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ABSTRACT

To fully utilize coal as a long-term energy source, pollution prevention
technologies must be developed to mutigate the negative environmental and health
impacts of coal combustion. NOy emissions are of particular concern due to their role in
forming ground-level ozone, photochemical smog, fine particulates and acid rain.

A systematic evaluation of near-flame aerodynamics was conducted to determine
how bumer operating parameters and oxygen partial pressure influence flame attachment
and coal ignition, two properties essential for proper low NO, bumer operation. A
laboratory scale (17kW) 2m tall, 0.5m diameter electrically heated furnace and axial
burner with adjustable secondary combustion air annuli and primary fuel jets were used
in the study. Transport air oxygen partial pressure (Po;), coal particle size distribution.
primary and secondary jet velocity, and wall temperature were varied independently to
determine the effect of each variable on flame attachment and NO,.

NO, emissions from the furnace were similar to those from full-scale tangentially-
fired boilers. The tendency for flame attachment increased with velocity ratio (®). wall
temperature, Pos, and coal fines. ©’s greater than 1 were required for stable combustion.
Increasing © reduced flame standoff distances and NO, for always-detached flames.

NO; increased with © for always-attached flames.

Increasing Po; reduced NO, by up to 50% by promoting flame attachment.
However both oxygen enrichment and increasing fines had little impact on NO, for

always-attached and always-detached flames.
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Wall temperature and excess air inleakage were the dominant vanables affecting
NO.. Fumnace exhaust oxygen levels increased when operating under a slight vacuum
with corresponding increases in NO,. Emissions for detached flames increased with wall
temperature 3 times faster than attached flames. Emissions data obtained from the
furnace under slight positive furnace pressure increased linearly with wall temperature.

A novel dual flame was produced at high ® and reduced Po, consisting of one
flame attached to the bumner and one stabilized 18 below the burner. This configuration
is similar to staged combustion but without separate over-fire air. Emissions from the

dual flame were significantly below those observed from conventional Type-O attached

and detached flames.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

Coal is the world’s most abundant fossil fuel. Current worldwide annual coal use
is approximately 4.7 billion tons, which is primarily used for power generation (EIA,
2001). Developing countries are expected to account for the majority of increased coal
demand for the foreseeable future. However to fully utilize coal as a long-term energy
source, improved pollution prevention technologies must be developed to mitigate the
negative environmental and health impacts of coal combustion. NO, emissions including
NO and NO: are of particular concern due to their role in formation of ground-level
ozone. photochemical smog, fine particulates and acid rain.

A brief historical overview of coal consumption and the development of
regulations governing emissions from coal combustion are presented below with an
emphasis on regulations governing NO,. NO, formation mechanisms and emissions
control techniques are then discussed followed by a review of burmer aerodynamic
parameters and how they influence flame attachment and coal ignition, two properties
essential to proper operation of low NO, burners. With this background. the scope of the
research efforts described in this dissertation is then defined.

The research presented in this dissertation is a part of a larger, collaborative
investigation directed at evaluating the effect of flame aerodynamics on NO, emissions

from coal-fired burners in a systematic manner. The objective of this fundamental
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research project is to develop rational design tools for optimizing low NO, burners to the
kinetic emission limit (below 0.02 Ib/MMBtu). The research efforts at the University of
Anzona, described in this dissertation, focused on laboratory-scale combustion
experiments. Both cold-flow and modeling efforts were conducted at Purdue University

as part of the project.

1.1 Historical Impacts of Coal Combustion

For over 800 years coal has been used to heat private homes. produce electricity
and fuel industry. Today, coal serves as a major energy source in developed countries
and is emerging as the prime choice for power generation in developing countries. And
while great strides have been made in reducing adverse impacts of coal combustion on
the environment and human health. further reductions in pollutant emissions, increases in
combustion efficiency and flame stability are required to meet increasingly stringent
regulations.

Coal is the most abundant fossil fuel and can be found throughout the world. The
total recoverable coal reserves in 1999 as reported by the Energy Information
Administration (ELA) is approximately 1.090 billion tons which could last for at least 200
vears at current production levels. And unlike oil and natural gas, nearly one-quarter of

the world’s coal reserves can be found in United States and the former Soviet Union.
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1.1.1 Consumption

Global coal consumption has gradually increased during the last 20 years from 4.1
to 4.7 billion tons as shown in Figure 1-1 (EIA, 2001). However, regional consumption
has not been uniform. Western Europe, Eastern Europe and the former Soviet Union
experienced sharp declines while the U.S. and Asian countries, particularly China have
seen increases, the last few years notwithstanding. Note that China’s coal consumption
data presented in Figure 1-1 is included in the Asia values. The Energy Information
Administration predicts that global coal consumption will increase by 1.5% annually
through 2020 to 6.4 billion tons. Developing countries, especially China and India are
expected to account for over 90% of the increase. Due to the projected increase in
China’s steel and iron industry. approximately 60% of the projected increase will be in
the non-electric sector. Even so. China’s expanding electric utilities are expected to
increase nearly 3 fold over the same time period and India’s electric-utility coal demand
will increase 50% to nearly 7 quadrillion Btu.

