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SECTION 1

INTRODUCTION

Emissions of nitrogen oxides (NO,) are an environmental issue which has been attracting
increasing regulatory attention at the local, State, and Federal level. Concerns over ozone abatement
and control, acid rain, the growth in stationary source combustion systems, and implementation ot
prevention of significant deterioration (PSD) increments for NO, have all contributed 1o the increased
attention. A number of states, in addition to Calitornia, are now focusing on NOX emission sources. In
addition several Federal New Source Perormance Standards (NSPS) have been issued which regulate
NO, including utility and industrial boilers, nitric acid plants, gas turbines, and municipal waste
combustors.

A wide variety of new and emerging NO, control technologies are being marketed in the United
States, as well as in Europe and Japan. The performance reported by vendors for many of these
systems have not been well documented in the literature. Very little data are available to demonstrate
the actual applicability and long-term operating performance of the current generation of NOx control
technologies.

There Is interest among the State and local regulatory agencies as to the level of NO, control
thal can be achieved with‘current technology. State and local officials are not always familiar with
some of the newer technologies currently being marketed and often have difficully in reviewing permit
applications for major NO, emission sources. In some states, the permitting process has been slowed
by the uncertainty over the availability and performance of NO, control technology. This has resulted in
a large number of requests to the U.S. Environmentai Protection Agency (EPA) for assistance in the
NQ, control area. As part of an effort to respond to these requests, EPA’s Control Technology Center
(CTC) has initiated the current study to develop a reference book of information on NOx controls. This

reporn presents the results of this study.
1.1 OBJECTIVES AND APPROACH

The primary objective of this study was to compile a reference book to serve as a source of
information on the availability and applicability of technologies for controlling NO, emissions from
stationary industrial cormbustion scurces. An additional objective was 1o provide EPA a reference tool
for responding to requests for guidance and assistance in developing future regulatory strategies.

There are many stationary industrial combustion source types that are significant NO, emitlers.
However, this study and report focus on only those most frequently included in new source permit
applications and cover the following combustion source types:




. combustion turbines

. internal combustion {IC) engines

. non-utility boilers and heaters

. municipal waste and sludge incinerators .

All non-utility combustion sources (less than 1,000 x 108 Btumour heat input) were included
excepl hospital waste incinerators, hazardous waste incinerators, and glass furnaces.

At the onset of this study, requests for permit applications, final permit conditions, and both initial
compliance and subsequent annual compliance test data were made to a number of EPA Regional and
State/local regulatory agencies, by telephone and/or letter. - The agencies contacted during this study
include the following:

State Agencies:
California

i Bay Area Air Quality Management District
Calitornia Air Resources Board
Fresno County Air Pollution Control District
Kern County Air Pollution Control District
Monterey Bay Unified Air Pollution Control District
Resource Management Agency Air Pollution Control District
Sacramento Air Pollution Control District
San Diego Air Pollution Contro! District
Santa Barbara Air Pollution Control District
South Coast Air Quality Management District
Stanislaus County Air Pollution Control District
Colorado Air Pollution Division
Commonwealth of Massachusetis Depariment of Environmental Protection
Connecticut Pollution Control Agency
Michigan Pollution Control Agency
Minnesota Poilution Control Agency
New York State Depariment of Environmental Conservation
Ohio Air Pollution Control Agency
Rhode Island Division of Air and Hazardous Materials
Texas Air Control Board
Utah Bureau of Air Quality
Virginia Department of Air Pollution Control
— EPA Regional Offices
Region 1

Region 2




{(

Region 3
Region 4
Region &
Region 6
Region 7
Region 8
Region 9

Northeast States for Coordinated Air Use Management (NESCAUM)

Only minimal data were received as a result of this effort. As it was beyond the scope ol the
project to survey ali the regulatory agencies and collect the available information on-site, the data

presented in this report are of limited nature and are based on the tollowing information sources:

a)
)
c)
d)
e)

BACT/LAER Clearinghouse on-line data base,
EPA Region 9,

* California Air Resources Board,

West Germany site visits,
Environmentat Catalyst Consultants, Inc.

Two other areas of inferest in NO, control--cost data and detailed emission {est data--are not
included in this report. Costs are deserving of a separate report and their site-specific nature requires

considerably more detailed analyses than possible in the following discussions. Emission test data

require intense scrutiny to determine validity and relevance to the specific application. This effort is

also outside the scope of this study.

Both cost and performance data are available from the sources cited in the Appendices and may

be addressed by fulure CTC efforts.
The information contained in the BACT/LAER Clearinghouse is provided by the state control

agencies on a voluntary basis and includes projects that have obtained permit approval, although some

projects may be cancetlled later. However, for the purposes of the sourcebook, the Clearinghouse
information does refiect BACT/LAER applicability decisions by the regulatory community.

1.2 REPORT ORGANIZATION

The sourcebook is divided into eight sections. Section 2 contains a description of NOX formation
mechanisms during combustion, followed by Section 3 which is a discussion of the major combustion

source types [combustion turbines, stationary internal combustion (IC} engines, industrial boilers and

heaters, and municipal waste incinerators]. Process descriptions of NO, control technologies are
presented in Sections 4 and 5. Section 6 presents the current status of NO, controt technology
applications. This section briefly describes and presents in matrix form the control technologies

3




applicable to each combustion source (and fuel). In Section 7, permitted NOx emissions levels are
summarized by combustion source, fuel type, and control technology. References used in developing

the sourcebook are listed in Section 8. Detalled data supponting the discussion in Sections 5,6 and7
and contact names for further information are given in Appendices A - H.




SECTION 2

NO, FORMATION

The principles of NOx control are best understood when the principles of NOX formation are
known. The term NO, represents the combination of nitric oxide (NO) and nitrogen dioxide (N02);
however, the fiue gas resuiting from fossit fuel combustion consists primarily of NO, with NO
representing 90 to 95 percent of the total NO, due to kinetic limitations in the oxidation of NO to
NO,.!

NOx formation occurs by three fjundamentally different mechz:misms.1

One mechanism (thermal
NO,) arises from the thermal dissociation and subsequent reaction of nitrogen (N,) and oxygen (02)
molecules in the combustion air. The second mechanism (fuel NO, ) stems {rom the evolution and
reaction of fuel-bound nitrogen compounds with oxygen. A third mechanism (prompt NO, ) involves the
intermediate formation of hydrogen cyanide {HCN), followed by oxidation of HCN to NO. Natural gas
and most distillate oils have no chemically bound fuel nitrogen and essentially all NO, formed is
thermal NOX. Residual oils and coals all have fuel bound nitrogen and when these are combusted,
NO,, is tormed by all mechanisms. The formation of prompt NO, is only significant in very fuel-rich
flames.

The temperature dependence of each NO, type (i.e. thermal, fue!, and prompt NO, ) for a coal-
tired furnace is given in Figure 1.1 These mechanisms are described in more detail below.

21 THERMAL NO,

At high temperatures, both N2 and O2 molecules in the combustion air are dissociated into their
respective atomic states, N and O. The subsequent reaction of these atoms to create thermal NOX is

described by the well-known Zeldovich equations:2
N,+0-NO+ N (M)
N+O,-NO+O ()

The rates of these reactions are highly dependent upon the stoichiometric ratio in the primary
combustion zone (i.e., the molecular equivalent air-to-fuel ratio, with “rich and lean” describing the fuel
amount), flame temperature, and residence time a the flame temperature.

The maximum thermal NOX production occurs at a slightly lean fuel mixture ratio due to the
excess availability of oxygen for reaction within the hot flame zone. As shown in Figure 2, the very
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23 PROMPT NO,

Prompt NO, is produced by the formation first of intermediate HCN via the reaction of nitrogen
radicals and hydrocarbons (HC),

NO + HC + H, ~ HCN + H,0 L (3)

- et Tt

followed by the oxidation of the HCN to NO. The formation of prompt NOx has a weak temperature J

dependence and a short lifetime of several microseconds; it is only significant in very fuel-rich flames.,
which are inherently low-NO, emitters.
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SECTION 3

COMBUSTION SOURCES

When considering NO,, control, it is critical to understand that the combustion source and its
operation can affect NOx formation and the performance of contro! technelogies. The description of the
major combustion source types included in this study (i.e., combustion turbines, stationary IC engines,
boilers and heaters, and wasle incinerators) as well as the relationship between NOx formation and
characteristics of the combustion source type are discussed below.

3.1 COMBUSTION TURBINES

3.141 Source Description

Gas turbines are rotary internal combustion enginés fueled by natural gas, diesel or distillate fuel
oils {occasionally residual or crude oils). The basic gas turbine consists of a compressor, combustion
chambers, and a turbine. The compressor delivers pressurized-combustion air to the combustors at
compression ratios of up to 20 to 1. Injecters introduce fuel into the combustors and the mixture is
bumed with exit temperatures up to 2,000°F. The hot combustion gases are rapidly quenched by
secondary dilution air and then expanded through the turbine which drives the compressor and
provides shaft power. In some applications, exhaust gases are also expanded through a power turbine.

While simple-cycle gas turbines have only the three components described above, regenerative-
cycle gas turbines also use hot exhaust gases (800 to 1,100°F) to preheat the inlet éir between the
compressor and the combustor. This makes it possible to recover some of the thermal energy in the
exhaust gases and to increase thermal efficiency. A third type of turbine is the combined-cycle gas
turbine. The combined-cycle turbine is basically a simple-cycle unit which exhausts to a waste heat
boiler to recover thermal enérgy from the exhaust gases. In some cases, the waste heat boiler also
has duct burners designed to bum additional fuel 10 supplement steam production, a process which is
referred to as supplementary firing.

The design of the combustor is a major factor in determining achievable NO, levels. .The three
combustor configurations used are annular, can-annular, and silo. The annular combustor has one
doughnut-shaped combustor, to which a number of short nozzles are attached, encircling the gas
turbine body. Combustion air is combined with fuel in each of these nozzles. Fuel and air then enter
the single annulus located around the turbine circumference. Combustion and dilution take place in the
single annulus. The can-annular combustor (see Figure 4) has several combustor cans arranged in an

1




Figure 4. Gas Turbine With Can-Annular Combustor
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annular configuration around the turbine centeriine. The silo combustor configuration has one or two
large combustors located outside the body of the gas turbine. Combustors may be arranged either

horizontally or vertically. .

All combustors have four basic zones: the inlet diffuser zone, the primary combustion zone the
secondary combustion and dilution zone, and the outlet transition zone. The inlet diffuser zone reduces
the incoming gas velocity. if the velocity of the combustion air is not sufficiently reduced, residence
time within the combustor will be too short for complete combustion and flame instability can occur.

Ignition occurs in the primary combustion zone. The fuel is injected into the combustion zone
through a nozzle. The air first enters the area between the combustor liner and the shroud, or casing.
The flow of air between the liner and the shroud serves the dua! function of heating the air and cooling
the liner. Combustion in this zone occurs at near stoichiometric fuel-air ratios.

-The materials of the combustor liner aﬁd turbine cannol withstand the high combustion
temperatures. Therefore, the secondary combustion zone provides not only for the complete
combustion of the tuel, but also provides additional air to quickly dilute the hot gases to a temperature
more compalible with combustor and turbine materials. In the outlet transition zone, the hot combustion

gases are passed through a duct leading to the turbine inlet vanes.
3.1.2 NO, Emissions®

NOX is the primary poliutant produced by combustion turbines. Factors affecling NO, formation
include turbine design, ambient conditions, turbine load, and fuel type. The design parameters that
affect the production of NOX in the combustor most significantly are combustor inlel temperature and
pressure and the firing temperature. As predicted by the Zeldovich equations {see Section 2.1), NO,
emissions rise rapidly with increasing firing temperatures. NOx formation is also directly related to
combustor pressure; with increased pressure resulling in increased NOX emissions.

Turbine efficiency is largely determined by the combustor firing temperature and pressure.
Therefore, turbine models with regenerators, which are used to increase efficiency by increasing the
combustor inlet air temperature, have higher NO,t emissions than the same models without
regeneration. Many cogeneration/combined-cycle systems also employ natural gas-fired duct bumers
for exhaust temperature control.

Turbine NOx emissions change with changes in ambient temperature, pressure, and especially
humidity. Increases in humidity have a quenching effect on the combustor zone peak temperature,
thereby reducing therma! NO, formation. The effect of temperature on NO, emissions changes as
humidity changes. Al low humidity, NO, levels increase with an increase in temperature. At high
humidity, the effect of temperature on NO, formation depends on the range over which the temperature
changes. Increases in ambient pressure increase gas compressor outlet pressures which in turn
increase NO, emissions. For example, N'Ox emissions from a turbine instalied at an elevation of one

13
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mile above sea level decrease by about 10 percent compared to a similar turbine operating at sea
level,

"Base load" and "peak load” are 1terms used by manufacturers to describe specific turbine
operating conditions. Base load is the level of power the turbine can produce at the maximum inlet
temperature which can be maimaineAd continuously without damaging the turbine. Peak load ratings are
typically 5-10 percent higher than the base load. At this level of power for continuous long-term
operation, damage will result to the turbine. However, for short periods of operation (generally <1,000
hours annually), this level of power can be produced without excessive maintenance costs. Since
increased turbine load is achieved by increasing the combustor temperature and pressure, turbine 'NOX
emissions increase with increased load.

Natural gas is presently the most common turbine fuel. Many new gas turbines are installed with
dual-fuel nozzles which fire natural gas as the primary tuel and distillate oil as the backup fuel.
Digester gas, refinery gas, and coal-derived gas have also been used.

3.2 STATIONARY INTERNAL COMBUSTION ENGINES

3.2.1 Source Description

Stationary reciprocating IC engines use two methods to ignite the fuel-air mixture in the
combustion chamber, and are either compression ignition (Cl} units fueled by diesel oil or a
combination of natural gas and diesel oil {dual), or.spark ignition (SI) fueled by natural gas or gasoline.

In Cl engines (see Figure 5), air is first compression heated in the cylinder, and the diesel fuel is
injected into the hot air where ignition is spontaneous. In Sl engines combustion is spark initiated with
the natural gas or gasoline being introduced either by injection or premixed with the combustion air in a
carburetted system. Either 2- or 4-stroke power cycle designs with various combinations of fuel
charging, air charging, and chamber design are available.

3.2.2 NO, _Emissions

Due to the high flame temperatures and pressures of IC engines, the majority of NOx formed is
thermal NO)(.6 As diesel fuel and natural gas are the predominate fuels for this source, little fuel NOx
is formed, except in engines that fire residual and/or crude oils. Formation of prompt NOx is also
negligible in compression ignited engines which operate with large amounts of excess air.

14
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When fuel is injected into the cylinder, it undergoes a series of reactions that iead to ignition.
The time between the start of injection of the fue! and the stan of combustion (as measured by the
onset of energy release} is cafled the ignition deiay. Initial combustion occurs around the periphery of
the fuel jet, where the airfuel ratio is close 1o the stoichiometric ratio.

During ignition delay, some of the fuel is pre-mixed with air and evaporates. After ignition occurs,
the pre-mixed charge burns extremely rapidly, thereby quickly releasing energy. Most of the burning
takes place as a diflusion flame after the pre-mixed charge has burned.

NO, emissions are directly affected by the amount of pre-mixing which, in turn, is a function of
the ignition delay. When theé ignition delay is large, there is more pre-mixing and a greater energy
release rate at the stan of combustion. This generally leads 1o higher temperatures and, accordingly,
higher NO, emissions. '

In general, engine load does not have a profound effect on the brake-specific (NO, rate to power
output ratio) NO, emission rates for diesel-fueled engines, altthough the total mass emission rates
increase as the engine load increases. Al very low engine loads, almost all of the energy is released
during the pre-mixed stage. Consequently, brake-specific emissions under these conditions are
relatively high. As load increases, the amount of pre-mixed burning remains relatively constant while
the amount of diffusion burning increases linearly. The amount of NOx produced during this stage is
proportional to the amount of fuel consumed because most of the diffusion burning takes place at
stoichiometric conditions. Thus, as engine load increases, the concentration of NC)x in the exhaust gas
increases. However, the brake-specific NO, emission rate remains roughly the same since power
output also increases by the same factor.

Brake-specific NO, emission rates for dual-fuel compression ignition engines are sensitive to
load. Emission rates are greatest at high loads. Dual-fuel engines generally bum a homogeneous
charge of fuel. A compression ignition engine is unthrotiled; the air-fuel ratio of the charge decreases
as engine load increases. At high loads, combustion occurs closer 1o the point where maximum NO, is
produced.

Pre-ignition chamber engines have lower baseline NO, emissions than direct fue! injection
engines. Shorter ignition delay combined with the generaliy richer combustion conditions in the pre-
ignition chamber results in smoother combustion and lower peak temperatures. in addition, there are
significant heat transfer iosses as the combustion gas goes from the pre-ignition chamber 10 the main
combustion chamber, lowering peak temperatures.
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3.3 NON:-UTILITY BOILERS AND HEATERS

' 3.3.1 Source Description

Boilers--

Industrial boilers are typically classified by the type of firing mechanism employed, the heat
transfer mechanism, and the type of fuel fired.” Firing mechanisms include either burmers, spreader-
fed, or mass-fed. With bumers, the fuel is injected into the boiler through a nozzle and burns while
suspended within the boiler combustion chamber. Mass-fed and spreader-fed boilers are used for most
solid fuel industrial boilers. They combust the fuel on a grate in the boiler.

