t y  typeC Capc i t y  t r o l  led Control t r o t  led  Control reduction 

U t i l i t y  (standardla type (MU) (vendor)d tested ( X )  Reference 

OVERFIRE AIR, BfTlMINOUS COAL 

'Georgia Hamnand 4 Ual l  500 AOFA 100 5.2 9.6 89.5 89.1 25 2,3,12 
* - * - * -Power Co. (Prel <FU) 80 4.8 10.2 

60 2.3 7.1 90.0 89.3 10 

LOU NO, BURNERS, BITUMIWOUS COAL 

Ohio Edison Edgewater 4 Well 105 XCL + S I  100 2.7 6.6 88.6 87.3 39 6 
co. Wre) (BRW 78 2.7 7.6 -- -- 43 

4 63 3.2 9.0 42 
I 
U) Gulf Power Lansing Smi th  2 tan 200 LHCFS I 95 5.0 4.6 89.7 89.6 42 4,5,10 

Co. (Pre) (ABB-CE) 71 4.2 5.3 90.7 - - 39 
60 4.0 4.0 90.9 -- 34 

Alabama Gaston 2 Wall 272 XCL 100 7.4 10.3 -- - - --* 

* 50 10,ll 
Power Co. (Pre) ( B W  6a 5.7 8.3 46 

50 5.3 6.3 - - - - 43 

Georgia Hamnond 4 Wal l 500 CF/SF 100 5.2 8.0 89.5 88.1 45 2,3,12 
* - - - --Pouer Co. (Pre) (FW) 80 4.8 5 .O 

60 2.3 5.8 90.0 88.8 SO 

Dayton Jbl Stuart 4 Cett 610 LNCB 100 1.7 1.6 89.6 90.0 55 13 
Power & (Pre) (BW) 75 1.6 1.O 89.7 90.0 54- - 90.2 90.1 47Light  Co. 56 7. I 

Monogahela Pteasants 2 Uall 626 CF/SF 100 (2.5) 4.5 - * * *  53 22,23-- 3.8 - - -- .-Pouer Co. (08) (FW) 83 

LOW 110,BURNERS, SUBBITWINOUS COAL 

-- 86.6 57 14Ar izone Four Corners 4 Wall 818 CF/SF 105 0.04 0.1 - - 87.7 29Publ i c  (Pre) (FU) 69 0.04 0.1 - * 
Service Co. 49 0.03 0.1 87.6 6 



-- 
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TABLE 7 - 2 .  SUMMARY OF UNBURNED CARBON AND BOILER EFFICIENCY DATA FROM 
COAL-FIRED BOILERS WITH COMBUSTION NOx CONTROLS (CONTINUED) 


I I I I Unburned carban Bai ler  ef f ic iency 

Rated Control Uncon- Uneon-
c a p c i t y  tvpc Capacity

U d it ~ n ~ l  I N 1  ivendarld tested Reference 

LOU NO, BURNERS, SUBBITUldIUOUS COAL (CONTINUED) 

Arf zone Four Corners 5 Wall 818 CF/SF 93 - - 0.1 - - 88.0 50 14 
Pub1i c  (Pre) (FW) 
Service Co. 

LOW NOM BURHERS AND OVERFIRE AIR, BITWINOUS COAL 

P J t i c  Velmnt 5 Tan 165 LHCFS 11 91 7.9 1.4 86.6 
Service Co. W r e l  (ABB-CE) 75 1.6 7.0 --
o f  CO 50 0.4 1.O - - 

4 

I Gulf Pouer Lansing Smith 2 Tan ZOO LHCFS I 1  95 5.0 4.4 89.7 
I-L CO. (Pre) (ABB-CE) 71 4.2 3.9 90.70 60 4.0 3.9 90.9 

-*Public Cherokee 4 Tan 350 LHCFS I 1  100 2.2 2.5 - - Service Co. ( h e )  (ABB-CE) 71 ?.I 1.7 
* * of CO 45 0.3 0.6 

Gulf Power Lansing Smith 2 Tan 200 LHCFS 111 95 5 .0  6.0 89.7 
CO. (Pre) (ABB-CE 71 4.2 5 . 9  90.7 

60 4.0 6.8 90.9 

Ohio Edison S m l s  6 Wall 630 DAB-SCL + tO0 1.6- 8.0-
* -co. (Pre) OFA 2.6 9.7 

( B W  55 3.7 4.6 

LOU NO BURNERS AND OVERFIRE AIR, SUBBITWIHOUS COAL 

Kansas Lawrence 5 Tan 448 PW + OFA 100 0.4 0.3 49 2s 
Power and (Pre) (CE- IH I )  
Light Co. 

REBURN, BITUMINOUS COAL 

I l l i n o i s  Hennepin 1 Tan 75 NGR 100 2.5 f . 5  88.3 86.7 63 19,20 
Power Co. (Pre) (EERC 



- - - - 

TABLE 7 - 2 .  SUMMARY OF UNBURNED CARBON AND BOILER EFFICIENCY DATA FROM 
COAL-FIRED BOILERS WITH COMBUSTION NOx CONTROLS (CONCLUDED) 

Unburned carbon Boi l e r  ef f ic iency 
(XI  ( X )  

Rated Control Uncon- Uncon- NO,
Uni t  c a p c j t y  typeC Capacity t r o t  led Control t r o t t ed  Control reduct ion 

Ut l l f ty  ~ s t e n d a r d ) ~  tU J (W (vendor)d tested ( X )  Reference 

REBURII, 0l TUHlMOUS COAL (COHT INUED1 
1 I I I I I I 

Uisconsin Nelson Oewey 2 Cyc 114 Coal 100 4-16 15-21 
Power and (Pre) 1 8 8 ~ )  75 3-13 13-24 
Light  Co. 50 11-23 21-28 

Ohio Edison N i les  1 CYC 125 HGR 100 

%tandard: Da = Subpart Da; end Pre = Pre-HSPS 
4 
I h i t  Type: Cet l = Cel l Burner; Cye = Cyctone; Tan = Tangential; and Usl t = Ual l-f ired; 
P 


C ~ o n t r o lType: CF/SF = Controlted Flow/Sptit Flame Lou NOx Burner; IFS = Internal  Fuel Staged Low NOx Burner; LUCB = Low NOx Cel l  Burner; 
LNCFS, I, II,I I = Low NOx Concentric F i r ing  System, Level I, I I, I I I; MGR = Natural Gas Reburn; OFA = Overf ir e  Air; PM = Pot tut ion M i n i m  Burner; 
SI = Sorbent In jec t ion  for  Sulfur Oiowide Control; end XCL = Anial Control led Low HO, Burner. 

dyendors: ABB-CE = &sea Brown B o v e r i - C h s t i o n  Engineering; B&U= Babcock & W i  lcox; CE-MHI = Combustion Engineering-Hitsubishi Heavy Industries; 
EERC = Energy end Envirormental Research Corporation; and FU = Foster Wheeler. 

-- = data not available. 



NOx reductions were 50 and 4 5  percent, respectively. The 

boiler efficiency at Hammond 4 decreased from 89.5 to 


88.1 percent at full load and from 90 to 88.8 percent at low 

load. 


A t  Pleasants 2, the UBC increased from approximately 

2.5 to 4.5 percent with a NOx reduction of 53 percent. Boiler 


efficiency data were not available. The UBC level at Four 

Corners 4 increased from 0 . 0 4  to 0.1 percent due to the LNB 

across the load range. The NOx reduction achieved at this 


plant ranged from 6 percent at low load to 57 percent at full 

load. 


The effects on UBC for the tangential units with LNB and 

OFA were relatively small. For Valmont 5 with LNCFS I1 

technology, the UBC at full load decreased from 1.9 to 

1.4 percent. A t  low load, the UBC increased slightly from 

0 . 4  to 1.0 percent. The corresponding NOx reduction was 27 to 

52 percent across the load range. The boiler efficiency at 


high load decreased from 86.6 to 86.4 percent. For 


Cherokee 4 ,  the UBC increased from 2.2 to 2.5 percent at full 

load and 0.3 to 0.6 percent at low loads. The NOx reduction 


across the load range was 35 to 46 percent. 

Lansing Smith 2 reported data for both a LNCFS I1 and a 

LNCFS 111 retrofit. The UBC level decreased with the LNCFS I1 

and increased with the LNCFS 111; however, the increase in UBC 

with LNCFS 111 cannot be solely attributed to the LNB 

retrofit, but rather may have been caused by different mill 

performance levels during the testing.4.5.10 With LNCFS 11, the 

UBC decreased at full-load from 5.0 to 4 . 4  percent. A t  low 

load, the UBC decreased from 4.0 to 3.9 percent. The 

corresponding NOx reduction was 30 to 39 percent across the 


load range. The boiler efficiency decreased by 0.6 to 

0.9 percentage points with the LNCFS I1 technology. With 


LNCFS I11 technology, the UBC increased from 5.0 to 

6.0 percent at full-load and from 4.0 to 6.8 percent at low 

load. The NOx reduction across the load range was 39 to 



48 percent. The boiler efficiency decreased by 0.3 to 


0.6 percentage points. For the remaining tangential boiler, 


Lawrence 5 ,  the UBC decreased from 0.4 to 0.3 percent at 

full-load with LNB and OFA. The NOx reduction was 49 percent. 

For Sammis 6, originally a cell-fired boiler, the UBC 

increased from uncontrolled levels of 1.6-2.6 percent to 


8-9.7 percent at full-load with LNB + OFA. At reduced load, 

the UBC increased only slightly. 

There are UBC data for two of the three boilers with 

reburn as a retrofit NOx control technique. For the 


tangential boiler with natural gas reburn, Hennepin 1, the UBC 

decreased from 2.5 to 1.5 percent at full-load with a NOx 

reduction of 63 percent. The boiler efficiency decreased from 

88.3 to 86.7 percent, primarily due to the increased flue gas 


moisture content resulting from the higher hydrogen content of 

the natural gas as compared to coal. 19,ZO 


For Nelson Dewey 2, the UBC increased at all load ranges 

with the pulverized coal reburn system. At full load, the UBC 

ranged from 4 to 16 percent without reburn and 15 to 

21 percent with reburn. At low load, the UBC ranged from 11 
to 23 percent without reburn and 21 to 28 percent with the 


reburn system. The NOx reduction across the load range was 36 


to 53 percent. The boiler efficiency at full-load was 

relatively unchanged; however, at low load the boiler 


efficiency decreased from 88.5 to 87.0 percent. Niles 1 did 


not report UBC levels, but did report a decrease in boiler 
efficiency at full-load from 90.7 to 90.1 percent with reburn. 


7.1.1.3 Surmarv of Particulate Matter and Total 
Hvdrocarbon Emissions. Table 7-3 summarizes the PM and THC 


emissions from seven applications of combustion NOx controls 

on coal-fired boilers. The PM emissions at Hammond 4 


increased from 1.58 gr/scf prior to retrofit, to 1.68 gr/scf 

with AOFA and 1.96 gr/scf with LNB. The corresponding NOx 

reduction with AOFA was 25 percent and was 45 percent with 

LNB. The THC emissions for Hammond 4 were not reported. 