Domestic coal consumption in 2000 totaled nearly 1.1 billion tons (EIA. 2001).
Electric power generation was by far the largest use of coal at over 991 million tons.
representing nearly 92% of total domestic consumption as shown in Figure 1-2. And
while total coal consumption has increased an average 2.4% over the last 50 years, the
percentage committed to power generation has increased nearly 10 fold during the same
time period, averaging 19% per vear as reported by the Energy Information

Administration (2001). EIA forecasting models estimate domestic consumption will
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increase 1.2% annually between 2000 and 2020. The electric utilities are expected to
account for the majority of this increase.

The ever-increasing demand for coal for power generation and to a lesser extent
for industrial processes provides the direction and scale of emission control technologies,
as society gains a clearer understanding of the environmental impacts of coal combustion.
Combustion byproducts include carbon dioxide (CO.), carbon monoxide (CO),
particulates, nitrogen oxides (NO, NO,, N10O), sulfur oxides (SO», and SOs;), and heavy
metals including mercury. NO, emissions including NO and NO, are of particular
concern due to their role in formation of ground-level ozone, photochemical smog, fine
particulates and acid rain. One goal of this dissertation is to gain a better understanding
of the fundamental relationships between bumer aerodynamics, coal transport stream

properties and flame stability and their impact on NO, formation.

1.1.2 NO, Emissions from Coal Combustion

The oxides of nitrogen (NO, NO; and N>O) have come under increased scrutiny
for their role in troposhperic ozone formation, and as fine particulate precursors. The two
compounds, NO and NO,, commonly referred to as NO,, are also acid rain precursors.
Due to its long half-life, N2O is a major participant in stratospheric ozone depletion
chemistry (Muzio et al., 1997). In addition, N>O is a strong absorber of infrared radiation

and has been linked to global warming issues.
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For the past 30 years emissions of 6 principal air pollutants (NO,, ozone, sulfur
dioxide, particulate matter, CO and lead) have been monitored in an effort to gauge
national air quality and determine the effectiveness of local, state and federal programs
aimed at improving air quality. NO, emissions have also been tracked due to their role in
troposhperic ozone formation. The emissions data are compiled by the US environmental
protection agency (EPA) and periodically published. The most recent data available are
for 1999 (EPA, 2001). The data indicate that while domestic energy consumption has
increased 45% between 1970 and 2000, overall emissions of the 6 criteria pollutants have
decreased by 29%. Unfortunately total NO, emissions increased 20% during the same
period from 20.9 million tons to 25.4 million tons. And while national average ozone
levels have decreased, levels in the southern and north-central states have increased
during the last 10 years. Ozone levels in 29 national parks have also increased more than
4 percent. The EPA has determined that much of the increase in ozone is due to
increased NO, emissions, and attributes the increased NOx to off-road engines, diesel
powered vehicles and power plants. NO, emission rates from 1970 to 1999 are presented
in Figure 1-3 by categorv. NO« emissions from electric utilities increased from 4.9
million tons in 1970 to 5.7 million tons in 1999. Of these amounts, emissions from coal-
fired utilities increased from 79% to 86% of the total as shown in Figure 1-4. NO
emissions from coal-fired electric utilities have consistently represented between one-

fifth and one-quarter of the total annual NO, emissions over the past 30 years.
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1.2 Emissions Control and Regulations

Emissions control and regulations governing emissions from coal combustion
have evolved during the past 800 years. In the middle ages, coal was used for lime and
glass production. Coal combustion in these early industrial processes was very
inefficient producing large amounts of smoke and soot. Efforts to control emissions
began as early at 1285 in London (Brimblecombe, 1987). In 1306, a proclamation
banned the use of sea coal in lime kilns. Attempts to reduce local effects of coal
combustion in the early 13" and 14" centuries included installing smoke stacks, zoning
ordinances and limiting coal use or allowed burning times. Historical records indicate
that increased coal use and the resulting increase in smoke emissions paralleled an
increase in deaths attributed to Ricketts in the early 17" century. By the late 17" century.
the impact of trace pollutants on human health were being investigated including arsenic,
sulfur and mercury. In 1863, Dr. Augustus Voelcker published his findings of
atmospheric corrosion of limestone buildings attributed to coal use. Other investigations
studied the adverse effects of smoke on vegetation, building interiors, furnishings, paper
and books.

During medieval times, options for reducing smoke included switching from coal
to wood (13™ century), switching to low sulfur Scottish coals (14‘h century), and
switching to anthracite coals (16" century). However, little improvements to combustion
technology were developed until the 18" and 19" centuries when scientists like Benjamin

Thompson and Benjamin Franklin recognized that improved combustion reduced smoke,
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prevented boiler tube sooting and increased fuel efficiency. Technical advances during
this time period included installation of angled heating tiles to retain heat and reflect it
into the room (domestic use), chimney modifications, introducing auxiliary air and
careful stoking. Later developments included automatic stoker firing and firing
pulverized coal.