Waltertube is the most common mechanism used for heat transfer in industrial boilers. In
watertube boilers, the water for steam generation is contained in banks of tubes suspended in the boiler
combustion chamber and flue. Firetube boilers invert this configuration and pass hot flue gasses

through tubes suspended in a water drum.

Industrial boilers are fired with a wide variety of fossil and nonfossil fuels, including natural gas,
fuel oil, and coal. Nonfossil fuels fired in industrial boilers include wood, bark, agricultural waste,
municipal waste, and industrial waste.

Fired Heaters--

Many designs of fired heaters are available. All fired heaters have a radiant section and the
majority have a convection section. The radiant section is located within the firebox and contains the
bumers and a single row of tubular coils. The primary heating of the feedstocks occurs within the
radiant section. As the name implies, radiation is the primary method of heat transfer.

The tube coil in the radiant section consists of a number of tubes connecled in series by
180 degree return bends. Each set of conseculive tubes is considered a "pass” or parallel stream.
The convection section is located after the radiant section and also contains a set of tubes. The
convection section recovers the residual heat of the fiue gas before it goes to the stack. The
temperature of the flue gas leaving the radiant section usuélly ranges from 1,500 - 1.800°F.7

Two basic draft types are available fo supply combustion zir and to remove flue gas. These are
natural-draft and mechanical-draft. Natural-draft heaters rely on the natural stack effect to remove flue
gas and induce the flow of combustion air into the firebox. In a mechanical-draft heater, a fan supplies
the combustion air and removes flue gas. A mechanical-draft heater can use eilther an induced-draft,
forced-draft, or induced-draft/forced-draft (balanced draft) design.

Combustion air preheaters are often used o improve the efficiency of a fired heater. In the air
preheater, heal is transferred from the flue gas to the combustion air. Therefore, less heat is required
to heat the combustion air which allows a greater proportion of the total heat released to be absorbed

17




in the radiant section. Also, less fuel is required to reach the réquired combustion temperature. in
addition, the preheater raises the adiabatic flame temperature above that of ambient air heaters.

33.2 NO, _Emissions

NO, emissions from boilers and fired heaters depend on several design and operating
parameters including fuel type, burner type, combustion air preheat, firebox temperature, draft type,
excess air level, and heater ioad.

The most imporntant design parameter affecting NOX emissions from a boilerfired heater is fuel
type (i.e., the nitrogen content of the fuel). Coal tiring can be expected to generate higher NO,
emissions per unit of energy input than comparable oil-fired units, and likewise for gas-fired units. In
addition, fluctuations in fuel composition and heating value may affect NO, emissions.

Another design factor having a large effect on NO, emissions is burner type. Oil-fired burners
differ primarily in the methods used 1o atomize the oil prior to combustion. Steam atomization is used
almost exclusively in fired heaters. Steam atomized oil burners can be divided into twio categories:
conventional and staged combustion air oil burmers. Conventional oil burners have a single combustion
zone in which all of the air is fed to the atomized fuel oil. Staged combustion air_ oil bumers make use
of at least two separate air injection sections. Decreased NOx emissions are achieved with these
burners by operating a primary airfuel injection section at substoichiometric air conditions and injecting
secondary air downstream of the primary section to complete combustion.

Although adjustmenis of the combustion air distribution between the primary and secondary air
registers is not used as a practical response to minor fluctuations in heater performance, the
combustion air distribution can be adjusted 1o increase flame length (and reduce peak flame
temperature), and thus minimize NO, emissions.

As discussed in Section 4.3.7, the use of combustion air preheat causes an increase in the
amount of NO,, formed by virlue of increased flame temperature. Increasing the degree of preheat will
likewise cause an increase in NO, emissions.

The firebox temperature required for a given application influences NOx emissions because of the
relation between firebox temperature and flame temperalure. High firebox temperature applications are
expected to have higher NO, emissions. The fractional use of firebox capacity can reduce NO,
emissions by lowering firebox temperature.

Heater/boiler draft type affects NO, emissions due to differences in the extent of fuel/air mixing
between natural and mechanical draft air supply systems. For a given excess oxygen level and
ambignt combustion air supply, mechanical draft is expected 10 yield higher concentrations of NO, than
natural draft due to enhanced airfuel mixing in the combustion zone and increased combustion
intensity. However, since mechanical draft units can be operated at lower excess air levels and higher
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thermal efficiencies than those with natural draft, the NO, emission factor per unit of energy input under
actual operating conditions could be lower for mechanical draft versus natural draft.

It is weli demonstrated that an increase in the excess air level of a fired heater under typical
operaling conditions results in an increase in NO, emissions due to the resulting higher peak flame
temperature. Fired heaters are operated over a wide range of stack oxygen levels, depending largely
on operator preference. Some excess air is required to ensure complete combustion, but operations
are often well above this minimum required excess air level. The minimum stack oxygen level
achievable for a given heater is a function of fuel type, draft type, the presence or absence of air leaks,
bumer design, rate of fuel/air mixing, and the method of distributing air to the burners in muitiple bumer
furnaces. Minimum oxygen levels are expected to be higher for oil firing than for gas firing because of
the inherent problems associated with combustion airfuel oil mixing. Because mechanical draft allows
more precise control of combustion air supply, they can be operated at lower excess air levels than with
natural draft. Similarly, the minimum possible long term average excess air levels that can be achieved
in new fireboxes is expected to be lower than that demonstrated for existing heaters/boilers because of
the absence of air leaks, better air and fuel controls, etc. in new equipment.

3.4 MUNICIPAL WASTE AND SLUDGE INCINERATORS

3.4.1 Source Description

The most common type of refuse incinerator consists of a refractory-lined chamber with a grate
upon which refuse is bumed. Combustion products are formed by heating and burning of refuse on the
grate. Municipal waste combustors (MWCs) inciude mass burn, modular, and refuse-derived fuel (RDF)
combustors, with fluidized bed combustors being a minor subset of RDF. The most prevalent types of
sewage sludge incinerators are multiple hearth and fiuidized bed units. In multiple hearth units, the
sludge enters the top of the furnace where it is first dried by contact with the hot, rising, combustion
gases, and then burned as it moves slowly down through the lower hearths. At the bottom hearth, any
residual ash is then removed. In fluidized bed reactors, the combustion takes place in a hot,
suspended bed of sand with much of the ash residue being swept out with the flue gas. Temperatures
in a multiple hearth furnace are 600°F in the lower, ash cooling hearth; 1,400 to 2,000°F in the central
combustion hearths, and 1,000° to 1,200°F in the upper, drying hearths.” Temperatures in a fluidized
bed reactor are fairly uniform, from 1,250 to 1,500°F. In both types of furnace, an auxiliary fuel may be
required efther during stant-up or when the moisture content of the sludge is too high to support
combustion. A more detailed description of MWC technology is available in Reference 8 to this report.
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342 NO, Emissions

The tactors influencing production of fuel NO, in an incinerator include the distribution ot the
combustion air {undertire versus overfire), the fuel nitrogen content, and the total excess air rates.
Thermal NOx formation rates increase with temperature, oxygen availability, heat release rate, and flue
gas residence time at high temperature.

The relative contribution of fuel and thermal NQ, to the total NO, emitted from an incinerator is
dependent on the design and operation of the furnace and the nitrogen content of the refuse burned.
Testing has demonstrated a seasonal increase in N('.}rx emissions during the summer months.? It is
theorized that the higher emissions are due to the higher nitrogen content of the fuel because the raw
refuse contains more yard waste, which has a high nitrogen content. At temperatures less than
2,000°F, typical of MWCs, NO, emissions are influenced mainly by oxidation of fuel nitrogen. Thus,
generally, 75-80 percent of the total NOX emitted form incinerators may be fuel NOx.g
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SECTION 4

COMBUSTION CONTROLS FOR NOy EMISSIONS

As discussed earlier, NO, is formed in the combustion process from the nitrogen and oxygen in
the combustion air and from organic nitrogen chemically bound within the molecular structure of the
fuel. The key parameters controlling the rate of NOx formation for a given fuel and combustor design
are the local oxygen concentration, temperature, and time history of the combustion products. Each of
these parameters, within the temperature range of NOx formation, are determined by the system design
and operation. The combustion system, therefore, determines the NOX formed and represents the only
control capability for reducing the rate of NOx formation. Techniques concerned with reducing NO,
formation are applied in this region and are collectively referred to as "combustion controls®. All other
NCJx control techniques applied in downstream zones work to reduce the NO, formed during
combustion and are grouped in the category of post-combustion control {see Section 5). A listing of
vendor confacts for combustion controls is presented in Appendix G.

Combustion control technologies discussed below are grouped according to the following source
categories: combustion turbines, IC engines, and other. Combustion turbine controls discussed in
Section 4.1 include dry control and wet injection. IC engine controls discussed in Section 4.2 include
injection timing retard, pre-ignition chamber combustion, air 1o fuel ratio, and wet injection. The controls
discussed in Section 4.3 are applicable to other combustion sources including boilers, process heaters,
and municipal waste incinerators. These controls include low excess air, low NOX bumers, overtire air,
bumers out of service, flue gas recirculation, rebumn, reduced combustion air temperature, and
derating/load reduction.

4.1 COMBUSTION TURBINE CONTROLS

411 Dry Control

Extensive progress has been made in commercializing dry low NOx combustors for natural gas-
fired gas turbine applic:alions.m'11'12'13'14 NO, reductions of up to 60 percent have been achieved,
and in special instances, reductions of over 80 percent have been reported. Emissions in the range of
25-50 ppm at 15 percent O, have been achievable for the large, natural gas-fired heavy duty
turbines.10 One system is being offered which is targeted for 9 ppmv NO, emission; (see Section
7.1.2, p. 51-and Reference 14). However, additional development is needed prior to commercialization
of oil-fired applications.

21




Although combustors are proprietary, similarities among designs can be noted. The technologies
are based upon reducing the flame turbulence and intensity, enhancing the fuel/air mixing, and
establishing fuel-lean zones within the combustor. They generally rely on staged combustion with the
first stage used as a pilot bumer followed by a secondary stage of multiple fuel injection nozzies. The
second stage often burns a lean, premixed fuel/air mixture in order 10 assure a uniform mixture and the
avoidance of high temperature regions in the combustor. The control of the two burner zones and the
preparation and control of premix air complicates the combustor control systems. The control system
can be based on using variable geometry, and/or variable air flow scheduling.

The Japanese experience is that the combustion control needed to transfer load between burner
stages (e.g. to transfer from iow to high load) is difficult to achieve. A step change in NO, emissions at
the load transfer point indicates a step change in combustion conditions. Step changes are, in general,
not desirable from the point of view of engine stabilty and durabiiity. tmpacts of the fuel preparation
and control systems, and combustion hardware required by the dry low NO, systems upon the
reliability of the combustion system have not been demonstrated in the U.S. Technology applicable to
one particular model is not directly transferable to another model.

4.1.2 Wet |njection

The principal requirements in using wet injection for NO, reduction are 10 inject sufficient water or
steam at the proper location in the flame envelope, and with appropriate dispersion, to reduce the peak
flame temperature without degrading the combustion efficiency. Although i is easier to ensure uniform
mixing if steam is used, water can be effective as well. Energy extracted from combustion to vaporize
the water causes additional temperature reduction. Furthermore, steam may not be available.

The major factor affecting NO, reduction is the water/steam-to-fuel ratio. The NQ, reduction
achievable for a particular unit is directly related to the amount of water or steam which can be injected
before serious impacts on combustor performance occur. The impacts include flame outs, reduced
thermal efficiency expressed as a heat rate penalty, large increases in carbon monoxide (CO) and HC
emissions, and pressure pulsations which result in significantly reduced combustor reliability. Higher
corrosion rates may also be experienced. The highest ratio sustainable will vary depending on the
tradeofl between NOX emissions and CO and HC emissions and combustor design characteristics.

Water/steam injection can be accomplished in a variely of ways ranging from premixing with the
intake air or fuel to injecting it directly into the combustor. The effectiveness of the method is a
function of the atomization and mixing of the water/steam within the combustion charge. Metering and
controls should be provided for injection at varying loads. Requirements for wet injection include a
large water supply, on the order of the fuel rate, and water purification (to boiler feed water quality) to
prevent corrosion. Wet injection is applicable to gas or liquid fuels.
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4.2 STATIONARY INTERNAL COMBUSTION ENGINE CONTROLS

421 injection Timing Retard

Ignition in a normally adjusted IC engine is set to occur shortly before the piston reaches its
uppermost position (top dead center, or TDC). At TDC, the air or air-fuel mixture is at maximum
compression. The liming of the start of injection or of the spark is given in terms of the number of
degrees that the crankshaft must still rotate between this event and the arrival of the piston at TDC.

Retarding the timing beyond TDC, the point of optimum power and fuel consumption, reduces the
rate of NO, production. Retarding causes more of the combustion to occur during the expansion
stroke, thus lowering peak temperatures, pressures, and residence times. This practice carries with it a
tuel consumption penalty. Typical retard values range from 2° 10 6° depending on the engine.Es
Beyond these levels, fuel consumption increases rapidly, power drops, and misfiring occurs. Also, HC,
CO, and visible emissions increase, and elevated exhaust temperatures shorten exhaust valves and
turbocharger service lives. Increasing the fuel injection rate has been used on some diesel systems to
parially mitigate the CO and HC emissions and fuel consumption efiects of retarded injection timing. A
high injection rate, however, results in increased mixing of air and fuel and a subsequently hotter flame
at the initiation of combustion. There is, therefore, a NO, trade-off with this modification. Injection

timing retard is an applicable control with all IC engine fuels.

422 Pre-lgnition Chamber Combustion - "Clean Burn® Technology

The use of a pre-ignition chamber can improve fuel efficiency and reduce NOX emissions, The
systern is designed to burn lean fuelair mixtures. The fuel charge is introduced into the pre-chamber
as a rich mixture and ignited by a spark-plug. Since it burns in the absence of excess oxygen, NO,
formation is inhibited. This “torch” of burning fuel expands into the power cylinder where it thoroughly
ignites a lean mixture at reduced temperatures. Therefore, combustion is completed in an overall lean
mixture at temperatures which are adequate for combustioh but below those where NOx formation
occurs. This NO, control is currently applied to gas-fired engines only.

423 Air To Fue! Ratio

In injection type engines, which include all diesel and many dual fuel and gas varieties, the air to
fuel ratio for each cylinder can be adjusted by controlling the amount of fuel that enters each cylinder.
These engines are therefore operated lean where combustion is most efficient and fuel consumption is
oplimum,
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The most practical use of air-to-fuel ratio adjustment as a control technique is 1o change the

. selting foward leaner operation. The oxygen availability will increase but so will the capability of the air
. and combustion products 1o absorb heat. Consequently, the peak temperature will fall, resulting in
lower NO, formation rates. The limiting factor for lean operation is the increased emissions of

hydrocarbons at the lower temperatures.
Carbureted engines are beset by large variations in cylinder to cylinder air-to-fuel ratios.
Therefore, they must operate near the stoichiometric ratio to ensure that no individual cylinder receives

a charge which is too lean to ignite.

424 Woet Injection

As with combustion turbines, wet injection can reduce NO, emissions from IC engines.6 Wet
control effectiveness correlates inversely with excess air levels. Since wet controls reduce peak
temperature by increasing the charge mass, the technique is more eflective in a low excess air system
than in one with much excess air and hence, much thermal mass. Presumably, systems with high
excess air absorb all the heat that can be transferred to a fluid in the short time between combustion
and peak temperature. The application of this control to IC engines has been limited due to
inaccessbility of water injection. A more plausible application of wet controls may be in the

development of waler-fuel mixture injection.
4.3 COMBUSTION CONTROLS FOR BOILERS, HEATERS, AND WASTE COMBUSTORS

There are two fundamental ways of controlling the flame stoichiometry: regulating the overall
fuel/air ratio supplied (low excess air), or gross staging of combustion (low NOX burners, overfire air
ports, removing burners from service, derating, reburn). In addition to being influenced by burner
design and fuel/air stoichiometry, the flame temperature can be reduced from its peak value by the
introduction of heat absorbing inerts (recirculated fiue gas) or by reduction in the temperature of the
combustion air supplied to the hurners. '

4.3.1 Low Excess Air (LEA)

For all conventional combustion processes, some excess air is required in order {0 ensure that all
fuel molecules can find and react with oxygen. In the LEA approach to NOx control, less excess air
(oxygen) is supplied to the combustor than normal, {see discussion ot LEA on p. 19). The lower 0,
concentration in the burner zone reduces the flame temperature and the formation of thermal NOX. In
the starved-air flame zone, fuel bound nitrogen is converted to nitrogen thus reducing formation of fuel
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NO,. The limiting criteria which define minimum acceptable excess air conditions are increased
emissions of carbon monoxide and opacity, and a reduction in flame stability.