7-13 
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TABLE 7-3. SUMMARY OF TOTAL HYDROCARBON AND PARTICULATE MATTER DATA 

FROM COAL-FIRED BOILERS WITH COMBUSTION NOx CONTROLS 


Total hydrocarbon Part iculate matter 
Rated Control Capacity (ppn) (gr/%f) - "x 

Unit capacity . t y p 8  tested reduction ~ncon - Uncon- IUnifiVtilfty [ ~ t a n d a r d ) ~  type (IIY' t r o l l e d  Control t r o t t ed  Control (XI Reference 

OVERFIRE AIR, BITUMINOUS COAL 
1.58 1.60Georgie P o w  I H m n d  4 I Well ( Sb0 I AOFA tOO - - - - 1 .  1 I 25 1 2,3,12 

LOW WO, BURWERS, BIT~IWOUS COAL 

Georgia Power f l amnd  4 Uat I 500 CF/SF 100 - - - - 1.58 1.96 44 2,3,12 
co. (Pre) (FU) 

Dayton Power & Jld Stuart 4 Cel l  610 LHCB 100 2 1 0.067 0.031 55 13 
Light  Co. (Pre) (BSW 75 -- 0.04 0.023 54-1- - - - - --56 47 

LOU NO, BURNERS + OVERFIRE A I R  

Gulf Power Co. Lansing Tan 200 LHCFS I[ 91 - - 4 0  -- - - 45 4,5,10 
Smith 2 (ABB-CE) 

(Pre) 
LOU NO, BURNERS + OVERFIRE AIR, SUBBITUMINOUS COAL 

- - 4.0 2.7 49 25Kansas Pouer Lawrence 5 T e n  448 PH + OFA 100 -- Iand L ight  Co. (Pre) [CE-HHI 

REBURH, BITUMINOUS COAL 

l l l i n o i s  Pouer Hennepin 1 Tan 75 NGR 100 0.8 0. 032 63 19.20 
.

Co. re) (EERC) 

21Uisconsin Power Nelson WC 100 Coal 100 -- - - 0.017 0.015 53 
and Light  Dewey 2 Reburn 75 -- -- 0.014 0.014 50 

(Pre) (BRW) 50 -- - - 0.017 0.01 36 

astender& Pre = Pre-HSPS 
b n i t  ~ype :  Cel l  = Cel l  Burner, Cyc = Cyclone, Ten = Tangential, Wall = Wall-f i r ed  
c ~ o n t r o l  Type: ROFA = Advanced Overfire A i r ,  CF/SF = Controlled Flon/Split Flame Low NOx Burner, LHCB = tow NO,, Ceti Burner, LUCFS I 1  = 

Lou 80, Concentric F i r i ng  System, Level I I, NGR = Naturat Gas Reburn, OFA = Overf i r e  A i r ,  PM = Pol l u t  ion M i n i m  Burner, 
dyendors: IBB-CE = Asea Brown B w e r i  -Combustion Engineering, BSW = Babcock & U i  lcox, CE-MHI = Combustion Engineering-Mitsubishi Heavy 

I&stries, EERC = Energy and Enviromtentat Research Corporation, FU = Foster Uheeler 
-- = data not available. 



For J.M. Stuart 4, the THC emissions at full load were 

2 ppm without LNB and 1 ppm with LNB. The PM emissions 

decreased from 0.067 to 0.031 gr/scf with LNB at full-load and 

decreased from 0.04 to 0.023 gr/scf at 75 percent load. The 


corresponding NOx reduction was 54 to 55 percent. Lansing 


Smith 2 reported THC emissions of less than 10 ppm with the 


LNCFS 11 technology. 


There are no THC data reported fox reburn technology; 
however, the PM emissions for Nelson Dewey 2 decreased from 


0.017 to 0.015 gr/scf at high load and from 0.017 to 


0.01 gr/scf at low load. The corresponding NOx reduction was 


36 to 53 percent across the load range. 


7.1.2 pew Aa~lications 


Table 7-4 presents a summary of CO, UBC, and PM emissions 

from nine new units subject to the subpart Da standards. 

These boilers have either LNB or LNB and OFA as original 

equipment. The CO emissions for one wall-fired boiler with 


LNB were reported to be less than 50 ppm. Three applications 

of LNB and OFA on tangential boilers had CO emissions of 39 to 

59 ppm. 


The UBC for new units with LNB was in the range of 1.1 to 

6.1 percent on boilers firing bituminous coal which is similar 


to the UBC from retrofit applications. The UBC was in the 
range of approximately 0.01 to 1 percent for boilers with LNB 

and OFA firing either subbituminous or lignite coal. 


The PM emissions from the new boilers with LNB were l e s s  

than 0.02 lb/MMBtu. The low PM emissions are expected since 

these units are subject to the subpart ~a standards and would 

be equipped with high efficiency particulate control devices. 


The corresponding NOx emissions from the boilers with LNB 

range from 0.33 to 0.52 lb/MMBtu with LNB and 0.35 to 

0.48 lb/MMBtu with LNB and OFA at full load. 



- - 
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TABLE 7 - 4 .  SUMMARY OF CARBON MONOXIDE, UNBURNED CARBON, AND PARTICULATE 'MATTER 
DATA FROM MEW COAL-FIRED UNITS WITH COMBUSTION NOx CONTROLS 

Uni t  Unifi 
Rated 

capacity 
Control 
t+ 

Capacity 
tested 

Carbon 
mnoxide 

Unburned 
carbon 

Part icutate 
matter 

NO* 
emiss~ons 

U t i l i t y  standard)^ type W )  (vendor)d ( x )  (PPn) (%I (lb/MMBtu) (lb/HMBtu) Reference 

LOW NOx BURHERS, BITUMINOUS COAL 

Bat t imore Gas & Brandon Shores ? Wal 260 0-R 100 6.1 0.022 0.50 26 
E lec t r i c  (Da) - (88W) 

Baltimore Gas & Brandon Shores 2 Wall 260 0-R 100 4.7 0.031 0.52 26 
E lec t r ic  (Da) (BSU) 

Utah Power & Hmter 3 We1l 430 0-R 100 2-5 0.009 0.39 27 
Light  (08) (B W  

- -Cincinnati Gas & Zimner 1 Well 1300 D-R 100 2 0.005 0.4 28 
E lec t r ic  (Da) ( B W  

Los Angetes lntermuntain 2 Watt 900 D-R 94 e50 1.1 0.005 0.33 29 
Dept. of Water & (Da) (B W  
Power 

LOW NO, BURNERS + OVERFIRE AIR, SUlBlTUMlNOUS COAL 

Muscatine Power Museatine 9 Tan 161 LNB + OFA 100 1 .07 0.38 30 
8 Uater (Da) (ABB-CE) 70 

40 
0.22 
0.37 

0.44 
0.66 

Houston Light ing 
& Power 

U.1 .  Parrish 8 
(Da) 

Tan 615 LHB+OFA 
(ABB-CE) 

98 59 <O.O? . 0.35 31 

LOU NO, BURHERS + OVERFIRE AIR, LIGNITE COAL 

Houston Lightfng Limestone 1 Tan 810 LOB + OFA 100 39 0.01 0.48 32 
& Power (Dal (ADD-CE) 

Houston Light ing Limestone 2 Tan 810 LHB + OF1 97 53 <O.Of 0.46 33 
& Power (D8) [ABB-CE) 

a~tandard: Slibpart Da 
k n i t  Type: Tan = Tangential-fired, Wall = Wal l - f i red 
C ~ a n t r o t  Type: 0-R = Dual Register Low UO Burner, tN8 + OFA = Low NOx burner and Overf i r e  A i r  
%"dm: ABB-CE = Asea Brom Boverl - cadust ion  Engineering, B&U = Babcock and Uilcox 
-- = data not available. 



7.2 EFFECTS FROM COMBUSTION CONTROLS ON NATURAL GAS- AND 
OIL-FIRED BOILERS 


Carbon monoxide emissions from three natural gas-fired 

boilers with operational controls are given in table 7-5. 

Data from the two Broadway units show decreases in CO 

emissions with bias firing. The uncontrolled CO emissions 


ranged from 40 to 150 pprn across the load range while 

controlled CO emissions ranged from 15 to 50 ppm. The 


corresponding NOx emissions were 14 to 30 percent across the 

load range. The reduction was attributed to the CO formed in 


the fuel-rich lower burners being completely burned out as it 

passed through the fuel-lean upper zone. 


For the South Bay Unit I, BOOS increased the CO emissions 

from 200 to 4,000 pprn at full load while bias firing reduced 

the CO to less than 50 pprn at full load. Similar increases in 

CO were also seen at lower loads with BOOS. The extreme level 

of CO with BOOS may be the result of poor air/fuel 

distribution which is exaggerated with BOOS.35 

For the flue gas recirculation (FGR) test results, on a 
natural gas-fired boiler, the CO increased across the load 


range. At full-load, the CO increased from 97 pprn up to 


163 pprn with NOx reductions of approximately 30 percent, A t  

half-load,the CO increased from 82 pprn up to 112 pprn with NO4 

reductions of 35 percent. 


For two oil-fired boilers (Port Everglades 3 and 4 ) ,  the 
CO emissions decreased to less than 3 pprn with LNB. The NOx 


reduction for these two boilers was 29 to 35 percent. The 


same large decrease in CO emissions were seen at the same 

units when firing natural gas. 


With the natural gas-firing at the Alamitos 6 unit, the 

range of uncontrolled CO emissions were 117 to 156 ppm while 

the range of CO emissions were 151 to 220 pprn with retrofit 

LNB. The NOx reduction was 42 to 65 percent. The CO 
emissions at the oil-fired unit, Salem Harbor 4 ,  were 73 pprn 
with LNB. 




TABLE 7 - 5 .  SUMMARY OF CARBON MONOXIDE DATA FROM NATURAL GAS- AND 
OIL-FIRED BOILERS WITH COMBUSTION NOx CONTROLS 


Carbon mona~ide 
Rated Control Cspaci t y  (ppn) won 

Unit Unit capacity twa tested reduction 
U t i l i t y  (standardla type (MU) (wndorlb ( 1  Uncontrolled Controt ( x )  Reference 

OPERATIONAL CONTROLS, HATURAL GAS 
I I I I I 

Sen Diego Gas & i BOOS 
E lec t r i c  Co. 