Prior to the mid 20" century, there were no nation-wide laws regulating emissions
produced from coal combustion in the United States. Early legislation was aimed at
controlling smoke and was enacted at the local level. Chicago and Cincinnati were the
first cities to enact municipal regulations in 1881. Ohio was the first state 10 enact
legislation to prevent production and emissions of smoke from steam boilers. This
legislation enacted before 1897 most likely targeted Cleveland and Cincinnati.
Massachusetts and Rhode Island followed with local smoke abatement regulations
between 1911 and 1912. Albany County enacted the first county-wide ordinances in
1913. and Oregon was the first to enact comprehensive state-wide regulations in 1952
(Stern. 1982). These regulations and public perception prompted innovation. As
combustion technology advanced, smoke emissions were effectively controlled, however
at the expense of increased particulate emissions which then came under regulatory
scrutiny in the 1930’s.

As mentioned above, early legislation governed smoke emissions. In contrast, the
Alkali Acts of 1862 mandated 95% reductions in HCl emissions from England’s lime
manufacturers. This legislation was widely implemented and effective because it

targeted an entire industry rather than individual facilities (Brimblecombe, 1987). In the
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U.S., California was the first state to authorize counties to regulate emissions other than
smoke. This legislation enacted in 1947 established regional air pollution control
districts (APCD’s) and air quality management districts (AQMD’s) responsible for
enacting and administering regulations to local industry.

During the 1940’s and 1950’s gaseous pollutant emissions were targeted for
regulations in part due to the growing public concern with air pollution following events
such as the Donora, Pennsylvania smog which killed 20 people and sickened 6,000 over 5
days in 1944 (Nebel et al, 1998) and increasing photochemical smog levels in Los
Angeles. The culmination of these efforts was the passage of the Air Pollution Control
Act (APC) of 1955. The APC was the first federal air pollution regulation. It provided
funding for research, training and technical assistance for states developing air pollution
control regulations/programs at the local/regional level.

The London Smog of December 1952 which was linked to over 4000 excess
deaths may have had a minor role in passage of the US’s APC of 1955; however, it
prompted passage of the British Clean Air Act of 1956 which for the first time attempted
to control domestic and industrial air pollution sources in England. A similar London
Smog in 1962 along with publication of Silent Spring by Rachel Carson and an air
pollution episode in Birmingham Alabama prompted passage of the Clean Air Act (CAA)
of 1963 in the United States (Brimblecombe, 1987). During the 1960’s the CAA and
APC and their amendments included legisiation controlling fuel specifications to reduce
emissions of lead and sulfur. The Ventura County APCD enacted the first NO, emission

limits in 1969, capping daily emissions at 250 ppm and 20 tons per day (Muzio et al.,
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1997). The 1970 CAA amendments established national ambient air quality standards,
auto emission standards, and new source performance standards (NSPS). Through these
regulations, the federal govemnment provided funding to states to develop and implement
air pollution control legislation. By 1976, SO,, H>SO4 and NO, emissions were regulated
in all 50 states. In 1977, the CAA was again amended to include language aimed at
preventing significant deterioration (PSD) of air quality. This PSD legislation was
initially aimed at SO emissions. The legislation includes new source review guidelines
for non-attainment areas, visibility and ozone protection clauses.

The 1990 Clean Air Act Amendments (CAAA) were enacted to reduce pollutant
emissions from stationary and mobile sources contributing to acid rain and ambient
ozone. They include national NO, emission limits for power plants. In fact NO,
emissions are governed under 2 sections of the amendment-Title [ and Title [V. The first
addresses ambient air quality standards and the second addresses reducing acid rain

precursors.

1.2.1 CAAATitlel

Title I revised national ambient air quality standards (NAAQS) for 6 criteria
pollutants including ozone. The regulation is intended to address the continued non-
attainment of ozone NAAQS as well as the transport of air pollutants across state
boundanies. Specific provisions include installation of reasonably achievable control

technology (RACT) on existing sources in ozone non-attainment areas, emission offsets
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for new or modified sources as well as installation of lowest achievable emission
reduction (LAER) technology on these sources. Under Title I, states must develop a state
implementation plan (SIP) for compliance and these plans must include provisions to
exceed RACT if necessary to attain NAAQS. Under Title I, RACT for NO, control is
defined as low NO, burners (LNB’s), selective non-catalytic reduction (SNCR) and
selective catalytic reduction (SCR).

The legislation also created a multi-state ozone transport region in the
northeastern US that requires installation of specific NO, and VOC controls for the entire
region. The goal of this program is to develop strategies to reduce interstate pollution
transport. The affected states agreed to implement RACT on stationary sources in phase
I and to phased installation of additional controls beyond RACT under phases II and III.
The program established a NO, trading system to reduce compliance costs and caps
summer NO, emissions at levels 55% (Phase II) to 70% (Phase III) below 1990 baseline
values.