With LEA firing, the primary concern is improved aerodynamic mixing and eliminating
nonuniformities in air and fuel distributions. Adjustments of air registers, fuel injector posttions, and
overfire air dampers are operational controls which can reduce the minimum excess air level possible
while still maintaining adequate airffuel distribution. However, LEA controls require closer operator
attention to ensure safe operation. Ancther requirement for continuous LEA operations is to employ
continuous 02 (and preferably CO} monitoring. Also, accurate and sensitive air and fuei flow controls
and instrumentation are required for adjusting air flow at various loads.

New designs and most existing combustion operations will incorporate LEA firing as standard
practice. LEA operation has an economic incentive since it results in increased fuel efficiency. The
reduced airflow decreases the volume of combustion air to be heated, éllowing more heat of
combustion to be transferred, thus lowering fuel requirements for a given output. LEA operations may
be used as the primary NO, control method or in combination with other NO, controls such as Iow-NOx
bumners, overfire air, or flue gas recirculation. LEA operations are applicable to all combustion sources

and fuels.

4.3.2 Low NOX Burners {LNB}

Low NO, bumers control NO, formation by carrying out the combustion in stages. These
bumers control the combustion staging at and within the burner rather than in the firebox. Low NO,

bumers are designed to control both the stoichiometric and temperature histories of the fuel and air
locally within each individual burner flame envelope. This control is achieved through design features
which regulale the aerodynamic distribution and mixing of the fuel and air.
As with overfire air (see Section 4.3.3), the bumer staging delays combustion and reduces the

peak flame temperature, thus reducing thermal NO, formation. The sub-stoichiometric oxygen

introduced with the primary combustion air into the high temperature, fuel nitrogen evolution zone of the
F flame core reduces tuel NO, formation. Thus, low-NO, bumers are effective for reducing NO,
emissions independent of fuel. There are two distinct types of designs for low NO, bumers: staged air

burners and staged fuel bumers.

Staged Air Burners--
Staged air burners (see Figure 6) have been in service since the early 1970's and were the first

type of burner designed to specifically reduce NO, emissions. 1> They are designed to reduce flame
turbulence, delay fuel/air mixing, and establish fuel-rich zones for initial combustion. The reduced
availability of oxygen in the initial combustion zone inhibits fuel NO, conversion. Radiation of heat from
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the primary combustion zone results in reduced temperature as the final unburned fuel gases mix with
excess air to complete the combustion process. The longer, less intense flames resulting from the
staged stoichiometry lower flame temperatures and reduce thermal NO, formation. '

Staged air burners maintain the firebox in an oxidizing environment, minimizing slag/soot
formation and corrosion potential when firing dirty fuels. Lower oxygen levels are also possible with all
the combustion air admitted through the burners.

Staged air burners generally lengthen the flame configuration so their applicability is limited to
installations large enough to avoid flame impingement on internal surfaces. The installation of
replacement burners may require substantial changes in bumner hardware, including air registers, air
baffles and vanes, fuel injectors, and throat design. Existing burners can incorporate staged air burner
features by modifying fuel injection patterns, installation of air flow baffles or vanes, or reshaping the
bumer throat. Staged air burners are effective with all fuel types.

Staged Fuel Burners--

A more effective concept for NO,, reduction is staging of the fuel rather than the air. Staged fuel
burners (see Figure 7) mix a pottion of the fuel and all of the air in the primary combustion zone 19
The high level of excess air greatly lowers the peak flame temperature achieved in the primary
combustion zone, thereby reducing formation of thermal NO,.. The secondary fuel is injected at high
pressure into the combustion zone through a series of nozzles which are positioned around the
perimeter of the burner. Because of its high velocity, the fuel gas entrains furnace gases and promotes
rapid mixing with first stage combustion products. The entrained furnace gases simulate tlue gas
recirculation (see Section 4.3.6). Heat is transferred from the first stage combustion products prior to
the second stage combustion. As a result, second stage combustion is achieved with lower partial
pressures of oxygen and temperatures than would normally be encountered.

Unlike the staged air bumer, staged fuel burners are only designed tor gas firing. The staged
fuel burner is able to operate with lower excess air levels than the staged air burner due 1o the
increased mixing capability resulting from the high pressure second stage fuel injection. An additional
advantage of the staged fuel burner is a compact flame. Cooling of the combustion products from the
first stage zone in the staged air burner is accomplished primarily by radiation to the process.
However, in a staged fuel burner the entrained furnace products give additional cooling to the flame.
This particular characteristic permits more intense combustion with reduced NOX levels.

433 Qvedire Air (OFA)

In this combustion system, conventional burners are used to introduce the fuel and sub-
stoichiometric quantities of combustion air (primary air). The remaining combustion air (secondary air)
is introduced approximately 1/3 of the distance down the firebox through overlire air ports. The overtire
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air system reduces NO, tormation by two mechanisms. Staging the combustion air partially delays the
combustion process, resulting in a cooler flame and suppressed thermal NO, formation. The staging of
the combustion air also allows deprivation of oxygen and less mixing of fuel and air in the combustion
region where fuel nitrogen evolves, thereby reducing fuel NO,, formation.

The degree of staging is limited by operational problems (e.g., high CO and hydrocarbon
emissions) due to low primary air flow rate creating incomplete combustion conditions. Also, a staged
flame is larger and extends further Into the furace. This can lead to flame impingement causing
refractory damage and/or tube failures. This diminishes the applicability of staging techniques for high
heat release ranges.

This method is effective with ali fuels.” However, there is an increased potential for fumace tube
wastage due to local reducing conditions when firing coal or high sulfur fuel oil, There is also a greater
tendency for slag accumulation in the furnace when firing coal. With reduced airflow to the burners,
there may be reduced mixing of the fuel and air. Additional excess air may be required to ensure
complete combustion, resulling in a decrease in efficiency. The OFA technique is more attractive in
.original designs than in retrofit applications for cost considerations. Additional duct work, tirebox
penetrations, and extra .fan capacity may be required in refrofit situations. Physical obstructions or
insufficient space between the top row of burners and the radiant section exit may not permit the
installation of OFA ports and the enlarged combustion zone required.

43.4 Burners Out of Service

Burners out of service is a variation of the staged combustion technique for reduction of NO,,
formation. It is a low cost retrofit NO, control measure for existing fireboxes. Ideally, all of the fuel fiow
is diverted from a selected number of bumners 1o the remaining firing burners. Since airllow is
maintained unchanged among all the burners, a staged combustion effort is obtained. The fuel-
admitting bumers fire more fuel-rich than normal, with the remaining air required for combustion being
admitted through the inactive bumers. NOx is reduced by decreasing the excess air available in the
active burner zone. This reduces both fuel and thermal NC)x formation and thus, is applicable to all
fuels. 7

In many cases, bumers cannot handle any or all of the increased fuel flow, necessitating a
* significant reduction in the firing load rating. Since a reduction in load is not desirable and often not
feasible, this technique is not always viable. Its application requires a minimum ot four burners and
extensive engineering on selection of burmers out of service and control of air flow 10 ensure
satisfactory staging conditions. 1t is usvally most eflective to place the air-rich burners or air ports in
the region of highest heat release. To avoid flame stability and vibration problems, the number of
burmners taken out of service should not exceed 25 percent. Operational impacts such as corrosion and
soot/slag tormation are other signiticant considerations.
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43.5 Reburn

Rebumn, also referred to as in-fumace NOX reduction or staged fuel injection (see Figure 8),
involves passing the bumer zone products through a secondary flame or fuel-rich combustion process.
This process s designed to reduce NO, formation without generating CO emissions. This NO, control
approach diverts a fraction of the fuel 10 create a secondary flame or tuel rich zone downstream of the
bumer {primary combustion zone). Sufficient air is then supplied to complete the oxidation process.
These reactions are NO, torming as well as NO, reducing. Laboratory results indicate a maximum
reduction in NO, is achieved when the reburning zone stoichiometry is approximately 0.9 (30 percent
theoretical air).16 Other variables which are directly related to reburning effectiveness are burner zone
NO, concentration, reburning zone residence time, and temperature. The flame zone stoichiometry has
been shown to have litile influence.

Reburning can be implemented either by redistributing the fuel and air through the existing burner
pattern or by installing additional fuel and air poris above the burner patiern. The latter approach is
likely 1o yield the best results.

The burner pattern plus overfire air ports provides an existing, potential capability to implement
the rebuming NOx control approach. In fact, the burners out of service (see Section 4.3.4) mode of
operation implemented on some units to achieve fuel-rich primary combustion may also result in partial
rebuming. LEA and recirculated flue gas (see beiow) controls are combustion modification techniques
often combined with reburning.

4.3.6 Flue Gas Recirculation (FGR)

The flue gas recircutation approach to NO, control is based on recycling a portion of cooled flue
gas back to the primary combustion zone. The flue gas recirculation system reduces NOX formation by
two mechanisms. The recycled flue gas is made up of combustion products which act as inerts during
combustion of the {uel air mixture. This additional mass is heated and lowers the peak flame
temperature, thereby reducing the amount of thermal NO, formation. To a lesser extent, FGR also
reduces thermal NOx formation by lowering the oxygen concentration in the primary flame zone. The
decrease in flame temperature alters the distribution of heat and lowers the fuel efficiency.

The recycled tiue gas may be pre-mixed with the combustion air or injected directly into the flame
zone. Discrete injection allows more precise control of the amount and location. In order for FGR to
reduce NOx formation, flue gas must enter the tlame zone. FGR has been used for many years,
principally as a means of improving temperature control at reduced firing rates. in this application, the
flue gas is generally introduced below the burner or above the combustion zone.
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Figure 8. NO, Reburning with Gas
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As FGR beneficial effects are limited to reduction of thermal NO,, the technique is applied
primarily to natural gas or distillate oil combustion. In these appli_cations, the thermal NOx component
is virtually 100 percent of the total NO,. The amount of recirculation is limited by flame stability.
Typically, 15-20 percent is employed. Flue gas recirculation for NOx control is more adaptable 1o new
designs than as a retrofit application.

437 Reduced Combustion Air Temperature

This NOX control technique is limited to equipment with combustion air preheaters. For fired
heater and boiler applications ali of or a fraction of the combustion air bypasses the preheater.
Reducing the amount of combustion air preheat lowers the primary combustion zone peak temperature,
which inhibils thermai NO, production. Because the beneficial efiects are limited to the reduction of
thermal NO,, this approach is economically attractive for only natural gas and distillate oil fuel
applications.

Although NOx emissions decrease significantly with reduced combustion air temperalure,
significant loss in efficiency will occur if flue gas temperatures leaving the stack are increased as a
consequence of bypassing the air preheaters. Enlarging the surface area of existirig economizers or
installation of an economizer in place of an air preheater can be used to partially recover the heat loss.

438 Derating/L.oad Reduction

Thermal NO, formation generally increases as the heat release rate or combustion intensity
increases. Reduced combustion intensity can be accomplished by load reduction, or derating, in
existing units and by installation of an enlarged firebox in new units. Reduced firing rates can lead to
several operational problems. The reduced mass flow can cause improper fuel-air mixing during
combustion, creating CO and scot emissions. This situation is alleviated by operating at excess air
levels higher than normally maintained at the original design load. This increase in O, levels reduces
thermal operating efficiency and increases fuel NO, generétion. The net effect of decreasing thermal
NO, formation while increasing fuel NO, is case specific.

When the combustion unit is designed for a reduced heat release rate, the problems associated
with derating are largely avoided. An enlarged firebox produces NO, reduction similar to load reduction
on existing units, without necessitating an increase in excess air levels. This NO, control is applicable
to all fuel types.
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SECTION 5

POST-COMBUSTION NO,  CONTROL TECHNOLOGIES

This section describes NO, reduction techniques applied downstream of the combustion zone to
reduce the NOx formed during the combustion process. The three post-combustion NO, control
technologies described include selective catalytic reduction (SCR), non-selective catalytic reduction
(NSCR), and selective noncatalytic reduction {SNCR). A listing of control equipment vendor contacts is
presented in Appendix G. |

5.1 SELECTIVE CATALYTIC REDUCTION

A schematic of the SCR process is shown in Figure 9. In this process, ammonia (NH3). usually
dituted with air or steam, is injected through a grid system into the flue/exhaust gas stream upstream of
a catalyst bed. On the catalyst surtace, the ammonia reacts with NO, to form molecular nitrogen and
water. Depending on system design, NO, removal ot 80-90 percent and higher are achievable. The
major reactions that occur in the presence of the catalyst are the following:

6NO + 4NH, - 5N, + 6H,0 @)

2NO + 4NHj + 20, - 3Ny + 6H,0 (5)

The reaction of NH3 and NO, is favored by the presence of excess oxygen (air-rich conditions). The
primary variable affecting NO, reduction is temperature. Optimum NO, reduction occurs at catalyst
bed temperatures between 600° and 750°F for conventional (vanadium or titanium-based) catalyst
types, and 470°-510°F for platinum catalysts. Performance for a given catalyst depends largely on the
temperature of the flue gas being treated (see Figure 10).17 A given catalyst exhibits optimum
perlorman'ce between a temperature range of +50°F for applications where flue gas O, concenlrations
are greater than 1%. Below this optimum temperature range, the catalyst activity is greatly reduced,
allowing unreacted ammonia to slip through. Above 850°F, ammonia begins to be oxidized to form
additional NOx. The ammonia oxidation to NOx increases with increasing temperature. Depending on
the catalyst substrate material, the catalyst may be quickly damaged due to thermai stress at
temperatures in excess of 850°F. It is important, therefore, to have stable operations and thus uniform

flue gas temperatures for this process to achieve optimum NOx control.
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Figure 10. Effect of Ter_nperature and Oxygen on NQ, Conversion
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A new family of zeolite catalys: :as been developed which are capable of functioning at higher
temperatures than conventional catalysts. Zeolites are claimed to be effective over the range of 600° to
1,125°F, with the optimum temperature range stated as 675° to ‘I,(L\':’S"F."s-ﬂ’-20 For zeolite catalysts
and applications, ammenia oxidation to NOX begins at around 850° and is predominant at temperatures
in excess of 960°F.20 Zeolites suffer the same periormance and potential damage problems as
conventional catalysts when used outside their optimum temperathre range. In particular, at around
1020°F, the zeolite structure may be irreversibly degraded due to loss of pore density.19 Zeolite
catalysts have not been continuously operated commercially at temperatures above 960°F due 10
ammonia oxidation to NO, and potential damage to the catalyst.2°

With zeolite catalysts, the NOX reduction reaction takes place inside a molecular sieve ceramic
body rather than on the surface of a metallic catalyst. This difference is reported to reduce the effect of
particulates/soot, 8021803 conversion, heavy metals, etc. which poison, plug, and mask metal type
catalysts. These catalysts have been in use in Europe since the mid-1380's, with approximately
100 installations on-stream.1® Process applications range from gas to coal fuel. Typically, NOx levels
are reduced 80-90 percent. Refer to Appendix E where performance of SCR units employing zeolite
catalysis are reported for some selected sites in West Germany. Zeolite catalysts are currently being
purchased for U.S. installations.

The optimal effectiveness of the catalytic process is also dependent on the NH4/NO, ratio.
Ammonia injection rates must be controlled to give a 1:1 NHL/NO, mole ratio. As the mole ratio of
NHSIN(.'Jx increases to approximately 1:1, the NO, reduction increases. Operaling above a 1:1 ratio or
with insufficient catalyst volume will result in unreacted ammonia slipping through the catalyst bed. On
stream analyzers and quick feedback control are required to optimize the NOx removal and minimize
NH3 emissions.

Another variable which affects NO, reduction is space velocity, the ratio of fiue gas flow rate to
catalyst volume, or the inverse of residence time. For a given catalyst volume, increased flue gas rate
decreases the conversion of NOx. Conversely, for a given flue gas flow rate, increased catalyst volume
improves the NO, removal effectiveness.

Site-specific factors including operating temperatures and fuel type affect the performance and
emission rates achievable with SCR. There are a number of operating considerations with SCR. First,
potential catalyst poisoning by either metals, acid gases, or particutate entrainment is detrimental. For
detailed discussion of SCR catalyst poisoning see Reference 21. The potential loss of catalyst activity
due 1o these fuel effects resulls in the use of an excess of catalyst to maintain the required process
efficiency over an extended period of time. Second, ammonia emissions result. In a properly designed
and controlled system, ammonia emissions should be less than 10 ppm. Also, flue gas temperatures
may not be in the proper operating range, which will require reheat. An increase in back pressure due
fo pressure drop across the catalyst results in a decrease in fuel efficiency. In addition, the formation of
ammonium sulfate and bisulfate in the presence of SO, and unreacted ammonia presents corrosion
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and plugging concems in heat exchange equipment downstream of the reactor. Most of the problems
have been successfully addressed in commercial operation, in the U.S. and abroad.

5.2 NON-SELECTIVE CATALYTIC REDUCTION (NSCR)

Non-selective catalytic reduction sysiems are often referred to as “three-way conversion” catalyst
éystems since they reduce NOx, unburned hydrocarbon, and CO simultaneously. To operate properly,
the combustion process must be with an air-to-fuel ratio slightly fuel-rich of stoichiometric. Under this

| condition, in the presence of the catalyst, the oxides of nitrogen are reduced by the carbon monoxide,
resulting in nitrogen and carbon dioxide.