San Diego Gas 8 I.South Bay f ( Y e l l  ( 153 1 BIAS 
E lec t r ic  Co. (Pre) 

4 FLUE GAS RECIRCULATION, NATURAL GAS 
I 

Southern Cal i fornia Etiwarda 3 Tan. 320 FGR 97 . 97 163 29 36 
Edison (Pre) 82 300 184 33 

67 149 165 38 
52 82 112 35 
37 22 136 29 

Flor ida Power & L ight  
Everglades 3 (Todd) 

Florida Power & L ight  port  Wall 
Everglades 4 

(Pre) 

New Engtand Pouer S a l m p r b o r  Wall 
Service CO. I I 

LDW NO, BURNERS, NATURAL GAS 

Flor ida Power & L ight  Port Wall 400 LNB 96 161 1.7 2.3 37 
Everglades 3 ( T O W  

(Pre) 



- - 

- - 

- - 
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TABLE 7 - 5 .  SUMMARY OF CARBON MONOXIDE DATA FROM NATURAL GAS- AND 
OIL-FIRED BOILERS WITH COMBUSTION NOx CONTROLS (CONCLUDED) 


Carbon monoxide 
Rated Control Capacit y  (ppn) HOx 

Uni t  Unit eapaci t y  tYPa tested reduction 
U t i l i t y  (standerd)8 type (MU) (vendor ) (#) Uncontrolled Reference 

LOW NO, BURNERS, NATURAL GAS 

FlorIda Power & L lght  Port Wall 400 LNB 96 270 6.9 34 37 
Everglades 4 

(Pre) 

Southern Cel i f o rn ia  Alamitos 6 Wall 460 LHB 95 156 220 42 39 
Edison re) (Todd) 77 

54 
117 
133 

160 
151 

65 
58 

- COMBINED CONTROLS, HATURAL GClS 
I I I I 

Pac i f i c  Gas and Pittsburg 7 Tan 745 OFA + FGR 100 - - 26 89 
50 -- 21 86Elec t r i c  Co. (Local 
30 -- 17 87 

Pacf f i c  Gas and Pittsburg 6 w01i 330 OFA + FGR 100 .- . 228 62 
SO -- 27 66Elec t r i c  Co. Ctocal) 
32 - - - 63 SO 

Pecif ic Gas and Contre Costa Walt 345 OF4 + FGR 100 - - 833 65 

Elec t r i c  Co. 6 so -- 361 6 

(Locat 1 25 - 49 0 

Southern Cal i fornia Redondo 8 Wall 480 BOOS + FGR + OFA 100 .I 00 90 
Edison (Pre) 75 750 60 

33 0 0 

Pac i f i c  Gas and Moss Landng Wet1 E D  OFA + FGR 100 -- 108 92 

Elec t r i c  Co. 7 80 -- 11 95 

(tocat) 60 8 91-
a~tandard: Local = Local area standard 

Pre = Pre-NSPS 

b~ontro!  Type:  Bias = Biased Fir ing, BOOS = Burners-Out-of-Service, FGR = Flue Gas Recirculation, OF& = Overf ire A i r ,  LHB = Lou NOx Burners 

=vendor: Todd =TcddCombustion 

- - = data not avai lab!e. 



Five natural gas-fired units reported CO emissions with 


retrofit combination controls. For the combination of OFA and 

flue gas recirculation (FGR) on four boilers, the CO emissions 


ranged from 8 to 833 ppm. The CO emissions for these boilers 


were higher at full-load conditions than at the low load- 


conditions. These boilers did not report the uncontrolled CO 

levels. For one application with BOOS, FGR, and OFA, the CO 


emissions at full-load decreased from 100 to 90 ppm. A t  

intermediate load, the CO emissions decreased greatly from 


750 to 60 ppm and at low load, CO emissions were reported to 

be zero. 


7.3 EFFECTS FROM FLUE GAS TREATMENT CONTROLS 

This section discusses the possible energy and 

environmental impacts from selective noncatalytic reduction 


(SNCR) and selective catalytic reduction (SCR) systems on 

fossil fuel utility boilers. The SNCR process involves 


injecting ammonia (NH3) or urea into high-temperature zones of 

the boiler with flue gas temperatures of approximately 930 to 


1,040 oC (1,700to 1,900 OF) . Under these conditions, the 

injected reagents can react with the NOx to produce nitrogen 

(Nz) and water. However, since the possible chemical paths 


leading to the reduction of NOx involve reaction between 


nitrogen oxide (NO) and nitrogen species, a possible byproduct 

42


of the process is nitrous oxide (NzO), a greenhouse gas. 


Recent chemical kinetic calculations and pilot-scale 

tests show that N20 can be a product of the SNCR process. 


These tests indicate that NH3 injection yielded lower N20 


levels (as a Traction of the NOx reduced) than did the urea 

injection. Injection of NH3 yielded N20 levels equal to 

4 percent of the NOx reduced, while urea injection yielded N20 
levels of 7 to 25 percent of the NOx reduced. 42 

Unreacted SNCR reagents can be emitted in the form of NH3 

slip. The NH3 slip can be emitted to the atmosphere or can be 

absorbed onto the fly ash, which could present disposal 

problems or prevent the sale of the fly ash to cement 




producers that may have upper limits of NH3-in-ash that they 


would accept. In addition, as mentioned in section 5.3.1, the 

SO3 generated when firing fuel oil or coal can react with NH3 


to form ammonium bisulfate or ammonium sulfate compounds as 

shown in figure 5-35, which can plug and corrode the air 


heater. Ammonium bisulfate has also been identified as a 

problem in baghouses after a spray dry scrubber. It has been 


reported that when the recycled scrubber residue is collected 


in the baghouse and returned to the scrubber absorber vessel 


for reinjection, the NH3 slip from the SNCR is being collected 


by the ash and concentrated during the recycle process. As a 
result, the low temperatures in the baghouse causes ammonium 


bisulfate to form on the bags and increased the pressure drop 

which eventually blinds the bags. 43 

Another potential impact is the reaction of NH3 and HC1 


to form solid ammonium chloride: 


NH3 + HC1 - - z  NH4Cl(s) (7-1) 

Ammonium chloride forms at temperatures below 110 OC (250 OF), 

which with ESP-equipped boilers can occur after the flue gases 


leave the stack. The resulting fine particulate may be 


observable as a detached plume above the stack. 

There are several energy demands associated with 


operation of a SNCR system. Injection of an agueous reagent 


into the furnace will result in a loss of energy equal to the 


energy required to vaporize the liquid. High energy injection 

systems (i.e., systems that use of a separate transport gas to 

provide the energy to mix the reagent with the flue gas) 


require the use of compressors or blowers to provide transport. 

gas. Additional minor energy losses  are associated with 

pumps, heaters, and control systems, that are part of the SNCR 

system. 


Selective catalytic reduction involves injecting NH3 into 


the boiler flue gases in the presence of a catalyst to reduce 

NOx to N2 and water. The catalyst lowers the activation 



TABLE 7-6. SUMMARY OF P0TENT;AL IMPACTS DUE TO 
SCR SYSTEMS 

Component Potential impact 

Air Heater Ammonium bisulfate fouling 
Higher exit gas temperature 
Higher leakage 
Higher steam sootblow rate 
Higher water wash rate 
Additional dampers for on-line wash 

Forced Draft Fan Higher mass flow 
Provide dilution air 
Higher horsepower consumption 

Electrostatic Higher inlet gas volume 
Precipitator Higher gas temperature 

S03/NH3 conditioning 
Higher pressure drop 
Resistivity affected 

Induced Draft 
Fan 

Flue Gas 
Desulfurization 

Stack 

Plant 

Higher mass and volumetric flow 
Higher pressure drop 

Volume increase 
Higher inlet temperature 
Increase in Hz0 evaporation 

r SO2 concentration dilution 
FGD wastewater treatment for NH3 
Mist eliminator operation critical 

Increase opacity 
Increased temperature 
Increased volume 

Net plate heat rate increase 
 educed kW 
Natural gas may be required (cold-side) 
~dditional plant complexity 

Water Treatment Treat water wash for nitrogen compounds 

Fly Ash Marketability impact 
Odor problems 



- - 

- - 
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TABLE 7 - 7 .  SUMMARY OF CARBON MONOXIDE, AMMONIA SLIP, AND NITROUS 
OXIDE EMISSIONS FROM CONVENTIONAL BOILERS WITH SNCR 

Rated Capacity Carbon Monoxide Ippn) Amnonia H i tPOUS NO,
Unft Capeci t y  Tested Reagent S l i p  Oxide Reduction 

Type Uncontrolled Control (W) (PpR) (XI  ReferenceU t t l f t y  ( ~ t a n d e r d ) ~  {MU) (m 
BITLMINWS COM 

Wisconsin E lec t r ic  Volley 4 68 100 Urea 16.4 17.3 .- - - 5gb 45 
Pouer Co. CPW 34 34 50 -- -- 56b 

FUEL OIL 

San Dlego Gas and Encina 2 110 100 Urea -- increase of 10-55 -- -- 46 
Elec t r ic  (Pre) 72 -- 60-80 ppn from 3-75 - - 42b 

uncontrolled 
t evels 

long Istand Port 185 100 Urea -- No reported 5-10 Increase 38 47 
l i g h t i n g  Co. Jefferson 3 50 increase 5-10 of  10-15 48 

(Pre) ppm 

UATURAL GAS 
4 

I San Diego Gas and Encina 2 110 100 Urea -- increase of 10-50 -- 35-5ob 46 
h) Elec t r ic  W e )  72 60-80 ppm from - - 45-5ob 
IP uncontrol Ied  

l eve1s 

Southern Cel . E l  156 111 Urea - - -- 15 -- 26 48 
Edison Co. Segrndo 1 50 - - -- 13 -- 41 

(Pre) 19 -- - - 18 -
-
-
-

40 

12 48Southern Cal. Alami tos 4 333 76 Urea 11 8 9 
Edison Co. re) 45 0 0 7 7 

27 3 11 6 14 
-- 7 - - 36 48Souther Cat. E l  342 98 Urea - - 

Edison Co. Segundo 3 42 -- --- - 12 - - 23 
re) 20 - - 17 - - 28 

Paci f ic  Gas & Horro Bay 3 345 100a A m n i a  100-200 100-200 110 4 30 49 
Elec t r ic  CO. m e )  83a 125 125 50 2 30 

Paci f ic  Ges & Morro Bay 3 345 10oa Urea 100-200 100-200 110 14 30 49 
Elec t r ic  CO. wre )  83a 100-ZOO 100-ZOO 80 6 30 

%tandard: Pre = Pre-HSPS 

Actual Molar k a t i o  of Reagent to  i n i t i a l  NO = hesutts  shown for  a normalized s t o i c h i m t r i c  r a t i o  
Sto ich imet r ic  Molar Ratio of Reagent t o  i n i t i a l  NO1 

- - = data not availeble. 



or without SNCR. However, it should be noted that for every 

mole of urea (NH2CONH2) injected there is a potential to emit 

one mole of CO if the CO bound in urea is not fully oxidized 

to C02. Typically, most of the CO in urea is oxidized to CO2. 

In NH3 based SNCR systems, there is no bound CO; therefore, 


there is no potential to emit CO from the NH3 SNCR reagent. 


Other impacts from SNCR include the NH3 slip and N2O 

emissions. The data indicates that the NH3 slip for the oil-

fired units ranged from 5 to 75 ppm. The data from Encina 2 

showed an increase of NH3 emissions as the NSR was increased. 

The data from this unit also showed an increased NOx removal 

with increasing normalized stoichiornetsic ratio (NSR) up to a 


point. At a certain point, any further increase in NSR 

results in a very small or no increase in NOx removal.45 

The NH3 slip from five urea-based SNCR applications on 

natural gas firing ranged from 6 to 110 pprn across the load 
range with NOx reductions of 7 to 50 percent. However, a test 


installation of both NH3- and urea-based SNCR at the Morro 

Bay 3 unit resulted in NH3 slip levels of 50 to 110 pprn at NOx 

reduction of 30 percent. The N 2 0  emissions ranged from 2 to 
14 ppm for two natural gas applications. 


7.3.1.2 Fluidized Bed Units. Table 7-8 summarizes CO, 


NH3 slip, and THC emissions from eight FBC boilers with NHj-

based SNCR as original equipment. The CO emissions ranged 


from 8.4 to 110 ppm. Only three FBC units reported NH3 slip 


emissions and were 28 pprn or less. All units reported THC 


data, five of which were less than 3.7 ppm. 

7.3.2 Results for SCR 


High NH3 emissions indicate a loss of catalyst activity 

or poor ammonia distribution upstream of the catalyst. A 

summary of NH3 data from three pilot and one full-scale SCR 

system are given in table 7-9. Two of the pilot units are 

coal-fired applications and one is an oil-fired application. 