In addition to these guidelines, downwind states can petition for tighter emission
controls on upwind stationary sources under Section 126. This section includes

provisions for emission trading to reduce compliance costs.

1.2.2 CAAATileIV

Title IV of the 1990 CAAA addresses emissions from existing power plants in an
effort to reduce acid rain precursors. Title IV was implemented in phases with phase 1

directed at dry bottom, wall and tangentially-fired boilers. The implementation dates.
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affected boiler types and emission limits for Phase 1 and 2 of the Acid Rain NO, Control
Program are presented in Table 1-1. The program allows for emissions averaging
between all boilers owned or operated by a single company. Phase 1 compliance
averaged 33% reduction in NO, emissions and were largely met through installation of
LNB’s (Muzio et al., 1997, Krolewski, 2000).

Title IV also revised NSPS for fossil fuel-fired utility and industrial boilers as
noted in 63 FR 49442 (1998). The updated performance standards require steam
generating plants to attain emission limits of 1.6 Ib NO,/MWh gross energy output
regardless of fuel-type. This applies to boilers that fall under subpart Da and Db that
were constructed after July 9. 1997. The legislation requires installation of best
adequately demonstrated technology (BADT) to control NO, emissions. representing

approximately 42% reduction in increased NO, emissions from new plants.

1.2.3 Motivation for Continued Emission Reductions

Our industrialized society is fast realizing that environmental stewardship is
important and that we must reduce the impact of our actions on the environment. This
forms the basis of sustainable development (Nebel and Wright, 1998; Miller, 2001). In
its final report. Qur Common Future (1987), the World Commission on Environment and
Development defined sustainable development as a form of progress that “meets the

needs of the present without comprising the ability of future generations to meet their

own needs.”
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Combustion technology has continued to advance in response to regulations,
public demand for cleaner. healthier and safer products and competition. It is likely that
of these three forces, competition amongst burner and boiler manufacturers has fostered
more innovation especially with respect to combustion efficiency. As early as the late
18" century, Benjamin Franklin emphasized the need for smokeless combustion. He
recognized that smoke represented wasted fuel and the resulting soot could form
insulating layers on boiler tubes further reducing efficiency. (Brimblecombe, 1987). In
many instances, increasing combustion stability and efficiency also reduced pollutant
emissions.

Today’s marketplace is no different. Industries and utility companies are facing
increasingly strict air pollution regulations, increasing demand for electricity. higher fuel
costs. and growing international competition. The growing need to upgrade. modify or
retire aging facilities underscores the continued need for advanced combustion
technologies that can increase system efficiency, reduce emissions and have the
flexibility to fire a variety of fuels or fuel blends. These advances will allow facilities to
adjust to volatile fuel costs and utilize cheaper, lower-grade fuels without sacrificing
performance or compliance. There is also a realization in today’s society that good
environmental stewardship requires emissions reductions, and that these reductions can
have positive economic impacts.

Pollution prevention can be less costly than end-of-pipe abatement, it can reduce
operating costs through increased efficiency and streamlined operations. As R.P. van der

Lans (1977) succinctly put it: “Best to abate NO formation at its source: the burner”.
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Improving burner technology to reduce pollutant formation makes sense especially when
evaluating complete life-cycle costs. Not only do these technologies prevent formation
of noxious pollutants, they do not merely transfer the pollutant from one medium (i.e. air)
to another (i.e. solid waste), as do typical end-of-pipe control technologies. For example,
controlling NO, emissions through LNB, OFA or other burner technologies eliminates
the costs and handling of SCR and NSCR reagents, concerns regarding ammonia slip and

the purchase and disposal costs of spent SCR catalysts, which must be handled as

hazardous wastes.

-

1.3 NO, Formation Mechanisms

Nitrogen oxides including NO and NO:; can be produced in combustion
environments. Together, these compounds are commonly referred to as NO,. NO,
emissions are typically low when firing pulverized coal and are usually ignored (Muzio et
al.. 1997, Sloan et al., 1990, Muzio et al.. 1989, Weber, 1998, Seinfeld, 1986). However
NO can be oxidized to NO, in the atmosphere where it contributes to photochemical
smog, ozone, acid rain, and fine particulate formation.

Three mechanisms have been identified for forming NO, during combustion
processes: Thermal NO, Prompt NO, and Fuel NO. While one cannot isolate NO formed
by each mechanism in the combustion environment as intermediate reactions are similar,

specific aspects of each mechanism can be exploited to achieve substantial reductions in
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goverall NO, formation and subsequent emissions. Each mechanism will be briefly

described below along with applicable strategies for reducing NO formation.