Sulfur resistant catalysts supports of titanium, molybdenum or tungsten are available for SO5-
laden stream applications. Deposits are controlled by control of NH3 slip to below 5 ppmv.

For additional information on specific catalyst performances as a function of variables such as
NHalNO ratio, space velocity, HN3-inp, the reader should consult with contacts provides in Appendix G,
pp. G-1 and G-2.

NSCR sysiems primarily utilize the following reaction in reducing NOX:

2CO + 2NO, - 2C0, + N, (6)

The catalyst used to promote this reaction is generally a mixture of platinum and rhodium. The catalyst
operating temperature limits are 700 to 1,500°F, with 800 to 1,200°F being the most desirable.
Temperatures above 1,500°F result in catalyst sintering.

Typical NO, conversion ranges from 80-95 percent with corresponding decreases in CO and HC.
Potential problems associated with NSCR applications include catalyst poisoning by oil additives (e.g.,
phosphorous, zinc) and inadequate control systems.22 NSCR is currently imited in application to IC
engines with fuel rich ignition systems.

5.3 SELECTIVE NON-CATALYTIC REDUCTION (SNCR)
There are two commercially available selective non-catalytic reduction processes: Thermal

DeNO,®, which uses ammonia as the reducing agent, and NOxOUT®, which uses urea as the
reducing agent. Each has their distinct ditferences but from a process approach they are similar.
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£3.1 Thermal DeNOx®

Thermal DeNO,® (TDN) developed by Exxon is an add-on NO,, control technique which reduces
NO, to N, without the use of a catalyst. Figure 11 shows a process flow diagram for a thermal DeNO,
system applied 1o an oil- and gas-fired boiler. The TDN process injects gaseous ammonia to react with
I\_IOX in the air rich fiue gas. The ammonia and NO,, react according to the following competing

reactions.

2NO + 4NH, + 20, - 3N, + 6H,0 m

ANH, + 50, - 4NO « 6H,0 {8

Temperature is the primary variable for controlling the selective reaction. In the temperature range of
1,600°F to 2,200°F, the first reaction dominates, resulting in a reduction of NOX. Above 2,200°F, the
latter reaction dominate, causing increased NO,, production. Below 1,600°F, neither reaction is ot
sufficient activity to either produce or destroy Nox. NO, reduction performance is maximized in the
relatively narrow temperature range of 1,600-1,900°F, with an optimum temperature of approximately
1,750°F. The 300° reaction window can be lowered to a range of 1,300-1,500°F by introducing
hydrogen, a readily oxidizable gas.23

Without the use of catalyst to increase the reaction rates, adequate time at optimum temperatures
must be available for the NO, reduction reaction to occur. Design considerations should allow ample
residence time and good mixing in lhe required temperature range. Long residence times (>1 second)
at optimum temperatures will tend to promote relatively high performance even with less than optimum
initial mixing or temperature/velocity gradients. However, when the NH,; injection zone is characterized
by low temperatures and/or steep temperature declines, a loss of process efficiency results.

The initial ratio of ammonia injected to NO, concentrations is another parameter to control the
process. Maximum NO, reductions (40-60 percent) require 1.5-2.0 NH3INOX injection ratios. At these
ratios, significant concentrations of NH5 can exil the convective zone, creating corrosive ammonium
sultates and/or a visible NH3 stack plume.1 (Unreacted ammonia emissions from a Thermal DeNOx®
system are usually higher than from SCR systems.)

Selection of the optimum NH, injection location also affects NO, reduction performance and NH,
slip. In most Thermat DeNO, apptlications today, the injection grids are being replaced by wall
injectors. The temperatures and velocity profiles will change significantly with load. This necessitates
the use of muttiple NH3 injection points to achieve the desired NO, reduction for a range of operating

loads.
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53.2 NOxQUT®

In the NOxOUT® process, a urea type (or amine salt) compound is injected into the oxygen-rich
upper fumace and/or high temperature convection section of a boiler 1o promote NO, reduction as

shown below:

NH, + NO - N, + H,0 9

The exact chemical mechanism is not fully understood, but involves the decomposition of urea '
{C(N H,),0]. The likely decomposition products include the NH,, groups. The reaction takes place at
temperatures of 1,700 to 3.000°F.24 )

Criginally developed for the Electric Power Research institute (EPRI) in the late 1970’s, the
process is currently licensed by Fuel Tech where proprietary addﬁives that allow NO, reduction
capability over a temperature range of 800-2,100°F have been developed. As with the other post-
combustion NO, control systems, temperature is the primary control variable for the selective reactions.
NO, reductions up to 80 percent are achievable with this lechnu:JIc:ogy.24 The performance of the urea
injection process is limited by the time/temperaturefflow characteristics of the flue gas. Residence time
in the temperature window and the urea to NO,, ratio impact the performance in a similar manner as for
Thermal DeNO,. The NO, reduction capabliity is limited by mixing because the reaction times are
relatively fast.

The capital costs associated with urea injection tend to be less than those of ammonia injection.
Urea is injected in liquid form, eliminating the need for a compressor. The hazards of ammonia storage
are also alleviated. The lower capital costs are offset however by higher operating costs; urea is more
expensive than ammonia. The urea injection process may better accommodate changing conditions
due to varying loads by altering the solution formulation, in addition to multiple injection points for
varying temperature/load requirements.

Further information on TDN and NOxOUT performance are available from the two contacts

provided in Appendix G, p. G-5.
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SECTION 6

STATUS OF NOy CONTROL TECHNOLOGY APPLICATIONS

This section describes the applications of NOX control technologies to various combustion

sources including combustion turbines, stationary IC engines, boilers/heaters, and waste incinerators.

The emphasis is on commercial applicability of the technologies excluding those that are in the

developmental and/or research stage.
The information presented in this section reflects the status of NOK control applications in the
U.S., Japan, and West Germany. Major sources of information used include the following:

(a)
(b)
(c)
(d)
(e)

BACT/LAER Clearinghouse on-line data base

EPA Region 9

California Air Resources Board

West Germany site visits (IC engine/oiler SCR applications; vendors)

Environmental Catalyst Consultants, Inc.2>

" As pointed out in Sections 4 and 5, the applicability of a control technology is dependent on

several factors including combustion source type and fuel type. Table 1 presents an overview of the

NOx control technology applications by combustion source type. The control technologies are divided

into two major groups - combustion controls and post-combustion controls. The former comprises a

variety of techniques described in Section 5. As shown in the table, combustion modifications and

selective catalytic reduction have been applied to all of the combustion source types included in this

study.

NO, control technology applications are summarnzed by combustion source type as well as fuel
type in the following subsections. Detailed listings by facility name, location, size, start-up/permit date,

specific control technology, NO, permit level, and state contact name are provided in Appendices A
through D. Although the emphasis is on applications in U.S., information on NO, control technology

applications in West Germany and Japan are also presented in this section (see Appendices E and F,

respectively).

6.1 COMBUSTION TURBINES

Table 2 summarizes the current NO, control applications in U.S., Japan, and West Germany for
combustion turbines fired with gas, dual fuel, and oil. In some of the applications identified, the specific
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TABLE 1. NOy CONTROL TECHNOLOGY APPLICABILITY2.D
Stationary
Combustion  Combustion Boilers/ Waste

Control Technology Turbines Engines Heaters " Incinerators
Combustion Controls® X X X X
Post-combustion Controls

Selective catalytic reduction X X X X

Non-selective catalytic X

reduction

Selective non-catalytic X X

reduction

dRefer to Appendices A, B, C, D, E, and F for facility-specific data.

Commercral applications in U.S., Germany, and Japan.

Cinctudes a variety of combustion techniques to reduce NO, formation in the combustion zone
depending on the source: wet injection, timing retard, staged combustion, low excess air, bumers out
of service, flue gas recirculation, overfire air, dry combustion controls, reduced air preheat, clean burn
and derating.

TABLE 2. NO, CONTROL TECHNOLOGY APPLICABILITY - COMBUSTION TURBINES2.D

Fuel
Natural Dual

Control Technology® Gas Qil Fuel
Combustion Controls

Woet injection X X X

Dry low NO, X

Combustor design X X
Post-combustion Controls

Selective catalylic reduction X X X

8Refer to Appendices A and F for facility-specific data.
bCommerc:al applications in U.S., Japan, and West Gemmany.

CMay involve application of more than ane control technology on a turbine (e.g., steam injection and
selective catalytic reduction).
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control technologies are implemented in conjunction with other technologies, for example, wet injection
followed by Selective catalylic reduction.

6.1.1 Combustion Controls

For gas-fired and dual fuel-fired combustion turbines, the primary methods of NO, control are
low-NO, emitting combustor designs and/or injection of steam or water into the combustor. Low NO,
combustor design and wet injection are used eilherfndividually or simultaneously to achieve the
required NO, lavels.

There are relatively few oil-fired combustion turbines in the U.S., and the NO, combustion
controls applied are the same as those applied for gas or dual fuel-fired turbines. About 40 percent of
the 140+ combustion turbine applications identified are reported to use wet injection and about
five percent are reported to employ low NOx combustor design as methods for NO, control. In about
five percent of the applications, wet injection and low NOx combustor design are collectively cited as
the NO,, control method.

6.1.2 Selective Catalytic Reduction

This technology is the only post-combustion NO, control technology widely applied to combustion
turbines. In the data sets reviewed, SCR was reported as the applied technology in 30 percent of the
applications . Majorily of these applications involve SCR systems accompanied by wet injection as the
preliminary NO, control mechanism.

Geographically, application of SCR has been mare common in California, followed by the
Northeastern States, where the NO, regulations are more strict than elsewhere in the U.S. Application
of SCR to combustion turbines in the U.S. has been limited to gas or dual fuel-firing only. However,
SCR has been applied to two kerosene-fired combustion turbines in Japan (see Appendix F).26 One of
these units is a 141 MW unit with an SCR system operating since 1981. The other SCR unit is
installed on a 3 MW turbine and has been operating since 1984,

SCR catalyst life in turbine applications has generally exceeded expectations. In Japan gas-fired
SCR applications are typically 8-10 yrs between catalyst changes. In the U.S. one installation is

expecting 7 years catalyst life on a gas-fired turbine.27

6.2 STATIONARY INTERNAL COMBUSTION ENGINES

Commercially available control technologies IC applied to engines are summarized in Tabie 3 for
four fuel type categories: natural gas, dual fuel, oil, and “other* which includes engines fired with
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landfill gas, refinery gas, process gas, and digester gas. More than two thirds of the engines identified

‘l use nafural gas as the primary fuel,
i

TABLE 3. NO,, CONTROL TECHNOLOGY APPLICABILITY - STATIONARY IC ENGINES2.P

Fuel

Natura! Gas/
Control Technologyd Dual Fuel Oil Other®

Combustion Controls

Injection timing retard

Pre-ignition chamber combustion {(clean bum)
Alir to fuel ratic

Stratified charge

Turbocharging

Wet injection

Derating X

KX XXX

Post-combustion Controls

Selective catalytic reduction X X X
Non-selective catalytic reduction X

aRefer to Appendices B, E and F for facility-specific data.

Commercial applications in U.S., West Germany, and Japan.
CLandfill gas, refinery gas, process gas, and digester gas.

May involve application of more than one control technology on an engine {clean burn engine and
wet injection).

From an NOx control viewpoint, the most important distinction between different engine models
and types for reciprocating engines is rich-burn versus lean-burn. As indicated earlier, exhaust from
rich-burn engines has fittle or no excess air while the exhaust from lean burn engines is characterized
with medium to high levels of O,

6.2.1 Combustion Controls

For natural gas-fired engines, engine design in general and clean burn or pre-ignition chamber
combustion have been the most commonly applied ’NOx control technology in the past decade. These
two technologies account for over 75 percent of the applications identified as permitted and/or applied
in this study.

In oil-fired engines, the most common techniques employed include injection timing retard and

[
:! clean burn.




6.2.2 Selective Catalytic Reduction

T.hi's technology has been applied only to lean-burn reciprocating and diesel engines where the
exhaust gas O, concentrations are high as the SCR reaction mechanisms require presence of oxygen
(See Section 5.1). Inthe U.S., applications have been limited to natural gas-fired engines in the past
decade with a recent application to a dual tuel-fired diesel engine.26 This unit has been operating
since September 1988.

In Japan, SCR has also been applied to oil-fired diesel engines as well (see Appendix F). Two of
these three units started operation in the 1978-1980 time frame, with another unit coming on-line in
1989. In West Germany, SCR has beer{ applied 1o engines firing natural gas, dual fuel, landfill gas as
well as oil. Table 4 identifies the IC engine SCR sites visited in_German} as part of this study and
presents the information collected (see Appendix E for trip reports).

6.2.3 Non-selective Catalytic Reduction

~As described in Section 5.2, application of NSCR requires fuel-rich engine operation or the
addition of reducing agents in the flue gas upstream of the catalyst. Therefore, application of this
technolbgy has been limited to rich-burn engines. In this study, a number of NSCR applications on
gas-fired rich burn engines have been identified. All of these engines are located in California and
have been permitted in early to mid-1980s (see Appendix B).

6.3 NON-UTILITY BOILERS AND HEATERS

As indicated earlier, the applicability of a technology is influenced by several factors. For boilers
and process heaters, the major factor is fuel type. Gas and oil-tired boilers and heaters have very
similar characteristics with regard to boiler design and control applicability. Solid fue! (coal and wood)
boilers and heaters have very ditferent designs compared to oit/gas designs. Within the solid fuel boiler
category, these designs include, pulverized coal, stoker (coal and wood), and fiuid bed. Table 5
summarizes the current technology applications in the U.S. relative to the boiler and tuel type.

6.3.1 Combustion Controls

Low NO, combustion technologies include the following air and fuel staging technologies which
have been used jointly or individually: low excess air, over fire air, flue gas recirculation, and low NO,
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TABLE 5. NOy CONTROL TECHNOLOGY APPLICABILITY - NON-UTILITY
BOILERS AND HEATERS3P

Coal CoalWood Gas/Oil
Control Technology ' Pulverized  Conventional Fluid
Bed

Combustion Controls® ’ X X X X

Low excess air

QOverfire air

Flue gas recirculation

Low NO, bumers
Post-combustion Controls

Selective catalytic reduction X X X

Selective non-catalytic reduction X X X

dRefer to Appendices C, E, and F for facility-specific data.
Commercial applications in U.S., West Germany, and Japan.
cMay involve concurrent application of more than one technology.

bumers. Almost all recently permitted gas/oil and pulverized coal boilers use low NO, bumers. Most
of these boilers also use other combustion modification technologies, with the most recently used
technology combination being low NO, bumer plus flue gas recirculation,

Since 1985, over ten coal-fired boilers we}e permitted to use low NO, combustion technologies
as the primary method of NOX control. Also, over 25 oil and gas fired boilers are identified as using
low NO, combustion technologies for NO, control. Over half of these boilers are identified as
employing low NO, bumer plus flue gas recirculation.

6.3.2 Selective Catalytic Reduction

On boilers and heaters, SCR has been applied at over 15 gas-fired refinery process heaters and
boilers in California. (See Appendix C, pp. C-3 and C-4.) The refinery systems were permitted in early
1980s and the boiler systems were permitted in the late 1980's.

In Japan, SCR has been applied to over 50 industrial boilers firing gas, oil, and coal 2d Over
60 percent of these boilers fire oil, followed by gas firing (25 percent), and coal firing {15 percent). The
boiler sizes range from 50 to 1,500 million Btu per hour heat input with start-up dates from 1977 to
1989. See Appendix F for a fisting of SCR applications in Japan on dirty fuels.
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6.3.3 Selective Non-catalytic Reduction

SNCR technology has been widely applied to fluid bed combustion boilers and wood-fired boilers.
Operation of these boilers is characterized by relatively low NO, emissions and allows for sufficient
residence time and mixing in the temperature window required by the technology. For example, tluid
bed combustors have low emission levels of NO, due to the low combustion temperatures (1600-
1,800°F). These boilers have high temperature cyclones which are used to recycle char and bed
material back to the fluid bed. The cyclones provide ideal mixing of ammonia with the combustion
gases resulting in good removal efficiency with reasonable ammonia to NO, ratios.

Since the mid-1980's, over 20 sites are identified as having permits granted based on the
application of SNCR. Almost all of the sites are coal or wood/bioamass-fired fluid bed boilers and
conventional wood/biomass-fired boilers. The exceptions involve gas-fired boilers and a CO boiler.

6.4 MUNICIPAL WASTE AND SLUDGE INCINERATION

Over 80 municipal waste sites are identified from the survey information as being permitted
between 1980 and 1990 (see Appendix D, Table D-1). Table 6 summarizes the application status of
N(Z)x controls for waste incineration. NO, emissions are identitied as being controlled using combustion
controls at about 90 percent of the sites. The combustion controls identified include: boiler '

desigr/modification, combustion control, ang overfire air.

6.4.1 Selective Non-catalytic Reduction

' At seven sites (municipal wastedire/sludge), SNCR was identified as the means ol NO, control.
Except for two sites in California, the remaining were recently permitted in 1989 - 1990.