At an NH3-to-NO, ratio of 0.8,the NH3 slip for the three 

pilot SCR systems ranged from less than 5 to 20 ppm. 



TABLE 7 - 8 .  SUMMARY OF CARBON MONOXIDE, AMMONIA S L I P ,  AND TOTAL HYDROCARBON 
EMISSIONS FROM FLUIDIZED BED BOILERS WITH SNCR 

Rated SNCR Carbon Total H"8 
capacity Coala Capc it y  reagent monoxide NH3 s l ip hydrocarbon emiss~ons 

U t i l i t y  Unit (MU) type tested tVpe (W) (Ppm) (pp0 ( Ib/MMBtu) Reference 

BUBBLING FWIDIZED BED 

POSDEF Power Co., Stockton A 25 Unk. MBK NH3 110 28. 12 0.033 50 
L.P. 

POSOEF Power Co., Stockton B 25 Unk. Man NH3 110 28 12 0.033 50 
L.P. 


CIRCULATING FLUIDIZED BED 

Ultrapower Rio Bravo 37 B i t  Man NH3 61.8 - - 2.1 0.075 51 
4 Constet tat  ion Jasmin 
I Operating Services 
w 
m Ut trapower Rio Bravo Paso 37 B i t  Max ""3 98 -- 2.11 0.078 51 

Constellation 
Operating Services 

- - 2.7 0.034 52Energy Systems Stockton Cogen 56 Unk Max NH7 8.4 

Pyro-Pacif i c  Mt. Poso 57 Unk Man NH3 <93 <20 ~ 2 0  - - 53 
Operating Co. Cogeneration 

Plant 

- - 3.66 0.t 54A p p l  ied Energy Barbers 203 Unk Max NH3 41 
Services Point A 

.- 3.64 0.1 54Rppl ied Energy Berbers 203 Unk Max HH3 41 
Services Point B 

r 


a ~ o a lType: B i t  = Bitminous 
Unk = Unknown 

-- = data not availabte. 



- - 

TABLE 7-9. SUMMARY OF AMMONIA SLIP FROM U. S. SELECTIVE 

CATALYTIC REDUCTION APPLICATIONS 


Ammonia NO,

SCR slip reduction NH3-to-NO, 


Utility Unit Fuel size Typea ( ~ ~ r n ) ~W b  ratiob Reference 

NY State Kintigh Coal Pilot Cold <I 80 0.8 55 
Electric 6r 1 MW el 80  0.8 

Gas 


Tennessee Shawnee Coal Pilot Hot 1-7 7 5 - 8 0  0.8 56  
Valley 1 MW 2-20 7 5 - 8 0  0.8 

Authority 


Niagara Oswego Oil Pilot Hot ~ 2 0  7 5 - 8 0  0.8 57 
4 
I Mohawk 1 MW ~ 5 0  60-80 0.8 
N 
4 Southern Huntington Oil 107 Hot 10-40C 90  58  

California Beach 2 MW 

Edison 


a w e :  Cold = Cold-side SCR (after air preheater) and Hot = Hot-side SCR (beforeair 
preheater) . 
b~esults are given for two different catalyst. 


c10 ppm during 2,000-7,000 hrs of operation, 40 ppm after 17,000hrs of operation. 



The MI3 emissions from the full-scale SCR system at 
Huntington Beach 2 ranged from 10 to 40 ppm. The design 

specifications of 10 ppm maximum were only marginally met 


during the initial period (2.000 to 7,000 hours of operation) 

and then increased with catalyst use. After 17,000 hours of 

operation, the NH3 had increased to 40 ppm. While operating 

the SCR on oil at Huntington Beach 2, the air preheater had to 

be cleaned more frequently to eliminate the ammonium bisulfate 

deposits. After 1,400 hours of operation on oil, there were 

heavy deposits of ammonium-iron sulfate in the intermediate 


zone of the air preheater. This resulted in a 50-percent 

increase in pressure drop. 58 

This demonstration of SCR at Huntington Beach 2 did not 

fully establish catalyst performance and life. However. it 

did provide a rough estimate of how often the catalyst must be 


replaced to control deposits in the air preheater at this 


facility. The catalyst life on oil was estimated to be 15,000 

hours or 2 years and 30,000 hours or 4 years on natural gas.58 

The power requirement for the SCR system at Huntington 


Beach 2 was approximately 725 kW. This represents an 

auxiliary power consumption of approximately 0.7 percent of 

full load generator output and 7 percent of minimum load 

generator output. The booster fan used to overcome the 

pressure drop across the catalyst bed consumed the majority of 

this energy. 58 





REFERENCES 


Sawyer, J. W., and E. B. Higginbotham. Combustion 

Modification NOx Controls for Utility Boilers. Vol. 11: 

Pulverized-Coal Wall-Fired Unit Field Test. 

U. S. Environmental Protection Agency. Research Triangle 

Park, N. C. Publication No. EPA 600/7-81-124b. July 

1981. Pp. 4-2 and 4 - 6 .  

Sorge, J. N. Wall-Fired Low-NO, Burner Test Results from 

the Innovative Clean Coal Technology Project at Georgia 

Power's Plant Hammond Unit 4. Presented at the 1992 EPRI 

Conference on NOx Controls for Utility Boilers. 

Cambridge, MA. July 7-9, 1992. 


Letter and attachments from Hardman, R. R., Southern 

Company Services, to Harrison, C., Hunton and Williams. 

November 9, 1992. Questionnaire response from Hammond 4. 


Hardman, R. R., Tangentially Fired Low-NO, Combustion 

System Test Results from the Innovative Clean Coal 

Technology Project at Gulf Power Company's Lansing Smith 

Unit 2. Presented at the 1992 EPRI Conference on NOx 

Controls for Utility Boilers Workshop, Cambridge, MA. 

July 7-9, 1992. 


Letter and attachments from Hardman, R. R., Southern 

Company Services, to Harrison, C., Hunton and Williams. 
November 9, 1992. Questionnaire response from Lansing 

Smith 2. 


Questionnaire response from Kanary, D., Ohio Edison 

Company. Edgewater 4. 1993. 


Letter and attachments from Riggs, R. H., Tennessee 

Valley Authority, to Harrison, C. S., Hunton and 

Williams. November 2, 1992. NOx information collection 

request - Colbert 3 and Johnsonvllle 8. 

Manaker, A. M., and R. E. Collins. Status of TVA1sNOx 

Compliance Program. Presented at the 1992 EPRI 

Conference on NOx Controls for Utility Boilers. 

Cambridge, MA. July 7-9, 1992. 


Way, K., Allen, A., and F. Franco. Results from A 

Utility-Scale Installation of ABB C-E Services RO-I1 Low 
NOx, Wall-Fired Burners. Presented at the 1993 Joint 

Symposium on Stationary Combustion NOx Control. Miami 

Beach, FL. May 23-27, 1993. 




Letter and attachments from Hardman, R. R., Southern 

Company Senrices, to Neuffer, W. J., U.S. ~nvironmental 

protection Agency. August 25, 1993. ~lternativeControl 

Technology Document Control of NOx Emissions from 

Stationary Sources - Utility Boilers. 

Letter and attachments from Hardman, R. R., Southern 

Company Services, to Harrison, C., Hunton and Williams. 

November 9, 1992. Questionnaire response from Gaston 2. 


Sorge, J. N, Hardman, R. R., Wilson, S. M., and L. L. 

Smith. The Effects of Low NOx Combustion on Unburned 

Carbon Levels in Wall-Fired Boilers. Presented at the 

1993 Joint Symposium on Stationary Combustion NOx 

Control. Miami Beach, FL. May 23-27, 1993. 


Letter and attachments from Moore, D., Dayton Power and 

Light Company, to Harrison, C., Hunton and Williams. 

November 20, 1992. Questionnaire response from 

J. M. Stuart 4. 


Questionnaire response from Allen, C., Arizona Public 

Service Company. Four Comers 3, 4, and 5. 1993. 


Questionnaire response from Fox, M., Public Sentice Co. 

of Colorado - vaimont 5. 1993. 

Questionnaire response from Fox, M., Public Service Co. 

of Colorado - Cherokee 4. 1993. 

Dresner, P. Em, Piechocki, M. A., and A. D. LaRue. Low 

NOx Combustion System Retrofit for a 630 MWe PC-Fired 
Cell Burner Unit. Presented at the 1993 Joint Symposium 

on Stationary Combustion NO, Control. Miami Beach, FL. 

May 23-27, 1993. 


Hunt T., et al. Low NOx Combustion Modifications for 

Top-Fired Boilers. Presented at the 1993 Joint Symposium 

on Stationary Combustion NOx Control. Miami Beach, FL. 
May 23-27, 1993. 


Angelo, L.C. Folsorn, et. al. Field Evaluation of Gas 

Cofiring as a*Viable Dual Fuel Strategy. Presented at 

1992 Power-Gen. Orlando, FL. November 17-19, 1992. 


Questionnaire response from Dieriex, R., Illinois Power 

Company. Hennepin 1. 1993. 


Letter and attachments from Eirschele, G., Wisconsin 

Power and Light Company, to Jordan, B. C., 

U. S. Environmental Protection Agency. March 19, 1993. 

Response to Section 114 information collection request -
Nelson Dewey 2. 




Questionnaire response from Kanary, D., Ohio Edison 

Company - Niles 1. 1993. 

Questionnaire response from inh hart , W. J., Monongahela 
Power Company. Pleasants 2. 1993. 


Letter and attachments from Cater, C.H., Allegheny Power 

Systems, to Carney, P.G., New York State Electric and Gas 
Corporation. April 13, 1992. Clean Air Act Amendments . 
of 1990, Title I - NOx Control. 

Thompson, R. E., et al. NOx Emissions Results for a Low- 

NOx PM Burner Retrofit. In Proceedings: 1989 Joint 

Symposium on Stationary Combustion NOx Control. Vol. 1. 

U. S. Environmental Protection Agency. Research Triangle 

Park, NC. Publication No. EP~/600/9-89-062a. Pp. 2-67 

through 2,-85. 

Letter and attachments from Brownell, W. F., Hunton and 

Williams, to Eddinger, J. A,, U. S. Environmental 

Protection Agency. December 18, 1992. Response to NOx 

Information request - Brandon Shore Units 1 and 2. 

Letter and attachments from Marshall, G., pacific 

Corporation, to Harrison, C. S., Hunton and Williams. 

December 14, 1992. Information collection request for 

Hunter 3. 


Letter and attachments from Huff, B. I,., Cincinnati Gas & 
Electric Company, to Harrison, C., Hunton and Williams. 

December 7 ,  1992. Response to NOx Information request -
Zimmer 1. 


Questionnaire response from Giese, J., Los Angeles Dept. 

of Water & Power. Intermountain 1 and 2. 1993. 

Letter and attachments from Scherrer, C. R., Muscatine 

Power and Water, to Kanary, D. A., Ohio Edison Company. 

December 2, 1992. Response to NOx Information Collection 

Request of November 5, 1992 - Muscatine 9. 

Questionnaire response from Smith, 3. R., Houston 
Lighting &*power Company - W. A. Parrish 8. 1993. 

Questionnaire response from Smith, J. R., Houston 

Lighting & Power 'Company - Limestone 1. 1993. 

Questionnaire response from Smith, J. R., Houston 

lighting & Power Company - Limestone 2. 1993. 

Makansi, J. Fuel biasing Lowers Emissions, Boosts 

Efficiency at Little Cost. Power. 136:82. September 

1992. 