1.3.1 Thermal NO

Thermal NO is formed when oxygen radicals produced in a flame react with
atmospheric nitrogen. The reaction also produces nitrogen radicals which can react with
atmospheric oxygen to produce additional NO and regenerate oxygen radicals. The
Thermal NO formation mechanism first proposed by Zeldovich (1947) describes the free
radical chain reaction that occurs in air at elevated temperatures:

O+N,=NO+N 1-1

N+O, &NO+0O I-2
The Zeldovich mechanism has been extended to include reactions between nitrogen
atoms and hydroxyl radicals:

N+OH & NO+H 1-3

Equation 1-3 becomes important under fuel rich conditions (Miller and Bowman.
1989). At temperatures above 1800K. the reaction rates for these equations can be fast
and significant quantities of Thermal NO can be formed. Thus the Zeldovich mechanism
is responsible for the majority of NO from conventional gas turbines and jet engine
exhausts burmning “‘clean” fuels. those that do not contain fuel-bound nitrogen. At
temperatures below 1800K, the Zeldovich mechanism is not a major source of NO.

As noted above Thermal NO is strongly dependent on temperature. It also

depends on local stoichiometry as well as residence time at high temperatures. Thus
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reducing Thermal NO can be accomplished by implementing controls reducing flame
temperature. Common methods include flue gas recirculation and staged combustion

techniques, both of which serve to reduce the peak flame temperature.

1.3.2 Prompt NO

In the early 1970°s several researchers observed that the Zeldovich mechanism
described above greatly under predicted the quantity of NO formed in the primary flame
zone based on oxygen atom equilibrium assumptions. Bowman (1972) and Sarofim and
Pohl (1973) atributed the increased NO formation to the presence of super-equilibrium
concentrations of O atoms and hydrocarbon radicals observed in the flame zone while
Fenimore (1970), who coined the name “Prompt NO”, attributed it to reactions involving
hydrocarbons and N.. In the fuel rich flame zone, hydrocarbon radicals including C and
CH may react with atmospheric nitrogen. Of the numerous hydrocarbon fragment
reactions, only 2 are considered significant (Glarborg et al., 1986, Miller and Bowman.
1989):

CH+N., ©HCN+N 1-4

C+N, &®CN+N 1-5

The cyanide produced by equation 1-4 can be subsequently reduced to nitrogen or
oxidized to NO depending on local oxygen levels. The amount of Prompt NO produced
by Equation 1-5 is typically small, but increases with temperature. The Prompt NO

mechanism described by equation 1-4 was first suggested by Fenimore and bears his
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name. Fenimore Prompt NO depends on local N> concentrations and the presence of
hvdrocarbon radicals as found under fuel-rich conditions. Van der Lans et al. (1997)
showed that only a small amount of Prompt NO is formed when compared to Thermal
NO and that Prompt NO is negligible in the presence of fuel nitrogen (as HCN).

Prompt NO is dependent on local stoichiometry and peak flame temperatures,
however, not quite as sensitive to temperature as Thermal NO. Thus Prompt NO can be
controlled by similar methods for controlling Thermal NO.

When combusting fuels with no fuel-bound nitrogen such as methane, propane
and jet fuels, Thermal and Prompt NO mechanisms are responsible for NO formation and
NO reduction technologies focus on reducing peak flame temperature through controlling

mixing between fuel and oxidizer. staged combustion. inter-cooling and flue gas

recirculation.

1.3.3 Fuel NO

Many liquid and solid fuels contain significant quantities of nitrogen. Chemically
bound nitrogen in coal can range from 0.2 to 2.2% by weight (Bartok et al.. 1991).
During combustion, nitrogen species can volatilize and react with oxygen to form NO.
Nitrogen remaining in the char can also be oxidized to NO through heterogeneous
oxidation. Thus the Fuel NO mechanisms are significantly more complicated than the
Thermal or Prompt NO mechanisms described previously. This is due in part to the

myriad of forms of nitrogen present as well as the volatilization rates of these compounds
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and relative nitrogen release rates duning heating. Wendt (1980) showed that micro-scale
diffusion effects impact NO emissions even under overall oxidizing conditions. As
shown in Figure 1-5. the actual conversion to NO was significantly less than 100% for
both volatile and total nitrogen species.

The fate of fuel-bound nitrogen-either oxidation to NO or reduction to N has
received extensive scrutiny over the past 3 decades. The results of this research,
including identification of chemical intermediates, kinetic modeling and reaction
pathways has resulted in the current overall fuel nitrogen conversion pathway shown in
Figure 1-6 (Wendt, 1995). As shown in Figure 1-6. a portion of the coal nitrogen
volatilizes in the form of tars or evolves as HCN. Subsequent cracking of the tars under
reducing conditions produces additional HCH. The HCN then reacts with free radicals
including O. H and OH to form NH;:. Fuel-bound nitrogen in the form of amines is
converted directly to ammonia (Becker. 1995). HCN and NH; have been experimentally
and theoretically shown to be the major intermediates in the formation of NO from fuel
nitrogen (Pershing and Wendt, 1977, Chen et al.. 1982. Miller and Bowman. 1989.
Fenimore. 1972). The Zeldovich and Prompt NO formation mechanisms are included in
Figure 1-6 along with the NO destruction mechanism, coined “Rebuming”, discovered by
Wendt (1973).