6.4.2 Selective Catalytic Reduction {Japan)

In Japan, application of SCR for controlling NO, emissions from waste incineration has been
extensive.25 For example, two sites in Japan have operated with SCR systems since 1986. in
addition, there are 16 SCR units on plants incinerating sewage sludge in Japan (see Appendix F).
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TABLE 6. NO, CONTROL TECHNOLOGY APPLICABILITY - WASTE INCINERATOR

Sa.b

Control Technology

Municipal Waste

Combustion Modifications
Boiler design
Overfire air
Combustion control

Post-combustion Controls

Selective catalytic reduction
Selective non-catalytic reduction

aRef_er to Appendices D and F for facility-specific information.
bcommercial applications in U.S. and Japan.
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SECTION 7

NOy CONTROL DATA

This section describes the NO, control levels achieved using the technologies discussed in the
previous section. The following subsections focus on the NO, emission limits as specified in the
permits (not necessarily identical to actual NO, emission levels) by combustion source/fuel type and
control technology. Facility-specific emissions limits as well as other information for each combustion
sourcefacility are presented in Appendices A through D for combustion turbines, engines,
boilers/heaters, and incinerators, respectively. Performance levels for the West German and Japanese
units are summarized in Appendices E and F, respectively. Conversibn factors for expressing NOx
limits as ppm at 15 percent O,, pounds per million Btu, grams per brake horsepower per hour, and mg
per cubic meter are included in Appendix H.

7.1 COMBUSTION TURBINES

NO, permit limits identified for the turbines included in this study are summarized in Table 7,
organized by fuel type and control technelogy applied.

7.1.1 Combustion Controls/Wet Injection

As indicated in Section 6, wet injection is the most commonly applied NO,, control technology for
gas turbines. The NO, permit limits shown in Table 7 reflect the performance levels considered
achievable when water or steam injection is the only control applied (i.e., not in conjunction with SCR or
other combustion controls). The wide range of performance for gas-fired and dual fuel-fired turbines
are indications of the increasing stringency of NO, permit levels in the country throughout the past
decade, particularly in California and the Northeastern States.

For gas-fired turbines, most of the recent permits have specified 25 to 42 ppm at 15 percent O2
as the NO, limit. For dual fuel-fired turbines, NO, limits are specified for both gas firing and oil firing.

- These levels have ranged from 25 to 79 ppm and 40 to 129 ppm at 15 percent O2 over the past
decade for gas and oil, respectively. However, recent permils for dual fuel-fired turbines have -
commonly allowed for 22 to 42 ppm for gas firing and 40 to 65 ppm for oil firing, respectively, both at
15 percent 02.
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TABLE 7. NOy CONTROL LEVELS - COMBUSTION TURBINES 3P

NO, Permits Limits (ppm NO, at 15% O,)

Control Technology Natural Gas il Dual Fusl

Combustion Controls

Wet injection 25-195 25-79 (gas)/40-129 (oil)
Dry low NO, 32-188

Post-oombustion Controls

Selective catalytic reduction 5-25C 10-259 8-10 (gas)/12-18 (oil)®

8Refer to Appendices A and F for facility-specific data.
Commercial applications in U.S. and Japan.

CIn combination with combustion controls.
Units in Japan.

®Based on two units in Eastern U.S.

7.1.2 Combustion Controls/Dry Low NO:

in the four permits identified where combustor design has been specified as the method of NO,
control, the NO, limits range from 32 to 188 ppm, with the 32 ppm limit imposed on a unit permitted in
1990 in New York and the 188 ppm limit imposed on a i-nit permitted in 1981. in a few cases,
combustor design and wet injection have been reporied together as.the NOx control technology, with
permit levels ranging from 25 to 75 ppm at 15 percent O,

Recognizing the pressure to reduce emissions, all major vendors have development programs
that should allow them to provide guarantees of 25 ppm or lower.28 Some vendors now guarantee
25 ppm with special low NO, combustors. Recently, a turbine has been sold with a NO, emission
guarantee of 9 ppm without water or steam injection (on natural gas) or SscrR.14 itis recognized,
however, that the new generation of furbines will have de_icuhy matching these very low levels without
water or steam injection because of the higher firing températures which make them inherently higher

NOx produc:er:-:.m'28

71.3 Selective Catalytic Reduction

SCR is considered applicable, in combination with combustor design and/or wet injection, to
reduce NO, emission levels to 5-25 ppm at 15 percent O, on natural gas and dual fuel-fired turbines,
as evidenced by the large number of permits issued recently in California and the Northeastern States.
Most of the recent permit specifications involve NO, levels of 5 to 10'ppm for gas firing. in the permits
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identified for dual fuel-fired turbines, NO,'("limits for gas firing are specified as 8.2 to 10 ppm, with the oil
firing NO, fimits set at 11.7 to 40 ppm, both at 15 percent O,. '

Two turbines firing kerosene in Japan are identified as employing SCR to reduce NO, emissions
{see Appendix F). One of these turbines is a 141 MW unit equipped with an SCR system that has
been in operation since 1981 26 The SCR system reduces inlet NO, levels of 60 to 80 ppm to 10 ppm
at the outlet, both at 15 percent O,. The second SbR system is installed on a 3 MW unit and is
capable of reducing the inlet NO,, levels from 100-ppm 1o 25 ppm at 15 percent O,. This unit has
been operational since 1984.

7.2 STATIONARY INTERNAL COMBUSTION ENGINES
Table 8 summarizes the NO, emission limits for the IC engine applications. These fimits reflect
the emission reductions achievable based on the fuel employed as well as the recent iechnological

developments in NO, control.

7.21 Combustion Controls

A majority of the ~120 IC engine applications identified implement combustion controls. For
natural gas or dual fuel-fired engines that make up rodghly 75 percent of the IC engine population in
this study, primary controls involved clean burn or low NO, engine design. The emission levels for
these engines range from a low of 0.75 g/hp-hr (approximately 80 ppm at 15 percent 02) for a recently
permitted unit in California to a 16.5 g/hp-hr (approximately 1,760 ppm at 15 percent O,} for a unit
permitted in 1980 in Alabama. The recent developments and modifications in engine design have
allowed for low levels for NOx emissions. The unit visited in West Germany exhibits NO, emission
levels comparable to that observed in U.S.; 109 ppm at 15 percent 02 on propane gas (see Appendix
E for trip repon).

Of the 17 oii-fired engine applications in U.S., 10 employ injection timing retard as the primary
method of NO, control. With this method, NO, emission levels of 520 to 1,158 ppm of NO, at
15 percent 02 are considered achievable.

NO, emission levels for nine engines operating on landfill gas and digester gas range from 1.5 to
2 g/hp-hr (approximately 160 to 210 ppm at 15 percent O,). All of these units employ ¢clean burn
engines for NO, control. The majority of these engines were permitted in early to mid-1980's. Except
for one engine, the remaining eight are located in California.
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TABLE 8. NOy CONTROL LEVELS - STATIONARY INTERNAL COMBUSTION ENGINESD

NQK Permit Limits

Natural Gas/
Control Technology Dual Fuel Qil Other®
Combustion Controls 0.75-165 g/hp-tr  520-1,158 ppm 1.5-2 (16010
(~80-1,760 ppm at 15% O, 210 ppm at
at 15% O,) 15% O,)
Injection timing retard
Pre-ignition chamber combustion
(clean burn)
Air to fuel ratio
Stratiffied charge
Turbocharging
Wet injection
Derating
Post-Combustion Controls
90 - 150 ppm
Selective catalytic reduction 70 - 90% (U.S.) (Japan)
96 - 180 ppm at
15% O
(Germazny)d

Non-selective catalylic reduction 1.0 - 1.5 g/hp-hr
(110 to 160 ppm at
15% O,)

Refer to Appendices B, E, and F for faciiity-specific data.
Commercial applications in U.S., West Germany, and Japan.
CLandfil! gas, refinery gas, process gas, digester gas.
Site visits. :

722 Non-selective Catalytic Reduction

Eight rich-bum engines are identified as implementing NSCR for NO, control. All of these
engines are located in Califomnia and have been permitted in early to mid-1980's. As shown in Table 8,
NOx emission {imits required for these units range from 1.0 to 1.5 g/hp-hr (approximately 110 to 160
ppm at 15 percent 02).

7.2.3 Selective Catalytic Reduction

Application of SCR to IC engines in U.S. has been fimited. Of the two units identified in this
study, one is a dual fuel-fired engine in Massachusetts and the other one is a natural gas-fired unit in
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Califomia. 28 The NO, permit limits on these units are 40 tons/yr and 100 Ib/day, with reported NOx
control efficiencies of 90 and 70 percent, sespectively.

Of the three oil-fired engine/SCR applications in Japan, two have starled operation in 1978 - 1980
with ong start-up in 1989.25 The two older units are reported 1o emit NOX at 80 - 150 ppm levels.

As discussed in Section 6, SCR has been applied to natural gas, dual fuel, landfill gas, and oil-
fired IC engines in West Germany. Of the six sites visited that employ SCR, thiteen engines at three
of the sites fire natural gas; two engines at two sites fire dual fuel; and three engines at the remaining
site fire landfill gas (see Table 4 on page 46; see Appendix E for trip reports). All of the SCR units at
these sites employ zeolite catalysts and have been operational since 1985 - 1988. NO, permit limits
on dual fuel-fired engines are specified at 99'- 187 ppm (at 15 percent 02) while the natural gas-fired
engines are permitted at 98 - 166 ppm (at 15 percent O,).

7.3 NON-UTILITY BOILERS AND HEATERS

Table 9 presents a summary of the NOX control limits identified in this study for boilers and
heaters by fuel type. NO, control levels are presented for U.S. as well as Japanese applications,
where available.

7.31 Combustion Controls

As indicated earlier, achievable NO, emission levels are greatly dependent on fuel nitregen. The
NO, levels reported for the different fuel types provide an illustration of the importance of this variable:
73-258 nanograms per Joule (approximately 40 to 145 ppm at 15 percent O,) for coal-fired boilers and
7.7-43 nanograms per Joule (approximately 5 to 30 ppm at 15 percent 02) for gas-fired boilers.
Influence of boiler des1gn is Mlustrated by the lower NO, levels for coal-fired fluid bed boilers whlch are
operated at lower temperatures than conventional boilers, hence resulting in lower emissions. The
lowest emission limit of 7.7 nanograms per Joule is reported for a small gas-fired boiler. All of the gas-
fired boilers are reported to employ a combination of combustion controls. Only two units fired with oil
are identified. These residual oil-fired boilers have permit levels of 52-164 nanograms per Joule.
(approximately 30 to 100 ppm at 15 percent O,).

7.3.2 Seleclive Non-catalytic Reduction

As discussed in Section 6.3.3, SNCR has been widely applied to tluid bed combustion boeilers and
wood-fired boilers. Other applications identified involve refinery heaters.
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For the wood and coal-fired SNCR applications, about 70 percent of the sites have NO, permit
levels of 43 nanograms per Joule (approximately 25 ppm at 15 percent O,) or less and the
remaining sites have permit emission levels of 45 to 202 nanograms per Joule {approximately 25
to 35 ppm at 15 percent 02). One site has a permit emission rate of 114 nanograms per Joule
(approximately 65 ppm at 15 percent O,), significantly higher than others. :

Of the two heater/SNCR applications, the oil-fired steam generator has an emission limit of 65

nanograms per Joule (approximately 40 ppm at 15 percent 02) and the process heater has an
emission limit of 21.5 nanograms per Joule (approximately 15 ppm at 15 percent O,). The much
higher emission limit for the oil field generator is due to the fuel nitrogen content of the oil.

733 Selective Catalytic Reduction

On boilers and heaters, SCR has been applied at several gas-fired retinery process heaters and
a few gas-fired boilers; all permitted in California. Permit emission levels for all of the sites are 13 to
21.5 nanograms per Joule (approximately 10 to 15 ppm at 15 percent 02).

The coal-tired boiler site visited in West Germany employs three SCR units that started operation
in 1985 - 1988 (see Appendix E). The permitted NOx levels are specified at 213 ppm. In Japan, SCR
has been applied to over 50 industrial boilers firing gas, oil, and coal (see Appendix F). Typical oil-fired
boiler NOX reductions range from 80 to 80 percent with emission levels of 25 to 50 ppm NO,. In coal-
fired boiler applications, emission reductions range from 40 to 80 percent with emissions ot 60 to
250 ppm NOX. NO, reductions are 90 percent with emission levels of 15 to 30 ppm NO, for typical
gas-fired boiler applications.

7.4  MUNICIPAL WASTE AND SLUDGE INCINERATION

Table 10 summarizes the NOx control levels considered achievable by state agencies for waste

incinerators.

7.4.1 Combustion Controls

Emission levels for waste incinerators controlled by combustion controls range from 34 to 344
nanograms per Joule. Among the incinerator population controlled by combustion techniques,
there are no apparent trends based or permit date. The majority of the incinerators have pemnit limits
between 108 and 258 nanograms per Joule. The variation in permit levels is likely due to differences in
state BACT/LAER determinations relative to incinerator type. .
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TABLE 10. NO, CONTROL LEVELS - WASTE INCINEF!ATION““'b

NOX Emission Limit

Control Technology (nanograms/Joule)
Combustion Controls 34 - 344
Boiler design
. Overfire air

Post-Combustion Control

Selective catalytic reduction 215 - 43°
Selective non-catalytic reduction 32 -146

dRefer to Appendices D and F for facility-specific information.
Commercial applications in U.S. and Japan.
Cyapanese applications.

7.4.2 Selective Non-catalytic Reduction

\
Permitted NO, emission limits for the seven sites identified range from 32 to 146 nanograms per

Joule. The tire burners have the lowest permit levels of 32 (California) and 52 (Connecticut)
nanograms per Joule.

7.4.3 Selective Catalytic Reduction (Japan)

Two waste incineration sites in Japan have operated with SCR systems since 1986.2° One
system reduces NO, by 45 - 55 percent for a flue gas having 100-150 ppm NO, resulting in an
emission rate less than 0.1 pounds per million Blu. The other sysiem reduces NO, by 70 - 80 percent
for a tiue gas having 100 - 160 ppm NO, resulting in an emission rate less than 21.5 nanograms per
Joule. There are 16 SCR units on plants incinerating sewage sludge in Japan (see Appendix F).
These systems obtain 80 - 90 percent NO, reduction also resulting in emission rates less than 21.5
nanograms per Joule.
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Facility 1D:

Permit Date:
NQ, Primary Limit:

NO, Secondary Limit:

NQ, Control Efficlency:

Contact Name:
A/F:

FGR:

LNB:

LNC:

NSCR:

SCR:

SNCR:

Description of Terms Used in the Foliowing Table(s)

Identifier used in the BACT/LAER Clearinghouse or region/county where
facility Is located

Permit or start-up date (unit may be canceled after permit approval)
NQ, permit limit

NQ, permit limit expressed in different units or for back-up fuel
NQ, control efficlency as stated in the permit

State agency contact

Alr to fuel ratio

Flue gas reclrculation

Low NQ, bumer

Low NQ, combustion

Non-selective catalytic reduction

Selective catalytic reduction

Selective non-catalytic reduction
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APPENDIX B

NO, CONTROL DATA

STATIONARY INTERNAL COMBUSTION ENGINES

B-1

T
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Facility 1D;

Permit Date:
NQ, Primary Limit:

NQ, Secondary Limit:

NQ, Control Efficiency:

Contact Name:
A/F:

FGR:

LNB:

LNC:

NSCR:

SCR:

SNCR:

Description of Terms Used in the Following Table(s)

Identifler used in the BACT/LAER Clearinghouse or region/county where
facility Is located

Permit or start-up date {unit may be canceled after permit approval)
NQ, permit limit

NQ, permit limit expressed in different units or for back-up fuel
NQ, control efficiency as stated In the permit

State agency contact

Air to fuel ratio

Flue gas recirculation

Low NQ, burner

Low NQ, combustion

Non-selective catalytic reduction

Selective catalytic reduction

Selective non-catalytic reduction
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TABLE B-2. STATIONARY IC ENGINES (EXCLUDING GAS-FIRED UNITS)

T L LT R L TR R L R ]
msssamscssmasasssssnsssmmamsasamssmnn=E

NOX SECONDARY

FACILITY 1D COMPANY NAME PERMIT LIMIT NOX CONTROL
H1-0007 CITIZENS UTILITIES €O, 605 PPM DRY AT 15X 02, 75-99.99% LOAD
H1-0007 CITIZENS UTILITIES €O. 342.78 LB/, 30 AVG
H1-0008 MAUI ELECTRIC CO., LTOD. 256.1 LB/H, 3 AVG S DEGREE IGNITION RETARD
KS-0004 CITY OF OTTAWA
XS -0007 CITY OF AUGUSTA
KS-0014 CITY OF BELOIT :
xs-0017 CI1TY OF KINGMAN EFFICIENT OPERATION OF THE UNIT
MA- PFIZER CHEMICAL COMPANY SCR
NJ-0002 TRENTON DISTRICT ENERGY CO. : USE OF MANUFACT. ENG. MOD.
NJ-0003 HOFFMANN-LAROCHE, INC. RETARD. FUEL INJ. TIMING
0H-0157 COGENERATION PARTNERS OF AMERICA 5.92 18/H CLEAN BURN TECHNOLOGY
R1-0005 NORTHEAST LANDFILL POMER LEAN BURN
1X-0030 SHELL OfL CO. : DERATED OLD EMNGINES
1X-0113 ORGANIC FUEL PRODUCTION, INC. ,
-0189 3N . ENGINE REDESIGNED TO CONTROL NOX

UT-0036 LEHT COGENERATION ASSOCIATES

e L L e T L R R R ssmmmasssreram——— R R L T P N
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APPENDIX C

NOy CONTROL DATA

NON-UTILITY BOILERS AND HEATERS

C1




Description of Terms Usad in the Following Tabie(s)

Facility 10: Identifier used in the BACT/LAER Clearinghouse or rejlon/county where
faciiity is located
Permit Date: Permit or start-up date (unit may be canceled after permit approval)
NQ, Primary Limit: NO, permit limit
i NQ, Secondary Limit: NQ, permit limlt expressed In different units or for back-up fuel
| l NQ, Control Efficiency: NQ, control efficlency as stated in the permit
| L, Contact Name: State agency contact
o AfF: Alr to fuel ratlo
FGR: Flue gas recirculation
' LNB: Low NQ, burner
1 LNC: . Low NQ, combustion
{ NSCR: Non-selective catatytic reduction
| SCR': Selective catalytic reduction
| SNCR: Selective non-catalytic reduction
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APPENDIX D

NO, CONTROL DATA

MUNICIPAL WASTE AND SLUDGE INCINERATORS




Facility 1D

Permit Date:
NQ, Primary Limit:

NQ, Secondary Limit:

NQ, Control Efficlency:

Contact Name:
A/F:

FGR:

LNB:

LNC:

NSCR:

SCR:

SNCR:

Description of Terms Used In the Following Table(s)

Identifier used in the BACT/LAER Clearinghouse or region/county where
facility is located

Permit or start-up date {(unit may be canceled after permit approval)
NO, permit limit

NO, permit limit expressed in different units or for back-up fuel

NQ, control efficiency as stated in the permit

State agency contact

Air to fuel ratio

Flue gas recirculation

Low NQ, burner

Low NQ, combustion

Non-selective catalytic reduction

Selective catalytic reduction 5'

Selective non-catalytic reduction
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TRIP REPORT

. PURPOSE

The U.S. Environmental Protection Agency (EPA) s gathering information to provide State and
local agencles with Information on NO, control technologies for stationary industrial combustion
sources. The objective of the European field trips is to collect design, operating history, and cost
information from state-of-art NOy control sites.