Quartucy, G. C., et al. Application of Fuel Biasing for 
NOx Emission Reduction in Gas-Fired Utility Boilers. In 
Proceedings: 1987 Joint Symposium on Stationary Source 
Combustion NOx Control. Vol. 2. U. S. ~nvironmental 
Protection Agency. Research Triangle Park, NC. 
publication No. ~~~/600/9-88/026b. Pp. 41-1 through 
41-22. 

Mazzi, E. A., et al. Demonstration of Flue Gas 
Recirculation for NOx Control on a Natural Gas-Fired 
320 MW Tangential Boiler. Presented at the 1993 Joint 
Symposium on Stationary NOx Control. ~ i a m i  Beach, FL. 
May 23-27, 1993. 

P.rice, J. V., Kuretski, Jr., J. J., and E. S. Schindler. 
Retrofit of Low NO, Oil/Gas Burners to Two 400 MW Utility 
Boilers, and the Effects on Overall Emissions and Boiler 
Performance. In Proceedings: Power-Gen '92. Volumes 11 
and 12. Orlando, FL. November 17-19, 1992. 

Alfonso, R. F. and J. J. Marshall. An R&D Evaluation of 
Low-NO, Oil/Gas Burners for Salem Harbor and Brayton 
Point Units. Presented at the 1991 Joint Symposium on 
Stationary Combustion NOx Control. Washington, DC. 
March 25-28, 1991. 

Letter and attachment from Welsing, P. R., Southern 
California Edison Co., to Stamey-Hall, S., Radian 
Corporation. March 3, 1993. Response to information 
request--Alamitos 6 and Huntington Beach 2. 

Letter and attachments from Strehlitz, F. W., Pacific Gas 
& Electric Co., to Neuffer, W. J., U.S. Environmental 
Protection Agency. March 26, 1993. Response to 
Section 114 Information collection request--Pittsburg 6 
and 7, Contra Costa 6, Moss Landing 7, and Morro Bay 3. 

McDannel, M. D., and M. D. Escarcega. Low NOx Levels 
Achieved by Improved Combustion Modification on Two 
480 MW Gas-Fired Boilers. Presented at the 1991 Joint 
Symposium on Stationary Combustion NOx Control. 
Washington, DC. March 25-28, 1991. 

Muzio, L. J., et al. N20 Formation in Selective Non- 
Catalytic NOx Reduction Processes. Presented at the 1991 
Joint Symposium on Stationary Combustion NOx Control. 
Washington, DC. March 25-28, 1991. 

Letter and attachments from Welsh, M, A., ~lectric 
Generation Association, to Neuffer, W. J. U. S .  
~nvironmental Protection Agency. August 24, 1993. 
Comments on draft Alternative Control ~echniques 
Document. 



Robie, C. P., Ireland, P. A . ,  and J. E. ~ichanbwicz. 
Technical Feasibility and Economics of SCR NOx Control in 

Utility Applications. In Proceedings:. 1989 Joint 

Symposium on Stationary Combustion NOx Control. V o l .  2. 
U. S. Environmental Protection Agency. Research Triangle 

Park, NC. Publication No. EPA-600/9-89-062b. Pp. 6A-105 

through 6A-124. 


Nalco Fuel Tech. SNCR NOx Control emo on strati on. 

Wisconsin Electric Power Company. Valley Power Plant, 

Unit 4. March 1992. 


Mansour, M.N., et al. Full Scale Evaluation of Urea 

'Injection for NO Removal. In Proceedings: 1987 Joint 


Symposium on Stationary Combustion NOx Control. Vol. 2. 

U. S. Environmental Protection Agency. Research Triangle 

Park, NC. Publication No. ~~~/600/9-88/026b. 
Pp. 43-1 

through 43-23. 


Shore, D. E., et al. Urea SNCR Demonstration At Long 

Island Lighting Company's Port Jefferson Station, Unit 3. 

Presented at the 1993 Joint Symposium on Stationary 

Combustion NOx Control. Miami Beach, FL. May 23-27, 

1993. 


Letter and attachments from Brownell, F. W., Hunton and 

Williams, to Neuffer, W. J., U. S. Environmental 

Protection Agency. February 10, 1993. Information 

Collection Request. El Segunda 1, Alamitos 4, and 

El Segundo 3. 


Teixeira, D. P., Himes, R. M., Smith, R. A., 

Muzio, L. J., Jones, D. G., and J. Steinberger. 

Selective Noncatalytic Reduction (SNCR) Field Evaluation 

in Utility Natural Gas-Fired Boilers. Report. GRI-

92/0083. Gas Research Institute. Chicago, IL. March 

1992. 


Questionnaire response from Recor, R. A., POSDEF Power 

Co., L.P. Stockton A and B. 1993. 


Letter and attachments from Barber, D. E., Ultrapower 

Constellation Operating Services, to Jordan, B. C., 

U. S. Environmental Protection Agency. December 17, 

1992. Information Collection Request. Rio Bravo Poso 

and Rio Bravo Jasmin. 


Questionnaire Response from Hess, Tom, Stockton CoGen 

Co.. Stockton CoGen. 1993. 


Questionnaire Response from Neal, M., Pyro-Pacific 

Operating Company. Mt. Poso Cogeneration Plant. 1993. 




Letter and attachments from Cooper, T.,,AES Barbers 
Point, Inc. to Jordan, B. C., U. S. Environmental 

Protection Agency. December 23, 1992. information 

Collection Request from Barbers Point A and B. 

Janik, G I  Mechtenberg, A. Zammit, K., and E. 
Cichanowicz. Status of Post-FGR SCR Pilot Plant Tests on 

Medium Sulfur Coal at the New York State Electric and Gas 
Kintigh Station. Presented at the 1993 Joint Symposium. 

on Stationary Combustion NOx Control. Miami, FL. 

May 24-27, 1993. 


Huang, C.M., et. al. Status of SCR Pilot Plant Tests on 

High Sulfur Coal at Tennessee Valley Authority's Shawnee 

Station. Presented at.the 1993 Joint Symposium on 

Stationary Combusdtion NOx Control. Miami, FL. 
May 24-27 ,  1993. 

Guest, M., et. al. Status of SCR Pilot Plant Tests on 

High Sulfur Fuel Oil at Niagara Mohawk's Oswego Station. 
Presented at the 1993 Joint Symposium on Stationary 

Combusdtion NOx Control. Miami, FL. May 24-27, 1993. 

Southern California Edison Research Division, System 

Planning and Research Department. Selective Catalytic 

Reduction DeNOx Demonstration Test Huntington Beach 

Unit 2. Report No. 87-RD-39. June 1988. p . p .  S - 2  
through S - 5 ,  6-3 through 6-5, 7 - 6  through 7-9. 



APPENDIX A 


COSTING PROCEDURES 


A . l  Methodology 
A.2 Applied to Coal-Fired Wall Boilers 

A.3 LNB Applied to Coal-Fired Tangential Boilers 

A.4 LNB + AOFA Applied to Coal-Fired Wall Boilers 

A.5 LNB + AOFA Applied to Coal-Fired Tangential Boilers 

A.6 Natural Gas Reburn Applied to Coal-Fired Boilers 

A.7 Operational Modifications (LEA + BOOS) on Natural Gas-


and Oil-Fired Boilers 

A.8  LNB Applied to Natural Gas- and Oil-Fired Wall Boilers 

A.9 LNB (Tangentially-Fired),LNB + AOFA, and Natural Gas 


Reburn Applied to Natural Gas- and Oil-Fired Boilers 
A.10  SNCR 

A . 1 1  SCR 

A.12 Combination Controls - LNB + SNCR and INB + AOFA + SCR 

A.13 Appendix References 






I' 

I 

A . l  METHODOLOGY 

The basic methodologies used to determine NOx control cost 


and cost effectiveness are provided in this section. The 


application of this methodology to individual NOx control 


technologies is provided in sections A.2-A.11. 


A . l . l  B-

The equation to calculate basic system cost is: 


BSC = a * M W ~  ( A . 1) 

where : 

BSC = Basic system cost ($/kw) 
a = Constant derived from regression analysis 

MW = Boiler size (MW) 
b = Constant derived from regression analysis 

For a 100 MW wall coal-fired boiler retrofitting LNB, "av  and "bW 

were determined to be 220 and -0.44 (refer to section A . 2 ) ,  

respectively, the calculation is: 


BSC = 220 * 100-0'44 
= $29/kw 

A . 1 . 2  Retrofit and Indirect Cost Factors 

The equation to calculate a retrofit factor is: 


RF = 1 + (RC/BSC) (A. 2) 

where : 

RF = Retrofit factor 
RC = Retrofit cost ($/kW) 



The equation to calculate an indirect cost factor is: 


where : 

ICF = Indirect cost factor 
IC = Indirect cost ($/kW) 

For a 100 MW wall coal-fired boiler retrofitting LNB with a basic I 

system cost of $29/kW, retrofit costs of $5/kw1 and indirect I 

costs of $9/kW1 calculations of retrofit and indirect cost 

factors are: 

ICF = 1 + ($9/kW)/ ($29/kW + $5/kW) 
= 1 * 0.26 
= 1.26 

I 

~A . 1 . 3  ~ 
The equation to calculate total capital cost is: 

TCC ($/kW) = BSC * RF * 1CF ( A - 4 )  ! 

where: 

TCC = Total capital cost ($/kW) 

For a 100 MW wall coal-fired boiler retrofitting LNB with a basic 
system cost of $29/kW, an indirect cost factor of 1.3, and a 
retrofit factor of 1.3, the total capital cost is: 

TCC ($/kW)= $29/kW * 1 . 3  * 1 . 3  
= $49/kW 

A . 1 . 4  4 
Operating and maintenance (OW) costs include fixed and 



variable components. Fixed O M costs are independent of capacity 

factor and are estimated by either: 


FOEA ($/yr)= a * M W ~  

where : 

FO&M = Fixed operation & maintenance costs ($/yr) 
a = Constant derived from regression analysis 
b = Constant derived from regression analysis 

where : 

FO&M = Fixed operation & maintenance costs ($/yr) 
c = Constant derived from regression analysis 
d = Constant derived from regression analysis 

Variable O&M (VO&M) cost equations are specific for each 

technology. For more information on these equations, refer to 

each technologyls section in this appendix. 

A . 1 . 5  Busbar Costs 

The equation for calculating busbar costs is: 


Busbar mills - (ACC + FOkM + VOW) * 1000 mills/$ (A.7) 

Cost AEO
[ h ] -



Supporting equations include: 


ACC ($/yr) = TCC * MW * CRF * 1000 

where : 

ACC = Annualized capital costs ($/yr) 
CRF = Capital Recovery Factor 
1000 = Factor to convert MW to KW 

CRF = i (1 + i)" / [ (1 + i )n-11 

where : 

i = Interest rate (decimal fraction) 
n = Economic life of the equipment (years) 

Assuming an interest rate of 0.10 and a economic life of 


20 years: 


With a total capital requirement of $49/kWl a capital 

recovery factor of 0.12, annualized capital costs would be: 


where : 

AEO = Annual electrical output (kWh/yr) 
CF = Average Annual Capacity Factor (decimal fraction) 

8 , 7 8 0 , 0 0 0  = Factor t o  convert MW-yr to kWh i 



For a 100 MW wall coal-fired boiler retrofitting LNB with 

annualized capital costs of $588,000 per year, negligible 

O W  costs, and a capacity factor of 0 . 1 0 ,  the busbar cost  

is: 


Busbar Cost E:is]
= ( ($188.OOO/yr 1 0 )* 0 0 i s / ( 100 Mw * 
. . 