As noted in Figure [-5, conversion of fuel-bound mitrogen to NO is less than
100%. Research attempting to quantify the relative contributions of Thermal NO and
Fuel NO showed that Fuel NO accounts for approximately 60 to 80% of the total NO

emissions. Of the Fuel NQ, heterogeneous oxidation of char accounted for
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approximately 15-20% of the total (Pershing and Wendt, 1977). Pershing (1976)
observed a significant increase in NO emissions when firing under detached (reactor
mode) compared to attached (flame mode) conditions. In the reactor mode (detached-
flames), the fuel is rapidly premixed with secondary combustion air. Thus, fuel nitrogen
is volatilized in an oxidizing environment leading to high NO formation. Conversely, in
the flame mode (attached-flame conditions), there is minimal premixing between the fuel
and combustion air. This produces a fuel-rich core where fuel-nitrogen volatilization
occurs. Under these conditions, the majority of the fuel nitrogen will combine to form
N,.

Methods to control Fuel NO formation include operating under attached-flame
conditions. fuel reburning, and staged combustion. Typically. attached-flame operation
requires burmner adjustments to stabilize the flame front at or near the burner. This is
accomplished through addition of flame holders. secondary air swirl. air preheat. coal
spreaders, singly or in combination. Staged combustion consists of operating under sub-
stoichiometric (fuel rich) conditions near the bumer followed by supplemental air
addition to achieve complete burnout. Conversely, reburning consists of operating the
primary burners fuel lean (SR>1), promoting a hot, stable primary combustion zone
followed by supplemental injection of additional fuel. In this scenario, a significant
amount of NO may be formed in the primary combustion zone only to be converted by
the hydrocarbon radicals from the supplemental fuel to HCN. The HCN is subsequently

reduced to N2 in this fuel-rich secondary zone.



1.4 NO, Control Technologies

Commercial technologies and common industrial practices for reducing NO
emissions from coal combustion are summarized in this section. Their relative
effectiveness is also compared providing insight into the benefits of preventing NO
formation as well as the need for additional research in this area. NO controls can be
classified into 2 categories: combustion and post-combustion technologies. Combustion
technologies are those that prevent or control NO emissions in the combustion
environment. Post-combustion processes destroy the NO, downstream. NO Combustion
technologies are often referred to as pollution prevention (P?) and post-combustion
technologies are often described as abatement systems.

NO Combustion control processes can be further classified by the type of NO
controlled-Thermal NO and Fuel NO. As shown below, some processes reduce both
Thermal and Prompt NO.

Thermal NO control processes reduce the peak flame temperature and residence
time at the peak flame temperature to reduce NO formation. These processes include:

e Flue gas recirculation (FGR)

e Natural gas rebum

e Low NO, burners (LNB)

e Combustion optimization

e Bumers out of service (BOOS)

e I ean excess air (LEA)
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Water or steam injection
Over fire air (OFA)
Alr staging

Reduced air preheat

Fuel NO emissions are reduced by controlling the fuel/oxidizer mixing to create a

near-burner fuel-rich combustion zone so that volatilization of fuel nitrogen occurs in a

reducing atmosphere. Processes for controlling Fuel NO include

LNB

Staged combustion
Fuel reburning

Alr staging

BOOS

Ultra low N fuels

Oxygen injection

Often, many of these systems are used in combination to increase emissions reductions

such as

Combustion modifications + BOOS + OFA
LNB + QFA

LNB + Reburning + OFA



Post-combustion or abatement NO controls include
o Selective non-catalytic reduction (SNCR)
e Selective catalytic reduction (SCR)
e Chemical sorption

e Non-thermal plasma

Note that rebuming has been classified as both a combustion and post-combustion
technology. When reburning is completely integrated into a furnace control methodology
it should be considered as a combustion process because the rebum fuel provides a
portion of the total unit load rather than a conventional post-combustion technology.
However, its discovery by Wendt (1973) emphasized the potential for reburning to
control NO downstream of the primary combustion zone. In this context, reburning
could be classified as an abatement process, even though it occurs in the furnace.

Combustion and post-combustion NO control processes can be combined to
improve total NO, removal. Examples of combined systems include:

e SNCR +SCR
e LNB+SCR

e LNB+SNCR

Individual NO control processes are briefly described below by category. Section

1.4.1 highlights Combustion NO, controls and Section 1.4.2 describes Post-combustion



NOy controls. Several in-depth reviews and analyses of these technologies have been
published over the last decade including those by Muzio et al. (1997), the Clean Air
Technology Center (CATC) under the Office of Air Quality and Planning Standards. US
Environmental Protection Agency (1999). Hermine et al. (1996). and Wood (1994). Itis
important to realize that furnace design and emissions reduction requirements greatly
affect NO control alternatives and effectiveness and that there is no “one catch-all”

process suitable for all situations.