. PLACE AND DATE

Cooper Energy Services International, Inc.
Morsenbroicher Weg 200

4000 Dusseldorf 30, West Germany
November 9, 1989

11 SITE CONTACT
Herr Konitzer, Cooper Vulcan
V. DISCUSSION

Cooper Energy Services International, Inc. was visited by Radian Corporation to acquire data on
state-of-the-art NG, control for IC engines and combustion turbines in West Germany. Performance
specifications for engines and gas turbines was obtained, as well as TA Luft regulations for combustion
sources.

Background _

Cooper Vulken Is a joint venture company, 70 percent owned by Cooper Industries in the U.S.
and 30 percent owned by Brammer Vulcan, a manufacturer of ship engines. Cooper Bessemer
manufacturers combustion turbines in conjunction with Rolls Royce. Cooper Bessemer has developed
and marketed combustion turbines with dry low NO,, combustors as well as clean burn IC engines with
low NOy emissions.

TA Luft Regulations
The NO, contro! requirements specified by the TA Luft for combustion turbines is 300 mg/m3

NOy at 15 percent O on a dry basis, maximum (refer to Appendix H for unit conversion factors).
However, if the combustion turbine is greater than 30 percent efficient, the NO, control requirements are

proportional to the efficiency as follows:




(actual thermal efficiency, %/30 %) x (300 mg/m3)

(put in conversion of mg/m3 ppm/16/MMBtu).
The CO and VOC (non-methane) emission limits for combustion turbines are 100 mg/m3 and
150 mg/m3, respectively. Some VOC poliitants have special limits such as aldehydes at 20 mg/m® and
carcinogens at 5 mg/m3, maximum. The regulations for gas turbines are expected to be changed
within a year. The new.NO, limit is anticipated to be roughly half of the existing level, or 150 mg/m3 at
15 percent oxygen, with no variance based on thermal efficiency. Existing units are expected to be
required to meet the new lower limits by 1994.

For natural gas-fired engines, the regulations are different for 2-stroke and 4-stroke engines. For
2-stroke engines, the NO,, emissions limit is 800 mg/m3 at 5 percent oxygen (equivalent to the
300 hg/m3 at 15 percent Op required for gas turbines). The emission limits for CO and VOC (non-
methane) are 650 mg/mS3 and 150 mg/m3. respectively, at § percent oxygen.

For 4-stroke natural gas-fired engines, the maximum NO, concentration in the flue gas Is
500 mg/m3 at 5 percent oxygen. The CO and VOC emission limits are the same as for the 2-stroke
engines, 650 mg/m< and 150 mg/m3, respectively.

No emissions offsetting is allowed in West Germany by the TA Luft. The regulations are imposed
such that emissions cannot exceed the guidelines; howevet, in some cases the maximum limit may be
required 10 be lower than the standard guideline.

Cooper Bessemer Combustion Turbines

The Cooper 2000 gas turbine (12 MW) operates at 30 percent thermal efficiency without wet
injection with a dry low NO, combustor. The Cooper 2000 gas turbine can achleve a 170 mg/m?3 NOy
limit at 15 percent oxygen without wet injection. This NO, level is below the current TA Luft requirement
of 300 mg/m3; however, to meet the anticipated future requirement of 150 mg/m3, the gas turbine
would need to be operated at 5 to 10 percent derate. The CO emissions from the Cooper 2000 gas
turbine is above 100 mg/m< at full load. A new combustor for the Cooper 2000 is now available which
has low NO,, and meets the CO e;'nission limit required by the TA Luft. One Cooper 2000 gas turbine
with the new combustors was installed at the Ruhrgas Weme Station near Dortmond.

The Cooper 6000 gas turbine (24 MW) can achieve 340-350 mg/m3 NOy at full oad. The
Cooper 6000 has a thermal efficiency between 34 and 37 percent; therefore, the current TA Luft
requirement is 340 mg/m3 to 370 mg/m3 NO,.

Rolls Royce has launched a new development program to design and market a dry low NO,
combustor which can achieve 10 ppmv NO, for commercial availability In 1994.
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r Bessemer IC Engin
Cooper Bessemer uses the clean-bum technology to control NO, emissions in both the 2-stroke
and 4-stroke natural gas-fired IC engines. The ciean bum technology consists of premixing a rich
mixture of air and fuel Iﬁ a premix chamber, which is easily ignited. The flame then ignites a lean
mixture of fuel and air within the combustion chamber. The clean burm engine operates below

300 mg/m3 NOy. The most efficlent operation and lowest emisslons of NOy, CO, and VOC are
achieved in the 80 to 100 percent load range.

There are about 20 clean bum engine units in operation. The largest clean bum engine available
from Cooper Bessemer is an 11,000 hp 2-stroke model. Three 11,000 hp units are installed at two sites:
Blerwenge and Krummhoem. Most clean burn engine units are owned and operated by Ruhrgas.
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TRIP REPORT
L PURPOSE

The U.S. Environmental Protection Agency (EPA) is gathering information to provide State and
iocal agencles with Infofmation on NO, control technologies for stationary industrial combustion
sources. The objective of the European field trips Is to collect design, operating history, and cost
information from state-of-art NOy, control sites.

Il PLACE AND DATE

DEPOGAS
Berlin, Federal Republic of Germany
November 20, 1989

. SITE CONTACTS

Herr Bottcher, DEPOGAS
Herr Schneider, DEPOGAS

IV. DISCUSSION

The DEPOGAS facility was visited by Radian Corporation to gather information on the facility’s
SCR system for NOy control. Facility personnel provided SCR system design and operating history
information, as well as a power plant tour within the facility.
Background

DEPOGAS operates a cogeneration power plant at the Berlin-Wannsee municipal waste disposal
site. This landfill was closed In 1980. in 1983 an exlstlng. oil-fired boiler at the Hahn-Meitner Institute
was converted to fire landfill gas. Gas collection/treatment and cogeneration plant construction was
conducted in 1986-1987, with power plant start-up in early 1988. The cogeneration plant began
continuous operation in March 1988, with official power plant commissioning in October 1988.

The 4.5 MW, power plant consists of three 1.5 MW, gas engines, the largest engines operating
in Europe on landfill gas. The engine manufacturer is MWM Diesel in Hamburg (Herr Groth, Project
Manager, phone number: 040-752-040).

E5




SCR System Design o

The SCR system was supplied by Steuler and uses a ceramic molecular sieve catatyst. '
reactor housing is approximately 2m x 2m x 3m. The catalyst blocks are 150mm x 150mm x 300*
with approximately 25 cpi (cells per square inch). -:'

The NH3 injection is supplied by an aqueous solution of 25 percent NHg in water. There |s#
small heat exchanger prior to the catalyst to reduce the engine exhaust temperature from 520’0;@1'
target SCR operating temperature of 430°C. The NOy operating limit for each engine is approxln@d /

3

225 ppm (see Appendix H for unit conversion factors). . e
SCR Operating History -4

During engine commissioning, using standard ignition plugs, NOy emissions levels were on
order of 300-400 ppm. The SCR system injected NHj, at about 25-30 liters/hr, intermittently for .
approximately 6 months in 1988 to reduce the NOy emissions below the required level. ;

initially the landfill gas had a methane content of 45-50 percent but then dropped to 35 perce
Engine load then had to be reduced to 70 percent of the rated capacity. MWM obtained some diﬂei' it
chamber plugs (with the electrodes covered, not open) which both improved combustion and Iower
the NOy, emisslons. Since July 1988, NH3 has only been injected perlodically when there is a probl'e“
Typically the units operate at approximately 175 ppm without NH3 injection, based on the perfom'laﬁ
of the new Ignition system.

The operating history for the engines is as follows:

Unit Operating Hours Number of Starts
1 7240 1580
2 7435 1680

3 6090 1450
S _

valve/piping gasket materials.
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TRIP REPORT

L PURPOSE

The U.S. Environmental Protection Agency (EPA) is gathering information to provide State and
local agencies with information on NOy control technologies for stationary industrial combustion
sources. The objective of the European field trips s to collect design, operating history, and cost
information from state-of-art NOy, controt sites.

1. PLACE AND DATE

Energie und Wasserversorgung
Nuremburg, West Germany
Novernber 13, 1989

. SITE CONTACTS

Herr Wilfried Burau, Manager of DeNOy and DeSOy plant
Herr Gerhard Eckert - Plant Manager

. DISCUSSION

The Energie und Wasserversorgung facility was visited by Radian Corporation to gather
information on the facility’s SCR system for NOy control. Facility personnet provided SCR design and
operating history information, as weli as a power plant tour within the facility.

Background

The Energle und Wasserversorguny facility operates three coal-fired cogeneration boiler which
produce 125 tons/hr steam per bolier. The bollers have been in operation since 1982. In 1985, the first
boiler were retrofitted to include an SCR NOy control system. By 1988, all three boilers had been
retrofitted with SCR and were in commerclal operation. The SCR DeNO,, system is located downstream
of a desulfurization system and an electrostatic percipitator for particulate removal.

SCR_System Design

The SCR system for each of the three coal-fired bollers was manutactured by Norton Company.
The SCR catalyst is located downstream of the DeSO, system, where fiue gas passes through the
DeSOy plant absorber and filters at 68 C, and enters the DeNOy plant at 70-75° C after passing through a
fan. The volumetric flow rate of the fiue gas from each boiler is around 160,000 m3/hr. The flue gas is
heated from around 75° C to 320° C as it passes through a hot regenerator box. It is then heated from
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320" to 35C¢° C with a gas duct bumer before reaching the SCR catalyst. Ammonia is premixed with a
side stream of flue gas and Is injected upstream of a static mixer. The normal NH3/NQ, molar ratio is
0.9. The fiue gas passes through two vertical SCR catalyst beds and then through a cold regenerator
box which cools the flue gas to 8 -9 C before exiting the stack. Every six minutes a 4-way valve Is
switched to redirect flue gas from the cold regenerator to the hot regenerator. .);

The SCR catalyst volume Is 43 m3 in the catalyst bed, with a bed heightof 0.4 m. The catafyst
itself Is Norton zeolite NC310 consisting of cylinders 1/4" long x 1/4" diameter with 1/8" opening. The
pressure drop across the catalyst bed is 8-10 mlliibars. The SCR system is designed to achieve
92 percent NO, reduction, or the guarantee limit of 200 mg/m3 NOy concentration {refer to Appendix H
for unit conversion factors). The SO, concentration reaching the SCR catalyst Is 400 mg/ma, maxtmum.

The typical operating parameters Include 3,500 to 4,000 hours per year operation; 500 mg,/m3
{maximum) NO, emissions upstream of the SCR system (normally 500-750 mg/m3); 1600 mg/m9 lep)
upstream of the DeSO, system, and 80 to 150 mg/m3 SOy at the inlet of the DeNOy system. The SCR
catalyst is sensitive to high particulate loading. The maximum particulate concentration is 30 mg/m3,

with the normal concentration at 10 mg/m3.

The ammonla storage system conslsts of two ammaonila tanks, 50 m3 capacity each, for a two
week supply of ammonia for all three catalyst trains.
SCR Operating History

The SCR catalyst system has been in operation for about 10,000 hours, during which tirne design
and operating problems have been experienced. For example, an extensive heat up period, about
20 hours, is required for the catalyst bed to reach 35(° C after start-up. The natural gas-fired burners
which heat the fiue gas to the catalyst operating temperature (350 C) are unstable when starting up due
to condensation which collects inside the bumers when they are not in operation. In addition, problems
are occasionally encountered with the electronic switching of the 4-way values dlrectiﬁg fiue gas to the
hot and cold regenerator boxes.

One of the SCR catalyst beds (train 1) was blinded by high particulate loading in the flue gas.
The pressure drop across the catalyst bed increased to 20-25 mbars, which fluidized the catalyst bed
and eventually entralned the catalyst out of the bed with the fiue gas. The catalyst was deposited in the
cold regenerator box which was subsequently washed with citric acid. Likewise, catalyst was entrained
out of the reactor during start-up (from train 3) due to high pressure drop across the catalyst bed

caused by pariculate blinding. As a result, a monitor was installed to measure the particulate loading to
the SCR system. Operation of the bollers is now limited to 200,000 rm3 /hr flue gas flow rate to prevent
fluidizing the catalyst bed.
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Perm  onditions

The NO, concentration limit required by the TA Luit Is 400 mg/m3; however, the SCR
manufacturer's guarantee Is 200 mg/m3. The maximum NH3/NOy molar ratio is 0.94. The plant has a
90 minute variance after the catalyst reaches 350° C befare NOy emis_slons are reguiated.

The maximum sulfur content of the coal fired in the bollers is 1.0 percent by weight. Typically,
the sulfur content actually ranges between 0.8 and 1.0 percent. The maximum SO emissions rate from
the plant Is 200 mg/mS3.

The facllity is permitted 10 operate 240 hours per year bypassing the DeSOy and/or DeNOy
systems.

SCR System Costs

The capital cost of the entire DeNOy SCR system was 42 milllon Deutsche Marks (DM) in 1985-
1986 (current exchange rate is about 1.5 DM to a doilar). Each catalyst train, containing 43 m3 of
catalyst, cost 900,000 DM for the catalyst itself. The labor cost required to replace the 43 m3 of catalyst
Is 100,000 DM.

The annual costs for ammonia for NO, controf and natural gas for duct burners is 101,000 DM
and 276,000 DM, respectively. The maintenance and operating labor and SupeNiSiOl;t requirements for
both the DeNOy and DeSOy plants require an additional 34 men per shift over the base power plant
requirements. The annualized cost for capital charges and labor for both the DeNO, and DeSOy plants
Is 20 million DM.
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TRIP REPORT

L PURPQSE

The U.S. Environmental Protection Agency (EPA) is gathering information to provide State and
local agencies with Information on NOy control technologies for stationary industrial combustion
sources. The objective of the European field trips s to coliect design, operating-history, and cost

information from state-of-art NOy control sites. ;
Il. PLACE AND DATE

H. Krantz, GmbH and Company
Postiach 2040

5100 Aachen, West Germany
November 9, 1989

n. SITE CONTACT
Herr Vaessen, Krantz
v. DISCUSSION

The H. Krantz Company was visited by Radian Corporation to gather information on Krantz's
NO, control technique. Krantz personnel provided design and operating information tor the Krantz NOy
control technology.
Background

H. Krantz Gmbh and Company working in joint collaboration with the Karsruhe Nuclear
Research Center, have developed a technique for removing both NO,, and SO, from boller fiue gas.
The process consists of adsorbing SO, and NO, contained in the flue gas on activated coke in a single
reactor.