0 . 1 0  * 8 , 7 6 0 , 0 0 0 )  

A . 1 . 6  Cost Effectiveness 

The equation for calculating cost effectiveness is: 


where : 

CE = Cost effectiveness ($/ton) 
Tons NO, = Tons NOx removed (tons/yr) 

Tons NO, = UncNO, *NO, Reduction *HR *MW * CF * 0.00438 (A . 1 2 )  

UncNOx = Uncontrolled NOx emission rate ( l b / ~ ~ t u )  

NOx Reduction = NOx control performance (decimal fraction) 
HR = Boiler net heat rate (Btu/kWh) 

0.00438 = factor to convert lb NOx/kWh to tons NOx/MW-yr 

For a 100  MW wall coal-fired boiler retrofitting L m  with a 

baseline NOx level of 0.9 lb/MBtu, a heat rate of 1 2 , 5 0 0  ~tu/kWh, 

and a NOx reduction of 40  percent, the tons of NOx removed per 

year are: 

Tons NOx = 0 . 9 0  lb/MBtu * 0 . 4 0  * 1 2 . 5 0 0  ~ t u / k ~ h* 
100 MW * 0 . 4 0  * 0.00438 

= 788 tons NO,/yr 



With annualized capital costs of $588,000 per year and negligible 

O&M costs, the cost effectiveness is: 

CE = ($588,00O/yr + 0 1 / 7 8 8  tons NOx /yr 

= $745/tons of NO^ removed 



A . 2  LNB APPLIED TO COAL-FIRED WALL BOILERS 

A.2.1 Data Summarv 


The data used to develop cost equations for applying LNB to 

wall-fired boilers are shown in Table A - 1 .  Presented in the 

table are utility and plant name, boiler size, basic system cost, 

retrofit system cost, indirect system cast, total capital cost, 


fixed O M ,  and variable O m .  Fixed 06cM costs were provided for 

only one unit, and variable O W  costs were not provided for any 

units. 


The data for three of the units were obtained from 


questionnaire responses and are actual installation costs for 

existing retrofit projects. 1,3,4 The data for the other seven 


units were obtained from the EPA's "Analysis of Low NO, Burner 


Technology Costsw report and represent cost estimates for 


retrofitting LNB, rather than actual installations. 2 

A . 2 . 2  Basic Svstem Cost 

Based on linear regression analysis of the natural 

logarithms of basic system cost ($/kW) and boiler size (MW) data, 


the cost coefficients for equation A . l  were calculated to be 
a = 220 and b = -0.44. Therefore, the basic system cost 
algorithm for LNB is: 

-0.44
BSC ($/kw)= 220 * MW 

Figure 24-1 presents the plot of the data and the curve calculated 

from this equation. 

A . 2 . 3  Retrofit Cost 

Based on the data in Table A-1,  retrofit factors for LNB 

range from 1.1 to 1.6. Based on the post construction 

installation cost data provided by Plants D and G, a retrofit 

factor of 1.15 was used for estimating retrofit costs. 3,4 

Specific cost elements associated with these retrofit factors are 


summarized in Section 6.3.1. 
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TABLE A-1 .  UTILITY LNB COST DATA 
(COAL-FIRED UNITS) 

Size 
Basic 

System Cost 
Retrofit 

System Cost 
Indirect 

System Cost 
Total Cap1 t a l  
Cost (S/kW) Fined OgM Variable OW 

U t i l i t y  Plant Wame Unit (W) WkW) (s/kU) (s/kUl WkUyr) WkUyr)  Reference 

Consuner8s Power J.H. Campbe1l 3 800 10.3 1.3 2.9 14.5 0.02 1 

A 142 23.7 14.0 13.2 50.9 -a 2 

B 130 26.9 4.5 6.4 37.8 2 

C 150 23.7 3.9 5.5 33.1 2 

D 150 24.7 4.6 8.7 38.0 3 

E t55 25.3 3.8 5.8 36.9 2 

F 155 23.3 3.8 5.5 32.6 2 

G 200 20.0 2.0 6.9 28.9 4 

H 200 19.2 3.4 4.4 27.0 2 

I so0 17.1 4.4 4.3 25 .a - * * - 2 

-- = Hot provided. 
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A . 2 . 4  Indirect Cost 

Indirect cost factors based on able A-1 range from 1.20 to 

1.35. Based on the completed installation cost data provided by 


Plants D and G, an ICF of 1.30 was assumed to be typical.3.4 


A . 2 . 5  Fixed O&M Cost-

Fixed O&M costs include operating, maintenance. and-

supervisory labor; maintenance materials, and overhead. Because 

of the limited number of moving parts and the expected low 

operating labor and maintenance requirements associated with LNB, 


fixed O&M costs were not included in the cost procedures. 
A.2.6 Variable O&M Cost 

The major variable O&M expense associated with LNB is any 
increase in fuel expenses resulting from a decrease in boiler 


efficiency. The magnitude of this O&M expense will vary 
depending on the extent of the efficiency loss and the price of 


fuel. As discussed relative to boiler operational modifications, 

such as LEA + BOOS, this expense is estimated at less than 
0.2 mills/kWh for most boilers. In most instances, this expense 

equates to a cost impact of less than 20 percent compared to the 

annualized capital expense associated with LNB. Because of their 
small impact for most boilers, variable O&M costs associated with 

LNB were not included in the cost procedures. To include the 


impact of efficiency losses on boiler operating expenses, convert 

the efficiency loss to an equivalent Btu/kWh and multiply this 

value by the fuel price in mills/Btu. 




A.3 LNB APPLIED TO COAL-FIRED TANGENTIAL BOILERS 


A . 3 . 1  Data Sumrnarv 

There were no available cost data for retrofitting LNB alone 

on tangentially-fired boilers. As a result, the basic system 

cost algorithm was developed based on.the relative price 

differentials between LNCFS I (LNB with close-coupled overfire 


air) and LNCFS 111 (LNB plus close-coupled and separated overfire 


air) (see appendix A . 5  on LNCFS 111). Based on information 

presented by ABB-Combustion Engineering, the ratio of LNCFS I11 


basic system cost to-LNCFS I basic system cost is 9 to 5 . 5 
This 

difference corresponds generally to the price differential 


between LNB and LNB + AOFA (see appendix A.4  on LNB + AOFA) . 
The economy of scale was assumed to be 0.60 for LNCFS I 


(corresponding to b = -0.40). This economy of scale is similar 

to that for LNB (b = -0.44), and is lower than for LNCFS I11 

(b = -0.49), which is believed to reflect the lower economy of 

scale associated with LNB versus AOFA. 

A.3.2 


Using the relative price differential for LNCFS I11 to 


LNCFS I of 1.8, the basic system cost algorithm for LNCFS I11 


(see appendix A . 5 )  was modified to develop the algorithm for 
LNCFS I. 


Dividing the LNCFS I11 algorithm applied to the 400 MW 


reference plant by 1.8 yields the basic system cost for the 


400 MW LNCFS I system: 

BSC ($/kW)= 247 * 400-~''~/1.8 

= $7.3/kW 

Then, using b = -0.40, the coetficient "an was determined: 



From this, the basic system cost algorithm for LNCFS I is: 


=BSC ($/k~) 80 * M W - ' . ~  

A . 3 . 3  Retrofit Cost 
The retrofit and factor for LNCFS I was assumed to be 1.3. 


the same as for LNCFS I11 (see appendix A . 5 ) .  

A . 3 . 4  

The indirect cost factor for LNCFS I was assumed to be 1.3. 

the same as for LNCFS 111. 

A . 3 . 5  

Fixed O M  costs include operating, maintenance, and 
supervisory labor; maintenance materials, and overhead. Because 


of the limited number of moving parts and the expected l o w  

operating labor and maintenance requirements associated with LNB. 


fixed O&M costs were not included in the cost procedures. 

A . 3 . 6  Variable O&M Cost 

The major variable O&M expense associated with LNB is any 


increase in fuel expenses resulting from a decrease in boiler 

efficiency. The magnitude of this O&M expense will vary 

depending on the extent of the efficiency loss and the price of 

fuel. As discussed relative to boiler operational modifications. 

such as LEA + BOOS, this expense is estimated at less than 
0.2 mills/kWh for most boilers. In most instances, this expense 

equates to a cost impact of less than 20 percent compared to the 

annualized capital expense associated with LNB. Because of their 


small impact for most boilers, variable O&M costs associated with 

LNB were not included in the cost procedures. To include the 


impact of efficiency losses on boiler operating expenses, convert 

and multiply this 
the efficiency loss to an equivalent ~ t u / k ~ h  - -

value by the fuel price in mills/Btu. 




A . 4  LNB + AOFA APPLIED TO COAL-FIRED WALL BOILERS 

A . 4 . 1  Data Summarv 

There are limited detailed data available on LNB + AOFA for 
wall-fired boilers. Therefore, the basic system cost algorithm 


for LNB + AOFA was based on relative price differentials between 

LNB and LNB + AOFA. 
Information from Southern Company Services on installed cost 


estimates for a 100 MW boiler and a 500 MW boiler indicates 

ratios of LNB + AOFA to LNB of 2.0 for both boiler sizes.6 

Information in the EPA1s "Analysis of Low NOx Burner Technology 


Costsw report presents ratios of total installed costs ranging 


from 1.6 to 1.88.2 
Based on review of these data, a ratio of 

1.75 for LNB + AOFA to LNB was assumed. 

Because of the expected economies of scale for windbox and 


air handling systems compared to LNB systems, the scaling factor 

for the addition of AOFA is expected to be higher than for LNB 


(corresponding to a more negative "bU coefficient in the basic 


system cost equation). For LNCFS 111, b = -0.49, and for LNB, 
b = -0.44. Based on review of LNCFS I11 and LNB + AOFA data in 
the EPA cost report, "bU was assumed to equal -0.5 for 


LNB + AOFA.2 

A . 4 . 2  Basic System Cost 

Using the 400 MW reference plant and the LNB cost algorithm 

for basic system cost multiplied by 1.75, the reference plant 


cost for LNB + AOFA was determined: 

BSC ($/kW) = 220 * MW-''~~* 1.75 
= 220 400 -0.44 * 1.75 
= $27.6/kW 

Then, using b = -0.5, the coefficient "au was determined: I 



From this, the basic system cost algorithm for LNB + AOFA is: 

=BSC ($/k~) 5 5 2  * MW-'" 

A . 4 . 3  Petrofit Cost 

The retrofit factor for LNB + AOFA was assumed to be 1.3, 

the same as for LNCFS 111. 


A . 4 . 4  Indirect Cost 

The indirect cost factor for LNB + AOFA was assumed t o  be 

1.3, the same as for LNB only and for LNCFS 111. 

A.4.5 Fixed O&M Cost 

Fixed O&M costs include operating, maintenance, and 


supervisory labor; maintenance materials, and overhead. Because 


of the limited number of moving parts and the expected low 

operating labor and maintenance requirements associated with LNB 


+ AOFA, fixed O W  costs were not included in the cost procedures. 