1.4.1 Combustion NO, Control

As previously mentioned there are several methods for reducing both Thermal
and Fuel NO emissions. These processes modify the combustion environment-peak
flame temperature. reaction stoichiometry or residence time to prevemt NO formation.

They are typically less expensive and have reduced O&M costs compared with post-

combustion alternatives.

1.4.1.1 Combustion Modifications

Combustion modification NOy control methods include optimizing furnace
control processes. reducing excess air and/or reducing air preheat. These techniques are
often the first techniques used to reduce emissions. They can reduce NO by altering the

combustion efficiency of the primary combustion zone and can have a significant impact



on pollutant emissions. although they may also reduce combustion efficiency (CATC,

1999).

1.4.1.2 Low NOx Burners

Low NO burner (LNB) technologies are widely available and continue to be
improved. Commercial examples include the Controlled Combustion Venturi (CCV)
burner offered by Riley. Controlled flow/Split Flame (CF/SF) from Foster Wheeler. and
the dual Register Burner (DRB) from B&W. In general. low NO burners reduce NO
formation by controlling aerodynamic mixing between the fuel and combustion air,
which in turn controls combustion stoichiometry and temperature profiles. NO reduction
is achieved by: a) delaying mixing to create a tuel-rich primary tlame zone (limiting Fuel
NO): and b) reducing peak flame temperature and/or reducing residence time at the peak
flame temperature (limiting Thermal and Prompt NO). Typical NO reductions between
30 and 65% can be achieved by LNB's. LNB parameters affecting overall emissions
include method of fuel injection, degree of swirl. combustion air velocity. quarl type and
angle and primary air momentum. Heap et al. (1972) observed that the type and position
of the fuel injector within the quarl was the most important factor controlling emissions.

As combustion modification technologies matured in the mid 1980’s.
manufacturers shifted their focus to reducing turbulence in the primary combustion zone

to limit fuel-oxidizer mixing; however this resulted in reduced carbon burnout (Sorge et
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al.. 1993). The development of independent air flow and swirl controls and methods to

concentrate fuel into distinct streams has improved performance (Muzio et al.. 1997).

1.4.1.3 Flue Gas Recirculation

Flue gas recirculation (FGR) consists of returning a portion of the cooled furnace
exhaust gases back into the primary combustion zone. The technology can achieve NO
reductions up to 45% through reduced operating temperatures. FGR has been used nearly
40 years since early full-scale utility tests on Southern California Edison’s El Segundo
generating station in the early 1960°s (Newhall. 1968). FGR has little impact on Fuel
NO. Radian has combined 30% FGR with is ultra low NO, burner to achieve NOy
emissions less than 10 ppm for small utility boilers (Muzio et al.. 1997).

Water and steam injection systems operate on a similar principle as FGR. These
types of dilution technologies can effectively reduce Thermal NO by reducing

combustion temperatures. but they also reduce unit efficiency by approximately 1% per

20°C reduction in temperature.

1.4.1.4 Over Fire Air

Injecting a portion of the combustion air downstream of the main combustion
zone either through dual register burners or separate ports is referred to as over fire air

(OFA). OFA reduces NO by creaiing a fuel-rich primary combustion zone followed by
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supplemental air injection to promote burnout. OFA also tends to reduce flame
temperatures by producing off-stoichiometric combustion conditions. In this manner,
OFA reduces both Thermal and Fuel NO. OFA was used as early the mid 1960’s when 6
boilers in the LA basin incorporated OFA for staged combustion. NO reductions up to
50% have been reported when using B&W dual register burners while conventional OFA
installations on tangentially fired units achieved 25% NO reductions (Muzio et al.. 1997).
Periodic use of OFA to create a cyclic reducing zone can achieve up to 15% NO
reductions without significant impact on overall combustion stability and burnout

(Botsford. 2001). Combining OF A with LNB can increases NO reduction by 10 to 25%.

1.4.1.5 Staged Combustion

Burners out of Service (BOOS) and biased firing techniques are common staged
combustion practices. While similar to LNB and OFA. they are evaluated separately
because they involve multiple burners. In BOOS. staged combustion conditions in the
furnace are achieved by increasing fuel flow to specific burners and shutting off flow to
others. Combustion air to the burners is typically not adjusted. Thus BOOS creates fuel
rich combustion zones. Both Fuel and Thermal NO is reduced by reducing the
temperature and oxygen content in the fuel-rich zone. BOOS typically achieves NO
reductions of 25 to 35%. In biased firing, fuel flow to the upper burners are increased to
create a fuel rich combustion zone. BOOS and OFA are combined into a single category:

off-stoichiometric combustion by CATC (1999) and Wood (1994) who report NO,
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control efficiencies up to 60%. Due to the complementary (and interlinked) combustion
phenomena of each process. it is very common to see BOOS. FGR and OFA used
together (Muzio et al.. 1997). Southern California Edison noted reductions between 24
and 56% when utilizing the three technologies with optimized combustion modifications.
which appear to be the upper limit for the technology.