Reaction Mechanisms
Flue gas Is passed through a fixed bed of activated coke at a temperature between 100 and

120°C. SO» reacts on the surface of the activated coke with oxygen and water vapor to form sulfuric
acid according to the following eouation:

2805 + Og + 2Hy0~ 2Hy80,
The sulfuric acid that is formed is absorbed on the surface of the activated cpke. Thus, the activated
coke acts both as an absorbent and catalyst. 100 kg activated coke can adsorb up to 15 kg of SO,
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In addition, anhydrous ammonia is added to the flue gas upstream of the activated coke reactor
which also selectively reduces NO,, across the catalyst bed.
Process Design

A multiple way-sorption filter Is used which functions as an activated coke reactor. The system
comprises two filter beds, stacked vertically, through which flue gas passes sucéessiVély. The fiue gas
passes first through the‘lower fitter bed where most of the SO, ls removed, and enters a deflection
chamber where ammonia s added. NOy Is reduced in the upper filter bed. Following saturation of the
activated coks in the lower bed, the coke is removed. Coke from the upper bed is then changed into
the lower bed and fresh coke is added to the upper bed. The spent coke can subsequently be used in
other processes,

Residence time In the reactor is 10 to 20 seconds, with a fiue gas flow rate of 0.1 to 0.15 m/sec.
The pressure drop across the reactor is 15 to 50 mbar. The NO, removal which is achieved is around
80 percent.

The NH3 to NO, molar ratio is 1.0. Ammonia slip is no greater than 10 ppm at 3 percent
oxygen.
Operating History

The activated coke reactors have been used in a pilot system in Dusseldort for removal of NOy
and SO,. The Dusseldorf plant burns black coal as a fuel source in a boiler with 7000 m3/hr exhaust
gas flow rate. The activated coke filters were installed in 1986 for testing purposes. The spent coke
from the Desseldorf pilot facility is bumed in a cement kiln. Fresh activated coke is supplied by Rhine
Brown Company in Koin. The testing program at Dusseldorf has not been completed.

tem Cost

The material costs for the Krantz activated coke system include 400 OM per ton for activated
coke, not including transportation costs (current exchange rate is about 1.5 DM to a dollar}. The
consumption rate of activated coke is based on 100 kg coke per 15 kg SO5 removed.




TRIP REPORT

. PURPOSE

The U.S. Environmental Protection Agency, (EPA) Is gathering information to provide State and
local agencies with information on NO, control technologles for stationary industrial combustion
F K sources. The objective of the European field trips s to collect design, opemtin§=histow. and cost
information from state-of-art NOy control sites. '

NE . PLACE AND DATE

Karl Reum GmbH
Industriestrasse 8

6969 Hardhelm, West Germany
November 10, 1989

Hl. SITE CONTACT

Herr Rolf, Karl Reum GmbH

v. DISCUSSION

The Karl Reum facility was visited by Radian Corporation to gather information on the facility's
combustion modifications for NO,, control. Facliity personnel provided engine design and operating

history information, as well as a power plant tour within the facility.
Background

The Karl Reum facility operates three 460 kW IC engines to provide heating and electricity for ti
faciiity. The engines are manufactured by Jenbacher Werke A. G. (model number JW324G) and utilize
combustion modifications to control NOy. The engines fire propane as the primary fuel with naturat ge
as a backup fuel.
Engine Design

The Jenbacher Werke engines are 16 cylinder machines which utilize two turbo chargers each
for NOy control. Air and fuel are premixed prior 1o being fired. The temperature of the premixed air /1

mbdure is about 45 C. The combustion temperature ranges between 800" and 900 C.
The engines are equipped with a catalytic oxidation system to control CO emissions.
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Operating History
The engines were started up in March 1989. Inttlally, the site experienced problems with

operating the engines; however, no major probiems have been encountered since July 1889 (as of
November 1989).

The hours of operation and number of starts per engine (as of November 1989) are as follows:

J: :

Engine Hours of Operation Number of Starts
1 2025 616
2 2125 596
3 2060 707

Permit ition

Compliance testing for the TA Luft was performed in July 1989. The tests are repeated every
three years. The emisslons tests for NOy showed 440 mg/m3 NOy at 8.2 percent oxygen (see
Appendix H for unit conversion factors).
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TRIP REPORT
l PURPOSE

The U.S: Environmental Protection Agency (EPA) Is gathering information to provide State and
local agencies with Information on NOy, control technologies for stationary industrial combustion
sources. The objective of the European field trips Is to collect design, operating history, and cost
Information from state-of-art NO, control sltes. :

Il PLACE AND DATE

Landeszentralbank Niedersachsen
Georgsplatz 5

3000 Hannover, West Garmany
November 8, 1989

1. SITE CONTACTS _
Herr Windhain, Landeszentralbank
Herr Adolf, Landeszentralbank

Iv. DISCUSSION

The Landeszentralbank facility was visited by Radian Corporation to gather information on the
facllity’s SCR system for NOy, controf. Facility personne! provided SCR design and operating history
information, ﬁs well as a power plant tour within the facility.

Background

The Landeszentralbank operates a dual fuel (30 percent natural gas mixed with 10 percent oil}-
fired IC engine to produce heat and electricity for the bank bullding. No provisions to seil electricity
back to the grid are in place. The engine, manufactured by MWM Diesel, has a 750 hp capacity. NOy
emissions are controlled by a zeolite catalyst SCR system manufactured by Steuler Intemational. CO
emissions are also controlled by a platinum-palladium catalytic oxidation system which comprises the
first layer of catalyst within the SCR catalyst housing, according to Steuler design specifications. The
SCR system was instalied in 1986 and started-up in January 1887.
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SCR System Design

The CO/SCR catalyst system is located upstream of the waste heat boller. The exhaust gas
temperature from the engine ranges between 320° and 480°C. The SCR catalyst is designed;for.; i 4
85 percent NO, removal. The normal ammonia fiow rate Is 8 kg NHg/hr (25 percent aqueous <" =,
ammonia). RS

The SCR catalyst bed conslsts of around 200 catalyst blocks in the reactor, each block: being.-sn!
152 mm x 152 mm x 300 mm within the first five layers. A sbah layer with blocks P
158 mm x 120 mm x 120 mm is included. The site personnel claim that the sixth layer is not a CO by
catalyst; however, the Steuler design specifications discuss CO catalyst as part of the design.

SCR Operating History

The SCR catalyst system has performed according to the design spectfications since start-up.
The NOy outlet concentration and ammonia flow rates are presently the same as the initial rates with
fresh catalyst. No replacement of catalyst has been required. The catalyst was examined in
October 1988 with no visible signs of blinding or polsoning. The total catalyst operating time (as of
November 1989) is 4,800 haurs.

The stte has had problems with corrosion of the ammonia storage tank and ammonia injection
system. The ammonia storage tank originally was a PVC tank designed for 20 C maximum ambient
temperature. The actual ambient temperature during the summer reaches 30° C, therefore, the PVC tank
was replaced with a stalnless steel tank,

The SCR unit was not in operation at the time of the visit due to computer problems, therefore,
no actual operating conditions were obtained.

Permit Conditlons

The NO,, emission limit required by the TA Luft is 500 mg/m3 (about 266 ppmv) at 5 percent
oxygen (refer to Appendix H for unit conversion factors). The govenmental compliance test was
conducted on June 5, 1987.

SCR System Costs
The capital cost of the entire SCR system, including ammonia storage tanks, was 600,000 DM

(current exchange rate is about 1.5 DM to a dollar} in 1986. The Steuler guarantee was for two years of

operation.
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TRIP REPORT
L PURPOSE

The U.S. Environmental Protection Agency (EPA) is gathering information to provide State and-
local égencies with Information on NO,, control technologies for stationary industrial combustion
sources. The objective of the European field trips is to collect design, operating history, and cost
information from state-of-art NOy control sites. b " '

i PLACE AND DATE

MAN Technologie AG
Augsburg, West Germany
November 17, 1889

. SITE CONTACT
Herr Albert Jost, MAN Technologle
Iv. DISCUSSION

The MAN Technologie facllity was visited by Radlan Comoration to gather information on the
NO, control systems applied to engines they manutacture. Facility personnel provided a summary of
their recent NO, control experience.
Background

MAN is a major European manufacturer of IC engines. Over the last several (2-3) years, they
have instalied the following engine NO, control systems:

Number of Engine
(Approximate) Fuel Size Range, MW, NOy Control
Gas 0.1-04 Three-Way Catalyst
100 Gas 01-03 Lean Bum
11 Dual Fuet 10-14 SCR
(6 - 9% Diesel)




1

SCR System Deslign
The MAN diesel engines equipped with SCR systems are at three different locations. The first,

near Regansburg in Bavarla, consists of four IC engines. They were installed before the more stringent
TA Luft requirements were enacted. These units operate below a limit of 800 mg/m3 at 5 percent 0o,
with the engine exhaust typically running at about 2,500 mg/m3 at § percent Oy (see Appendix H for
unlt conversion factors). They are dual fuel units which oparate primarily on natural gas, with € percent
of the heat input from diesel ofl, as pilot fuel. These units are not designed for diesel oil only operation
(9 percent diesel oll for pilot fuel is the normal amount for dual fuel engines designed to have oil-only
capabliity).

These inttiai SCR units were designed with a lower 6 percent cil split to minimize potential
Impacts of oll firing on the catalyst. The four dual fuel engines have each been in operation for
12,000+ hours. {Normal operating hours for combined heat and power installations are on the order of
4,000 - 6,000 hours/year.) No major problems occurred during the first 10,000 hours; the plant had to
clean the catalyst but it was not @ major problem. Engine exhaust temperatures are on the order of
52(° C, with the SCR catalyst typically operating at 350 - 380° C depending on the catalyst type, with
temperature regulation.

The second MAN engine SCR site in operation is near Frankfurt. These 5 engines operate on a
9 percent ofl dual fuel split, with diesel oil-only capability In emargency/back-up situations, These five
units each have approximately 2,000 hours of dual fuel operation. They have no extensive experience
on diesel only operation. The emission iimit is 500 mg/m3 at § percent 0Oa.

The last two MAN engines equipped with SCR systemns are under construction at a third site and

have no operating experience yet.
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TRIP REPORT

L. PURPOSE

The U.S. Environmental Protection Agency (EPA) is gathering information to provide State and
local agencies with information on NOy control technologies for stationary industrial combustion
sources. The objective of the European field trips is to collect design, operating history, and cost
information from state-of-art NOy control sites. '

]

il PLACE AND DATE

Peissenberger .Kraftwemsgesellschaft GmbH
Bergwerkstrasse 14

8123 Peissenberg, West Germany
November 15, 1989

1. SITE CONTACTS

Watter Manhart, Peissenberger Kraftwerksgesellschail
Hans Wagner, Steuler Industriewerke
Elkie Scheyer, Steuler Industriewerke

V. DISCUSSION

Background
The Peissenberg facility consists of a 6 MW two-cycle IC engine cogeneration facility to supply

heat and electricity to industrial and residential consumers within a one kilometer radius. The
Peissenberg site fires dual fuel (94% natural gas combined with 6% No. 2 fuel oil} as the primary fuel
source, with No. 2 fuel oil as a secondary fuel during natural gas curtailment. The engine is equipped
with a zeolite catalyst SCR system manufactured by Steuler International for NOy control. The
Peissenberg unit started up in December 1987.
SCR System Design

The SCR system is designed and guaranteed to meet 500 ngm3 NO, concentration at
5 percent oxygen in either dual- or oil-fired mode of operation. Inlet NO, concentration is 2000-2400
rnglm3 in dual fue! operation and 5000-6000 mglm3 in diesel fuel operation at 5 percent oxygen (see
Appendix H for unit conversion factors). Therefore, the NOX reduction efficiency is 80 to 85 percent for
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dual fuel-firing and greater than 85 percent reduction for oli-firing. The SCR system is guaranteed for
20,000 hours operation or three years, whichever is less. '

The SCR catalyst volume is 8 n and Is manufactured in a honeycomb structure. The catalyst
bed presently consists of five layers, 300 mm per layer, for a total depth of 1.5 m. Pressure drop across
the catalyst bed is about 85 mm. w.g. The catalyst reactor Is located upstream of the waste heat boiler.
The flue gas temberature ranges between 48C° and 520° C. The ammonia injection system is shut down
if the exhaust temperature reaches 525“‘0. At the upper 520° C operation temperature, about 5-8 percent
of the ammonia that is Injected is oxidized to form additional NQ,.

Ammonia injection rates are 50-65 1/hr for dual fuel-firing and 230-150 |/hr for diesel fuel-firing.
Aqueous ammonia is used in the Peissenberg SCR system, and is stored in a 60 m’ underground tank.
The ammonia injection grid is located about 2 to 2.5 m. upstream of the SCR catalyst. A 90° bend in the
ductwork is located about 1 m. from the catalyst reactor. The design flue gas flow rate reaching the
SCR catalyst is about 32,000 7 /hr; however, the actual fiue gas flow rate is 35,000-36000 7 /hr. NO,
content is only measured in the SCR outlet stream, no measurement of inlet NQ, is performed.

SCR Operating History

Since stant-up in December 1987, the SCR unit has been in operation 9293 hours (as of
November 1989). Diesel fue! operation accounts for only around 1000 hours of the total operation.
In'rt.lally, four layers of catalyst were instailed by Steuler in the reactor housing. However, the SCR
system could not achleve the 500 mg/n? NQ, outlet guarantee with four catalyst layers. Therefore, a
fifth catalyst layer was added to meet the guarantee. This incident of under-sizing the catalyst bed was
claimed to be due to the discrepancy between design and actual flue gas flow rates.

No change in ammonia consumption or outlet NQ, concentration has been experienced since
the fifth layer of catalyst was added. The catalyst has not been replaced at the Peissenberg site since
start-up. The catalyst is claimed to be resistant to poisoning by impurities present in the diesel fue!
which are poisons to base metal catalysts. The only compound known to poison zeolite catalysts is
fiuoride, which destroys ceramics.

Permit Conditions
The NQ, concentration limit required by the TA Luft is 1000 mg/nT at 5 percent oxygen. This

limit Is much less stringent than the 500 mg/nT Steuler guarantee. The TA Luft requires hourly, daily,
and monthly NQ, emission averages to be recorded. Additionally, a stack test for compliance is
required every three years by the TA Luft. The initial compliance test was conducted about six months
after start-up, following addition of the fifth catalyst layer by Steuler.

Sulfur content of the No. 2 fuel oil fired at Peissenberg is 0.5 weight percent, maximum.
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SCR System Costs

The total Installed capital investment for the entire cogeneration plant was 14 million DM (current
exchange rate Is about 1.5 DM to a dolar) in 1887. The SCR catalyst system accounted for 800,000 DM

of the total capltal investment.
Cost of ammonia Is 0.23 DM/kg suppllied to Peissanberg.




TRIP REPORT

I PURPOSE

The U.S. Environmental Protection Agency (EPA) is gathering information to provide State and
local agencles with information on NO, control technologies for stationary industrial combustion
sources. The objective of the European field trips is to collect design, operating history, and cost
information from state-of-art NO,, control sites. '

18 PLACE AND DATE

Stadtwerke Dreieich
Dreieich, West Germany
November 16, 1989

. SITE CONTACT
Herr Heinz-Dieter Karstens, Stadtwerke Dreieich
V. DISCUSSION

The Stadtwerke Dreieich facility was visited by Radian Corporation to gather information on the
facllity's SCR system for NO, control. Facility personnel provided SCR design and operating history
information, as well as a power plant tour within the facility.

Background

Stadtwerke Dreieich operates an approximately 2 MW, cogeneration plant consisting of five
natural gas IC engines, and two standby boilers used for peaking service. Each of the IC engines is
rated at 155 kWg each. NOy emissions are controlled by individual SCR (ceramic molecular sieve
catalysts) systems on each engine.

R System Design

The Steuler SCR catalyst for each IC engine Is installed upstream of the waste heat boiler. The
exhaust gas temperature for each unit normally operates between 450 and 500 C. The units operate on
natural gas fuel only.

The emission standards for oil and gas are 500 ppm; however, the local regulatory agency has
required these units to meet a 250 ppm limit at 12 percent Op (see Appendix H for unit conversion

tactors).
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Each.SCR catalyst system consists of 27 catalyst blocks per engine. There ars 3 layers of
catalyst, each consisting ot @ blocks In a 3 x 3 arangement. The overall dimensions of the catalyst
housing are approximately 0.7 m x 0.7 m x 0.7 m.

Qperating History

The IC engine/SCR units were started in 1986. There have been no catalyst additions or change
outs. The catalysts were cleaned once in 1987; they were Inspected again in 1988 and showed no
visible signs of dirt.

The operating history for the engines is as follows:

r'n:— e — —— — —
Unit Operating Hours Number of Starts
1 17.400 ' 13,000
2 17.400 8,000
3 17,400 12,390
4 14,100 11,000
5 14,100 12,200

At 155-160 kW, the NH3 consumption for Unlt 1 is 2.2 iiters/hr, Unit 2 is 2.0 liters/hr, and Units 3-5 are
1.8 fiters/hir.

The units are tested by TA Luft once every two years. The last test conducted showed an outlet
NQ, emission level for this facility of 187 ppm.
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TRIP REPORT
L PURPOSE

The U.S. Environmental Protection Agency (EPA) is gathering information to provide State and
local agencles with information on NO,, control technologies for stationary industrial combustion
sources. The objective of the European fisld trips Is to collect design, operating history, and cost

 information from state-of-art NO,, control shtes.