A . 4 . 6  Variable O&M Cost 

The major variable O&M expense associated with LNB + AOFA is 
any increase in fuel expenses resulting from a decrease in boiler 

efficiency. The magnitude of this O&M expense will vary 


depending on the extent of the efficiency loss and the price of 

fuel. As discussed relative to boiler operational modifications, 

such as LEA + BOOS, this expense is estimated at less than 
0.2 mills/k~hfor most boilers. In most instances, this expense 


equates to a cost impact of less than 20 percent compared to the 

annualized capital expense associated with LNB + AOFA. Because 

of their small impact for most boilers, variable O&M costs 

associated with LNB + AOFA were not included in the cost 
procedures. To include the impact of efficiency losses on boiler 


operating expenses, convert the efficiency loss to an equivalent 

Btu/kWh and multiply this value by the fuel price in mills/Btu. 




11'Costs.Burner Technology NOxof Low 


A . 5 . 1  Data Summarv 

The cost data for tangentially-fired boilers retrofitting 


LNCFS I11 are shown in Table A-2. Presented in the table are 


utility and plant name, boiler size, basic system cost, retrofit 

cost, indirect system cost, total capital cost, fixed O&M, and 

variable O m .  Fixed and variable O&M costs were not provided for 

any of the units. These cost data are from the EPA's 'Analysis 


A . 5 . 2  Basic Svstem Cost 

A linear regression analysis of the natural logarithms of 

the basic system cost ($/kW) and boiler size (MW) data was 

performed, and the cost coefficients were calculated to be 


a = 247 and b = -0.49. Therefore, the basic system cost 

algorithm for LNCFS I11 is: 


BSC ($/k~) 247 * M W - O ' ~ ~= 

Figure A-2 presents the plot of the data and the curve calculated 

from this equation. 


A . 5 . 3  Retrofit Cost 

The retrofit factors for LNCFS I11 ranged from 1.14 to 1.65, 


with a mean of approximately 1.30. 

A . 5 . 4  Indirect Cost 

Indirect cost factors ranged from 1.20 to 1.45. For the 


cost procedures, an indirect cost factor of 1.30 was assumed. 

A . 5 . 5  Fixed O&M Cost 

Fixed O&M costs include operating, maintenance, and 

supenrisory labor; maintenance materials, and overhead. Because 


of the limited number of moving parts and the expected low 

operating labor and maintenance requirements associated with LNB 

+ AOFA, fixed O&M costs were not included in the cost procedures. 
A . 5 . 6  Variable OScM Cost 

The major variable O&M expense associated with LNB + AOFA is 

any increase in fuel expenses resulting from a decrease in boiler 

efficiency.' The magnitude of this O&M expense will vary 








depending on the extent of the efficiency loss and the price of 
I
fuel. As discussed relative to boiler operational modifications, 

I 
I 


such as LEA + BOOS, this expense is estimated at less than I 


0.2 mills/kWh for most boilers. In most instances, this expense 

equates to a cost impact of less than 20 percent compared to the 
annualized capital expense associated with LNB + AOFA. Because 
of their small impact for most boilers, variable 0&M costs 

I
associated with LNB + AOFA were not included in the cost 
procedures. To include the impact ofi efficiency losses on boiler 
operating expenses, convert the efficiency loss to an equivalent 


Btu/kWh and multiplythis value by the fuel price in rnills/Btu. 




A . 6  NATURAL GAS REBURN APPLIED TO COAL-FIRED BOILERS 

A.6.1 Data Summarv 


Limited cost data on natural gas reburn for coal-fired 


boilers were obtained from vendor and utility questionnaire 


responses. These data are presented in Table A - 3 .  As shown, the 

total capital cost follow no obvious trend. Therefore, the 


reburn costs were based upon the 172 MW unit (Cherokee 3 ) ,  whose 

size is more representative of most utility boilers. 7 

A . 6 . 2  Basic Svstem Cost 

The economy of scale was assumed to be 0.6 for the reburn 


basic system cost algorithm (corresponding to b = -0.4). Using 

the estimated basic system cost of the 172 MW unit to solve for 

"au, the reburn basic system cost algorithm is: 


Bsc ($/kw)= 229 * M W - ' ' ~  

A . 6 . 3  Retrofit Cost 

The vendor questionnaires indicated that retrofit of natural 


gas reburn would cost 10 to 20 percent more than a reburn system, 


applied to a new boiler. From this, the retrofit factor was 

7

assumed to be 1.15. 


A . 6 . 4  Indirect__C_os_t 

An indirect cost factor of 1.40 was used for the cost 
analysis. 


A . 6 . 5  Fixed O&M Cost 

Fixed O&M costs include operating, maintenance, and 

supervisory labor; maintenance materials, and overhead. Becausq 


of the limited number of moving parts and the expected low 


operating labor and maintenance requirements associated with NGW, 


fixed O W  costs were not included in the cost procedures. 
A . 6 . 6  Variable O&M Cost 

Variable O&M costs were the total of the additional fuel 

costs, due to the higher price of natural gas versus coal, and 

utility savings on SO2 credits, due to lower SO2 emission levels 

when using natural gas reburn on a coal-fired boiler. The 


additional fuel costs were calculated using the fuel prices 




-- 

TABLE A-3.  REBURN COST DATA 
(COAL-FIRED UNITS) 

Basic Retrof i t  Indirect Total  Capital 
Sire System Cost System Cost System Cost Cost WkU)  Fixed O&M Variable OgM 

U t i l l t y  Plant W w n e  Unit 

Springf i e td  Cl ty  Lakeside 7 

Pubt l c  Service Cherokee 3 
of Colorado 

I1l i nois Pouer Hemepln 1 

= Not provided. 



listed in Table 6-3. The SO2 emissions are calculated using 

typical sulfur and calorific content of coal from Chapter 3 

(Table 3-2) and an average AP-42 emission factor for bituminous 
9 and subbituminous coal. The SO2 credit was assumed to be 

10 
$500/ton of SO2.  The equation to determine savings from SO2 

credits is: 

EF * Sulfur * MW * HR * CF Credit Reburn * 2.19 

where : 

EF = AP-42 SO2 Emission Factor (lb so2/ton coal * 
sulfur % of coal) 

Sulfur - - Sulfur % of coal 

Credit - - SO2 credit ($/ton) 

Reburn - - Heat input of reburn fuel fired divided by 
total boiler heat input (decimal fraction) 

2.19 - - Conversion factor 



A.7 OPERATIONAL MODIFICATIONS (LEA + BOOS) ON NATURaL GAS- AND 

OIL-FIRED BOILERS 

A.7.1 Overview I 

Cost estimates for LEA + BOOS were prepared for wall- and I 

tangentially-fired boilers. The LEA + BOOS cost analysis was II 

used as an example of operational modifications. 

A.7.2 I 

The direct capital costs required for LEA + BOOS are the 
cost for conducting a 4-week emissions and boiler efficiency test II 

to determine optimum fuel-air settings. The cost for the 4-week 

testing period was estimated at $75,000. Testing costs were not 

assumed to be dependeht upon boiler size. 

A . 7 . 3  Retrofit Cost 

A retrofit factor of 1.0 was used in the cost analysis. 

A.7.4 Indirect Cost 

Indirect costs were estimated at 25 percent of the direct 

costs. Therefore, the indirect cost factor was assumed to be 

1.25. . 1 
A . 7 . 5  Fixed O&M Cost 

Fixed O&M costs include operating, maintenance, and 

supervisory labor; maintenance materials, and overhead. Because 

of the limited number of moving parts and the expected low 
operating labor and maintenance requirements associated with LEA 

+ BOOS, fixed O M  costs were not included in the cost procedures. 

A.  7 ..6 Variable O W  Cost 

The only variable O&M cost impact examined for BOOS was 

reduced boiler efficiency. The variable 0&M cost caused from the 

efficiency loss was calculated using the following equation: 

VO&M ($/yr) + MW * HR * CF * EfflOss 

1 - E f  floss 
* Fuel Cost * 8.76 

where : 

MW, HR, and CR are as previously defined 

Effloss = efficiency loss of boiler (decimal fraction) 



Fuel Cost = fuel cost ($/MMBtu) 

8 . 7 6  -- conversion factor 

A 0.3 percent average decrease in boiler efficiency was used f o r  
11


the cost analysis. Other variable O&M costs were assumed to be 


negligible. 




A.8 LNBAPPLIEDTONATURALGAS- ANDOIL-FIRED WALLBOILERS 

A . 8 . 1  Data Summarv 

Capital cost data for LNB applied to natural gas and oil 

wall-fired boilers were limited to the three points shown in 

Table A-4 .  All three points reflect total capital cost. Two of 
the data points are pre-construction estimates. 11 The third data 


point is from a questionnaire response and reflects actual 


installed costs. 12 


A . 8 . 2  

To estimate the basic system cost for natural gas- and oil- 


fired LNB, the total capital cost data in Table A-4 were compared 

to the estimated total capital costs for coal-fired wall boilers 


(described in Section A . 2 ) .  This comparison, shown in 
Figure A-3 ,  suggests that the total capital costs for natural 
gas- and oil-fired boilers are comparable to the total capital 


costs for coal-fired boilers. 

Analysis of this conclusion (i.e., that costs for natural 


gas- and oil-fired LNB are comparable to those for coal-fired 
LNB) suggests that (1)the major costs associated with LNB 

technology are associated with development, testing, engineering, 

and marketing activities, and ( 2 )  differences in the cost of 

natural gas- and oil-Fired LNB compared to coal-fired LNB caused 

by differences in physical design or fabrication requirements are 


small. Based on this conclusion and the limited cost data for 

LNB designed for natural gas and oil firing, the cost procedures 

developed for coal-fired LNB were used to estimate basic system 
costs for LNB applied to natural gas- and oil-fired boilers. 


A . 8 . 3  -Cost 

There were no specific data on retrofit costs associated 

with installing LNB on natural gas- and oil-fired boilers. 


Therefore, the retrofit factors were assumed to be the same as 

those used for coal-fired boilers. 

A . 8 . 4  Indirect Cost 

Indirect costs were estimated at 25 percent of direct costs. 

Therefore, an indirect cost factor of 1.25 was assumed. 




- -  

TABLE A - 4 .  UTILITY LNB COST DATA 
(GAS- AND OIL-FIRED UNITS) 

Utility Plant U n i t  MW Total C a p i t a l
($/W 

Costa Reference ' 

C i t y  of Los Angelos H a y n e s  3 230 2 6 . 0  11 

- - - - - - 350 20.0 11 

F l o r i d a  P o w e r  ti L i g h t  Marti n  1 863 19.1 12 

a B r e a k d o w n  of total capital cost not provided. 

= Not provided. 





A . 8 . 5  Fixed O&M 

Fixed 0&M costs  include operating, maintenance, and 

supervisor labor; maintenance materials, and overhead. Because 


of the limited number of moving parts and the expected low 


operating labor and maintenance requirements associated with LNB, 


fixed O W  costs were not included in the cost procedures. 

A . 8 . 6  Variable O&M 

The major variable 0&M expense associated with LNB is any 

increase in fuel expenses resulting from a decrease in boiler 

efficiency. The magnitude of this O M  expense will vary 
depending on the extent of the efficiency loss and the price of 


fuel, As discussed relative to boiler operational modifications, 

such as LEA + BOOS, this expense is estimated at less than 
0.2 mills/kWh for most boilers. In most instances, this expense 


equates to a cost impact of less than 20 percent compared to the 


annualized capital expense associated with LNB. Because of their 

small impact for most boilers, variable O&M costs associated with 

LNB were not included in the cost procedures. To include the 


impact of efficiency losses on boiler operating expenses, convert 


the efficiency 10s to an equivalent Btu/kWh and multiply this 

value by the fuel price in rnills/Btu. 