Air and fuel staging processes are included under staged combustion. Both

processes reduce the peak flame temperature by creating off-stoichiometric combustion

conditions. (CATC. 1999).

1.4.1.6 Reburning

Reburning consists of injecting fuel downstream of the primary combustion zone.
The process creates a fuel-rich reburn zone where NO produced during primary
combustion is reduced to N: by hydrocarbon radicals. Reburning has been widely
investigated since being discovered in the early 1970°s (Wendt et al.. 1973) and continues
today. Knill et al. (1988) provides an in-depth literature review of reburning on both
burner and furnace scales. He noted that the important variables impacting effectiveness
were reburn fuel and fuel fraction. reburn SR. residence time and temperature, primary
NOy level. mixing and nitrogen content of the reburn fuel. The process requires
approximately 300 ms at 1400°C to achieve emissions below 100 ppm. Kanill also noted
that while some industrial applications had achieved only 50% reduction, laboratory

results were as high as 90% DRE. More recent reviews report NO reductions up to 65%
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when burning natural gas at 15% of the total heat input (Muzio et al.. 1997) and up to
76% when reburning is combined with OFA (CATC. 1999).

Reburning was introduced at the industrial scale with the Mitsubishi advanced
combustion technology (MACT) in the early 1980°s (Takahashi et al.. 1982). Natural gas

is typically used as the reburning fuel and OFA or supplemental air is typically required

to achieve complete burnout.

1.4.1.6.1 Fuel Lean Gas Reburning

Improved natural gas reburning technologies include Flue Lean Gas Reburning
(FLGR). In FLGR. natural gas injection and mixing are carefully controlled (Miller et
al.. 1989). FLGR requires less reburning fuel and eliminates the need for supplemental
OFA. but also achieves lower overall NOx reductions. typically 33-45%. when firing 7%
of the total heat input as reburn fuel. And while FLGR’s overall NO reduction is
approximately two-thirds that of traditional FGR. the 50% reduction in reburning fuel
requirements and elimination of additional OF A result in substantial cost savings.

Alternate reburning methodologies have been widely investigated. For example.
B.P. Breen has received numerous patents covering methods and apparatus for
controlling NO\ emissions through reburning as well as for various reburning fuels

ranging from coal water slurry (#5.746.144) to biomass or biowaste and water slurry

(#6.357.367)



1.4.1.7 Other Methods

Reducing the nitrogen content of the fuel can significantly reduce NO emissions.
especially considering Fuel NO accounts for up to 80% of the total NO. While this is
most applicable for liquid or gaseous fuels. switching from coal to coke can provide
significant NO reductions at shown by Pershing (1976) and others CATC (1999).

The Clean Air Technology Center has reported NO, reductions of up to 20% for
syvstems utilizing pure oxygen instead of air for combustion. In these systems. pure
oxygen is used to create a short. intense fuel-rich combustion zone followed by a rapid
quench to cool the flue gas to below NO formation temperatures. Over-fire air is then
added for complete burnout. The effect of oxygen enrichment on NOx is quite subtle and
occurs through two mechanisms: a) under staged conditions. increased oxygen levels
produce higher temperature fuel-rich regions allowing fuel N to be converted to N-. and
b) increasing oxygen increases ignition promoting flame attachment and better mixing
control (1o be discussed later). However the hot. high intensity flames must be suitably
controlled to minimize Thermal NO formation and ensure efficient heat recovery.

Thermal NO concerns can be minimized by rapid quenching with water. steam or FGR.

1.4.2 Post-Combustion NO, Controls

Post-Combustion NOy control technologies are designed to remove NO from the
combustion exhaust gases. They are often referred to as end of pipe controls. They either

convert the NO to N; or to aqueous or solid compounds that require subsequent disposal.
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Extensive research and development efforts continue to focus on reducing the costs and

environmental impact of these technologies due to their high NO reduction potential.

1.4.2.1 SNCR

SNCR. or selective non-catalyvtic reduction consists of injecting an ammonia
based reagent (ammonia or urea) into the gas stream downstream of the combustion zone.
The reagent subsequently decomposes into free radicals and react with the NO formed

during combustion to produce N> and water. The overall reactions for ammonia and urea

are given by:

2NO+2NH3+-:—O: — 2N, +3H,0 1-6

2NO + CO(NH,), +%o: — 2N, +CO, +2H,0 1-7

Laboratory-scale investigations evaluating the effect of doping fuels with NH; on
NO emissions by Wendt and Sternling (1974) formed the basis for SNCR. Similar work
by Lyon led to the patented Thermal DeNOs process (1975). Miller and Bowman (1989)
present a detailed review of the SNCR process including reaction rate constants.

The SNCR reactions are only eftective over a narrow temperature window (870°
to 1150°C) depending on the reductant. thus location of the reagent injection grid is
crucial. It is typically located in the convection section of utility boilers. While the
effective temperature range can be adjusted by co-injection of hydrogen or natural gas,

this increases system complexity. Drawbacks to SNCR in addition to the narrow