A .  9 LNB (TANGENTIALLY-FIRED) , LNB + AOFA, AND NATURAL GAS REBURN 

APPLIED TO NATURAL GAS- AND OIL-FIRED BOILERS 

There were no cost data available for applying LNB to 

natural gas- and oil-fired tangential boilers or LNB + AOFA and 

natural gas reburn to natural gas- and oil-fired wall and 

tangential boilers. 1 Based on the apparent similarity in cost 


for wall-fired L F  firing natural gas, oil, and coal (see Section 


A.8), the cost of applying tangentially-fired LNB, LNB + AOFA, 
and natural gas reburn to natural gas- and oil-fired boilers were 

used to estimate the cost for coal-fired boilers. Refer to the 


appropriate appendix section for coal-fired boilers for specific 

cost procedures and information. 


1
For the application of natural gas reburn to oil-fired 
boilers, the SO2 emissions are calculated using a typical sulfur 
and calorific content gf oil from Chapter 3 (Table 3-41 and an 
AP-42 emission factor. 




A . 1 0  SNCR 

A.lO.l Data Summarv 


To estimate the cost of urea-based SNCR systems, a detailed 

engineering model was used. The detailed model was developed by 


Radian based upon information on basic system and indirect 

l3,l4
costs and on system operating parameters. 1s 

A total of 15 case studies were evaluated: 100 MW, 300 Mw, 

and 600 MW for five boiler types (wall, tangential, and cyclone 


coal-fired boilers, plus wall and tangential natural gas- and 


oil-fired boilers). The results for these case studies were used 


to develop simplified costing algorithms for use in this study. 


For the case studies, the SNCR system operated at an N/NO 


ratio of 1.0, and contained two levels of wall injectors and one 


convective pass level of injectors. No enhancer was assumed to 

be injected with the urea solution. Cost and material rates werle 

equal to those listed in Table 6-2. 

A . 1 0 . 2  Basic Svstem Cost 

Basic system cost categories included the urea storage 


system, the reagent injection system, air compressors, and 


installation costs. The algorithm coefficients were derived by 


linear regression of cost data from the 15 case studies using the 


methodology described in section A.1. The coefficients were 


nearly identical for the three coal-fired boiler types. 


Therefore, the following algorithm was used to characterize the 

costs for all three: 


BSC ($/kW)= 32 * M W - ' ' ~ ~  

Similarly, the cost coefficients were nearly identical for both 


gas- and oil-fired boiler types and the following algorithm was 


used to characterize costs for both: 


-0.25BSC ($/kW) = 31 * MW 



A . 1 0 . 3  

There were no retrofit cost data available for the analysis. 

A retrofit factor of 1.0 was assumed based upon the assumption 

that the retrofit difficulty of SNCR is small. 

A . 1 0 . 4  

The SNCR model calculated two categories of indirect costs: 


a contingency factor and engineering support costs. The 


engineering cost is determined as a function of the unit size, 


whereas the contingency is calculated as a percentage of direct 

capital costs. The indirect costs typically ranged between 20 to 

30 percent of the total direct costs. An overall indirect cost 

factor of 1 . 3  was assumed for the calculation of total capital 

cost. 


A . 1 0 . 5  F-

Fixed 06rM costs for SNCR include operating labor, 


supervision, maintenance labor, maintenance materials, and 


overhead. Fixed O&M costs were estimated for each of the five 

boiler types using the SNCR model, and found to be independent of 

fuel and boiler firing type. Therefore, the following equation, 


determined by the methods described in section A . l ,  estimated 

fixed O W  costs for all five types of boilers: 

A . 1 0 . 6  

Variable O&M costs for SNCR include urea, energy penalty 

associated with vaporization of the urea solution and mixing air, 

dilution water, and electricity. The urea cost was determined 


from the following equation: 


Urea cost ($/yr)= UncNO, * HR * cost * NSR * 6 . 5 2  x lo-' * MW * 8760 * CF-



where; 


Unc NOx = Uncontrolled NOx level of the boiler (lb/MBtu) 

HR = Heat rate of the boiler (Btu/kW-hr) 
Cost = Purchase price of the urea solution ($/ton) 
NSR = Normalized Stoichiometric Ratio (N/NO) 

Based upon the 15 case studies, the other variable O&M costs were 

estimated to be 11 percent of the yearly urea cost. 




A.11 SCR 


A.ll.l Data Summarv 


The SCR cost estimates are based upon the SCR module in 


Version 4.0 of EPA1s IAPCS'~, publised SCR cost information 17,l8 , 
and utility questionnaire responses l9,ZO . The existing IAPCS 

algorithms were used to estimate ammonia handling and storage, 


flue gas handling, air heater modifications, and catalyst costs. 


However, the following changes were made to the algorithms: 


IAPCS reactor housing costs were reduced by 71 percent 

[based on the ratio of reaF@r housing cost estimates 

from published information ($3.56 million) and from 

IAPCS ($12.5 million) ] . 16 

Process control equipment costs were reduced to 

$350,000 (versus $1,840,000 in IAPCS) -
Fan costs were excluded for new boilers. For 

retrofits, fan costs are boiler specific and depend on 

whether fan modifications are possible or a new fan is 

needed. 


A catalyst cost of $400/ft3 was used for all fuel 
types. 


A space velocity of 14,000/hr was used for gas-fired 

boilers. 


A flue gas flow rate of approximately 100 ~ f t ~ / k ~ h 
was 

used for oil and gas, and 126 ~f t3/kwh for coal. 


A 45 percent indirect cost factor was applied to 

process capital (10 percent for engineering overhead, 

10 percent for general facilities, 15 percent project 

contingency, and 10 percent process contingency). 


A 15-25 percent indirect cost factor was applied to the 
catalyst cost (15 percent for gas, 20 percent for oil, 

and 25 percent for coal. This factor.includes 

10 percent for project contingency and the balance for 
process contingency). 


A east of $160/ft3 of catalyst was added to cover 
installation and disposal of replacement catalyst. 


A total of 15 case studies were developed using the modified 

IAPCS output. These case studies were for boilers of 100 MW, 300 

MW, and 600 MW, for each of five boiler types (wall, tangential, 




and cyclone coal-fired boilers, plus wall and tangential natural 

gas- and oil-fired boilers). The results from these case studies 

were then used to develop simplified costing algorithms far use 
in this study. 

The IAPCS algorithms are based on hot-side SCR technology 

(i-e., the catalyst is located between the boiler economizer and 

air preheater). For the case studies, catalyst life was assumed 

to be three years for coal-fired boilers and six years for 

natural gas- and oil-fired boilers. A NO, reduction of 

85 percent was assumed for all case studies. At this NO, 

reduction, catalyst space velocities were assumed to be 2,50O/hr 
for coal-fired boilers and 5,00O/hr for oil-fired boilers, and 

14,00O/hr for natural gas-fired boilers. 
A.11.2 Basic Svstem Cost 

Basic system cost for SCR includes both process capital and 

the initial catalyst charge: 

BSC ($/k~) = process capital + initial catalyst charge. 
Process capital includes NH3 handling, storage, and 

injection; catalyst reactor housing; flue gas handling; air 

preheater modifications; and process control. The cost 

coefficients for- process capital were derived by linear 

regression of cost data from the 15 case studies. The 

coefficients for each of the five boiler types are: 

The equation for estimating the cost of the initial catalysC 

charge is based on IAPCS documentation: 
Catalyst ($/kW) = Flow Cat$ / { S V ~  * [ln(0.20) / ln(1-N0,Red) I ) 

b 
-0.30 

-0.30 
-0.31 
-0.324 

-0.329 

a 

174 

165 

196 . 

165 

156 

Fuel 

Coal 

Oil/Gas 

Boiler Type 
Wall 

Tangential 

Cyclone 
Wall 

Tangential 



where : 

Flow = fuel-specifi c  flue gas f lowrate ( ft3/k~h) 
(126 ft3/kwh for coal ,  100 ft3/kwh for gas and oil) 

Cat$ = catalyst cost ($/ft3) 
SV, = fuel-specific space velocity 

(2,500/hr for coal, 5,00O/hr for oil, and 14,00O/hr for gas) 
NOxRed = target NO, reduction (in decimal fraction form) 

Total capital cost is calculated by multiplying the process 

capital by the retrofit and process capital indirect cost factor. 


multiplying the initial catalyst charge by the catalyst indirect 


cost factor, and adding these two products together. 


A . 1 1 . 3  Retrofit Cost 

Retrofit cost factors for SCR were obtained from an EPA 


analysis of SCR costs.21 This reference estimates retrofit 

factors of 1.02 (low) , 1.34 (moderate), and 1.52 (high)based on 
data obtained from hot-side SCR retrofits on German utility 

boilers. For cost estimating purposes, the retrofit factor was 

assumed to be 1.34. 


A . 1 1 . 4  

Separate indirect cost factors were used for the process 

capital and the catalyst cost. Indirect costs for the process 

capital were estimated at 45 percent. Indirect costs for 

catalysts costs were estimated at 25 percent for coal-fired 
boilers, 20 percent for oil-fired boilers, and 15 percent for 

gas-fired boilers. 


A.11.5 Fixed O&M Cost 

Fixed 0&M costs for SCR include operating labor, 
supervision, maintenance labor, maintenance materials, and 

overhead. Fixed O M  costs in $/yr were estimated for each of the 
five boiler types using IAPCS.16 The resulting data were than 

used to develop a cost algorithm as discussed in section A . 1 .  

The results of this analysis are: 




11 0il/~as I Wall 1 264,800 1 3,260 11 

Fuel 
Coal 

I I Tanqential I 256,600 I 3,219 11 
A.11.6 Variable O&M Cost 

Variable 0&M costs for SCR include catalyst replacement, 

ammonia, electricity, steam, and catalyst disposal. Cost for 
16 

these elements were derived from IAPCS. The equation used in 

the ACT study for estimating catalyst replacement cost in $/kW-yr 

was based on the case studies and the IAPCS documentation: 
Flow (Cat$ + 160) / { S V ~  * Lln(0.20) / ln(1-~0,~ed) 1 )  / CL 

where : 

Flow, Cat$, SVf, and N0,Red are as previously defined 

h 

Boiler Type 
Wall 

Tanqential 
Cyclone 

160 = cost to cover installation disposal of replacement 

catalyst ($ / f t3)  

'CL = catalyst life (years).. 

c 
284,600 
276,400 
305,100 

The equation for estimating costs for the other four variable O&M 

components in $/kW-yr was also based on the case study data and 

d 
5,141 
5,103 
5,243. 

the IAPCS documentation: 

l1.88 + (4.3 * UncNO, * N0,Red)l CF 

where : 

N0,Red is as previously defined 

UncNO, = uncontrolled NO, (lb/MBtu) 

CF = capacity factor (in decimal fraction form). 



A . 1 2  COMBINATION CONTROLS - LNB + SNCR AND LNB + AOFA + SCR 

The costs of the combined control technologies LNB + SNCR 
and LNB + AOFA + SCR applied to coal-fired and natural gas- and 

oil-fired wall and tangential boilers were determined by 


combining individual cost algorithms for each technology. For 


example, the individual capital, variable PScM, and fixed O W  cost 

algorithms for LNB were combined with those for SNCR. Similarly, 


the LNB + AOFA cost algorithms were combined with the SCR cost 
algorithms. Refer to each individual section for the specific 


cost information. 
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