. . PLACE AND DATE:

Stadtwerke Norderstedt
Heidbergstrasse 101-111

2000 Norderstedt, West Germany
November 7, 1988

1. SITE CONTACT
Herr Groth, Stadtwerke Norderstedt
Iv. DISCUSSION

The Stadtwerke Norderstedt facility was visited by Radian Corporation to gather information on
the facility's SCR system for NOy control. Facility personnel provided SCR design and opératlng history
information, as well as a power plant tour within the facility.

Backaround

Stadtwerke Nordestadt operates a 2 MW cogeneration plant consisting of six natural gas-fired 2-
cycle IC engines. The engines supply hot water for residential heating and electrical power servicing a
a kilometer radius area. The six englnes, manufactured by Jenbacher Werke A.G., are 500 kW each.
NOy, emissions from the engines are controlled by individual SCR systems (six total SCR catalysts). The
SCR systems waere retrofitted to the existing engines in September 1985, before which time the engines
had been operating uncontrolied for about 6,000 hours. The SCR systems were in commercial operation
by the end of 1985. The Stadtwerke Nordestadt site was one of the first Steuler SCR sites.

SCR System Design

The SCR catalyst for each IC engine is installed upstream of the waste heat boiler. The exhaust

gas temperature from each engine is between 430° C and 450 C. The engine exhaust‘actuai flow rate is
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4,500 M3 /nr: however, the SCR system for each engine was designed. for an exhaust rate of only
3,900 m3/hr. The on'ﬁlnal catalyst was an aluminum oxide formulation.

The NOy concentration in the exhaust gas from the engine is about 1,300 ppmv at 12.5 percent
oxygen, which Is equivalent to 4,000 mg/m3 at 5 percent oxygen (see Appendix H for unit conversion
factors). The SCR system Is designed to reduce NOy emissions to meet 800 mg/mal at 5 percent
oxygen, which rebresems an 80 percent NO,, reduction efficiency. The manufacturers’s guarantee on
SCR performance is one year after commissioning.

Each SCR catalyst bed presently consists of 144 blocks which are 150 mm X 150 mm x 150 mm
each. Each catalyst bed presently has 4 layers of catalyst. The overall dimensions of the SCR catalyst
housing Is 1.5 m x 1.5 m x 1.5 m, with a:mm:oni; Injéctlon occurring about 1 m upstream of the catalyst.
The pressure drop across the catalyst bed is 70 mm w.g.

SCR Operating History

Since the SCR system was retrofit into the existing power plant, space limitations dictated some
of the design aspects of the SCR system. The original SCR ducting design included two 90 degree
bends upstream of the catalyst, which caused poor flow distribution. The ducting was changed to two
45 degree bends to help improve the flow characteristics. Vibration from the engines caused initial
cracks in the catalyst housing and ductwork.

In the first two years of operation, the reliability of the SCR system was very poor, causing
repeated shutdowns for repairs. In November 1986, the catalyst was replaced with a titanium-based
formulation due to catalyst performance decline. At this time, the spent aluminum oxide catalyst had no
visible damage or coating. In addition, an extra catalyst layer was added during the catalyst
replacement (the original catalyst bed had only three layers). Three months following catalyst
replacement, the new catalyst performance began a gradual decline. The ammonia flow rate required to
achieve 800 mg/m3 outlet NOy (at 5 percent 0,) had increased from 8 I/hr to 14 I/hr by six months
after replacement. Steuler cleaned the catalyst in mid-1987 via dipping the catalyst blocks in a fiquid
cleaning solution. No further replacement or reactivation has occurred since that time.  After cleaning,
the ammonia injection rate has been at the design 8-9 I/hr until around August 1989. Since August
1989, the ammonia injection rate has steadily increased ana is presently at 13 I/hr, as of
November 1989.

Other problems which have occurred include ammonia corrosion of copper instrumentation
fittings, seals, and gaskets and NO,'( monttors failing after 1,500 hours of operation. Steuler supplies the
NO, analyzer system which consists of two anatyzers for the six SCR units (each anatyzer monitors

three enginas).
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The actual operation of each engine and the number of starts, as of November 1989, is as

follows:
I Engine Hours of Operation Number of Starts "
d | 1 16,423 7,545
‘ 2 15.375 5.825
i 3 15,741 5,985
| I 4 15,803 5,339
4 5 15,698 ‘ 5,783
: 6 15,813 3.929

The SCR system was Installed on each engine after about 6,000 hours operation and 2,500 starts.
Herr Groth spaculated that ash and lubricating oll may potentially be the reason for catalyst
deactivity. However, the boiler tubes (entirely downstream of the SCR) are not fouled as rapidly since
SCR has been installed.
Permit Conditions
The NO, emission limit required by the TA Luit Is 800 mg/mS (about 425 ppmv) at 5 percent
oxygen. This NOy concentration Is around 238 ppmv corrected for an actual concentration of
12 percent oxygen. In the future, the control of CO emisslons via catalytic oxidation will be required.
co -emisslons are presently 465 ppm at 12 percent O».
SCR System Costs
‘ The caphtal cost of the initlal SCR system, including ammonia tanks, NOy monitors,
instrumentation, etc., was 1 million DM (current exchange rate is about 1.5 DM 1o a dollar) in 1985.
Repiacement catalyst is 180 DM per 150 mm x 150 mm x 150 x mm block. The NO,, monitors cost
1,000 DM per monttor to replace. The SCR system was procured by Energle Beratung Wolff, Munich
(089-785-3225).
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TRIP REPORT
i PURPOSE
The U.S. Environmental Protection Agency (EPA) Is gathering information to provide State and .
local agencles with information on NO,, control technologles for stationary Industrial combustion
sources. The objective of the European field trips is to collect deslgn, operating history, and cost
information from state-of-art NO,, control shtes.

. PLACE AND DATE

Universitat Technique
Eisendorferstrasse 40

2100 Hamburg - Harburg 20, West Germany
November 6, 1989

. SITE CONTACTS

Dr. Schiff, Universitat Technique
Herr Jungk, Universitat Technique
Herr Thramer, Universitat Technique

V. DISCUSSION

The Universitat Technique facility was visited by Radian Corporation to gather information on the

facility’s SCR system for NO, control. Facility personnel provided SCR design and operating history
_information, as well as a power plant tour within the facility.

Background l

The Universitat Technique in Hamburg - Harburg operates a cogeneration system consisting of
four natural gas-fired 2-cycle IC engines. The engines supply hot water for heating the University
buildings in addition to providing the University's electrical needs, with the capability to purchase and
sell excess electricity to/from the grid. The engines are operated according to the heating demand and
peak electrical needs. Most or all of the engines are shutdown at night. The engines are all Jenbacher
Werke AG (Tirol, Austria) models, two of which are 8-cylinder 700 kW each, and the other two are
6-cylinder 500 kW engines. A zeolite catalyst SCR system manufactured by Steuler International for

contralling NOy emissions is employed.
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R System Design

The combined exhaust from the four engines is ducted directly to the single SCR catalyst system
without cooling. The maximum design exhaust temperature is 4200 C. The minimum exhaust gas
temperature, below which ammonia injection is halted, is 35(0° C. During an engine cold start,
approximately 20 to 30 minutes is required to reach the minimum 35C° C, before ammonia is injected.

The NO, concentration at the inlet of the SCR system rangas between 800 and 900 ppmv actual
concentration. Normally, the oxygen content of the flue gas stream is around 10 percent. The SCR
system Is designed 1o reduce NO, to around 120 ppmv actual concentration, which represents 85-

87 percent NO,, removal.

The SCR catalyst itself is a monolith type which is supplied in 200 mm x 200 mm x 200 mm
cubes. The present dimensions of the entire catalyst bed are 1.1 m x 2.2 m x 1.6 m. There are
presently six layers of catalyst.

SCR Operating History

Originally, Steuter International installed four layers of catalyst; however, an additional two layers
of catalyst were added because the performance guarantee was not met. The Steuler guarantee was
specified as 125 ppmv outlet NOy using a maximum ammeonia flow of 10 I/hr (25 percent aqueous
ammonia). With the original four catalyst layers, the required ammonia injection rate was 20 I/hr to
achieve 125 ppmv outliet NO,, which did not meet the pedomnce guarantee. The addiional two
catalyst layers were added after six months of operation. During the six month initial period before
adding extra catalyst, the ammonia injection point was moved further upstream to enhance mixing,
however, the system performance did not improve significantly, After the catalyst addition, the ammonia
flow rates are around 10 1/hr for the 700 kW engines and 7 I/hr for the 500 kW engines. The ammonia
injection pressure is 2.5 bar.

The SCR system has been in commercial operation for about two years as of November 1989.
The system is operated at around 2,000 hours per year. The actual operation for each engine and the
number of starts, as of November 1989, is as follows:

Hours of Operation
Unit Output, KW Number of Starts
1 700 2130 1919
2 500 2100 982
3 700 2063 1187
4 500 1946 1960
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TABLE F-1. SCR SITES FOR COMBUSTION TURBINES

I ———————————— e ————

NQ, NO,

She Stze Fuel Start-up Inlet Outlet
Japan National Railway/ 141 MW Kerosene 1881 60 - 80 10
Kawasaki :

Sumotono/Shirakawa 3 MW Kerosene 1984 100 25

TABLE F-2. SCR SITES FOR STATIONARY INTERNAL COMBUSTION ENGINES

NG, NQ,
She Size Fuel Start-up Inlet Qutlet
Mitsubishi Petrochemical / - Ol 1980 900 90
Yokkaichi
Unitika /Uji - Qil 1978 1000 150
Monshu Paper/QOfta - Qil 1989 - -

= —————————— —




TABLE F-3. INDUSTRIAL BOILERS FITTED WITH SCR FOR DIRTY FUELS

Start-up NQ., ppm

Shte Location Fuel Year Inlet Outlet
Shindalkyowa Petrochemical/ Yokialchi Oil 1975* 250 25
Nippon Yakin Kawasakl oIl 1976*

Nisshin Steel Amagasaki Ol 1977 300 30
Kansal Paint Amagasaki ol 1978 300 30
Kansai Oll Sakal Qil 1879 250 25
Shindaikyow Petrochemical Yokkaichi Qil 1985 250 50
Ube Industries Sakali Oil 1989 250 50
Daishowa Paper Yoshinaga ol 1989

Fuji OIl Chiba Pltch 1983 500 50
Shinnihon Chemica! Industry Onahama Oil Coke 1884 600 60
Somitomo Chemical Chiba Oil Coke - 1985 500 50
Ube Industries Ube Coal 1982 400 250
Takeda Medicine Nikari Coal 1986 400 80
Idemitsu Kosan Alchi Coal 1986 260 60

*Shut Down

F-3




TABLE F-4. WASTE SLUDGE INCINERATORS FITTED WITH SCR

Inlet, ppm NO, Start-up

Plant Name City NQ, Removal % Date
Sunamachi Tokyo 100 90 1979
Nanbu No. 1 Tokyo | 100 90 1983
Nanbu No. 2 Tokyo 100 90 1983
Kasali Tokyo 100 90 1983
Hirano Osaka 130 a0 1983
Hoshutsu Osaka 130 90 1983
Shingashi Tokyo T 100 a0 1983
Shingashi Tokyo - 100 a0 1983
Senda Hiroshima 130 90 1983
Sunamachi Tokyo 100 90 1884
Kosuge Tokyo 400° 90 1985
Tsumori Osaka 150 90 1985
Konan Biwako 135 90 1985
Hojin Nagoya 130 80 1986

®Catalyst was replaced in 1985, after 6 years operation.
"NQ, is high because of the use of fluidized bed incinerator, while other incinerators are multi-stage type.
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SELECTIVE CATALYTIC REDUCTION
VENDOR LISTING =

Company Contact Name Phone No.
B&W Hitachi America Ed Campobenedetto 216-860-6762
20 S. Van Buren Avenue
P.O. Box 351
Barberton, OH 44203
Camet/WR Grace Alan Thomas 301-659-9111
12000 Winrock Rd. Carmo Pereira 301-534-4335
Hiram, OH 44234 Ed Smith 215-887-0911
Commetech, Inc. {Mitsubishi/Corning) Reda Iskandar 607-974-4313
Environmenta! Technologles
8 East Denison Pkw.
Coming, NY 14831
Engelhard Corporation Ken Bumns 201-632-6640
Menlo Park, CN-28 John Byme 201-321-5153
Edison, NJ 08818
F W Energy Applications, Inc. {IH!) Jack Polcer | 201-535-2271
{A Foster Wheeler Company) Bhuban Agarwal 201-535-2372
8 Peach Tree Hill Rg.
Livingston, NJ 07039
Hitachi Zosen Andi Akita 212-355-5650
150 E 52nd St.
New York, NY 10022
Johnson Matthey John Kamerosky 215-341-8505
Catalytic Systems Division Paul White 215-341-8544
436 Devon Park Dr.
Wayne, PA 19807
Joy Technologles, inc. (Kawasaki) Bert Brown - 818-301-1100
404 East Huntington Drive Ted Behrens 818-301-1215
Monrovia, CA 91016
MHI| /Combustion Engineering Rick Martinez 713-652-9230
Houston, TX
Nippon Shokubai Yojiro Takahashi 212-838-5258
101 East 52nd Street (14th floor)
New York, NY 10022

{continued)
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(CONTINUED)

Company .Contact Name Phone No.
Nitrogen Nergas Corp. Wemer Henke 318-232-2142
P.C. Box 51932

Lafayette, LA 70505

Norton Chemical Process Products Steve Turner 216-673-5860
P.Q. Box 350

Akron, OH 44309

Steuler International Corporation Manfred Grove 215-682-7171

Farmington Road
P.O. Box 38
Mertztown, PA 19538
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NON-SELECTIVE CATALYTI!C REDUCTION
VENDOR LISTING

Company

Contact Name

Phone No.

Engelhard Corporation
Menlo Park, CN-28
Edison, NJ 08818

Nitrogen Nergas Corp.
P.O. Box 51932
Lafayette, LA 70505

- Ken Bumns

Wemer Henke

201-632-6640

318-232-2142
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SELECTIVE NON-CATALYTIC REDUCTIONMQQ ’

VENDOR LISTING
Company Contact Name
Exxon Research and Engineering Donald E: Shaneberger
P.0. Box 101 Don Krider
Florham Park, NY 07932
Fuel Tech Bryan Luftglass 20332384010t

61 Taylor Reed Place s
Stanford, CT 08906 I




COMBUSTION TURBINE MANUFACTURER UISTING

Company Comact Name Phone No.
Allison Gas Turbine Division Peter J. Hart 317-230-4106
P.Q. Box 420

Indlanapolls, IN 46206

Asea Brown Boveri Septimus Van der Linden 201-932-6319
1460 Livingston Avenue

North Brunswick, NJ 08902

General Electric Company Marvin Schorr 518-385-3036
1 River Road Charles Steber 518-385-9670
Schenectady, NY 12345 Douglas Todd 518-385-3791
General Electric Company Ed D. Saller 512-552-5432
QOne Neumann Way MD N156

Cincinnati, OH 45215-6301

KWU/Siemens Jim Thompson 813.723-4350
Solar Turbines Incorporated Gerald Napierala 619-694-6512
9250 Skypark Court Roger L Swingie 619-544.5778
San Diego, CA 92123

Untted Technologies Wiillam H. Day 203-677-3419
Turbo Power

308 Farmington Avenue
Farmington, CT 06302
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ENGINE MANUFACTURER LISTING

Company Contact Name Phone No.
Catepillar, Inc. Don Dowdall 309-675-5362
100 NE Adams St.

Peoria, IL 61629-6480

Cooper Bassemer Joe Taucher 412-458-8000
150 Lincoln Ave, Ext. 4124
Grove City, PA 16127

Cooper Ajax/Superior Division Bruce Chrismann 513-327-4200
Springfileld, OH

Cummins Engine Company, Inc. Hugh Daugherty 812-377-3263
P.O. Box 3005

Columbus, IN 47202

Falrbanks Morse Engine Divis’™ Paul Danyluk 608-364-8228

701 Lawton Ave,
Beloit, WI 53511

Waukesha
1000-T St. Paul Ave.
Waukesha, Wl 53188

Paul Cannestra

414.547-3311
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PROCESS:HEATER MANUFACTURER LISTING

Company

Contdct Name

Phone No.

Foster Wheeler Corporation
Firad Heater Division

8 Peachtree Hill Rd.
Livingston, NJ 07039

John Zink
4401 S. Peoria
Tulsa, OK 74105

Lummus Crast
1515 Broad St.
Bloomfield, NJ (7003

Lanry Mac Evory

Bill Johnson

Tom Grohauer

201-535-2297

918-747-137M

201-893-2823
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LOW-NO, BURNER MANUFACTURER USTING

Contact Name

Company - Phone No.
ABB Combustion Engineering Systems Mike McCarthay 203-2854677
1000 Prospect Hill Road Richard C. LaFlesh 203-285-2583
Windsor, CT 06085 John Marian 203-285-4539
Alzeta Corporation Wayne Krill 408-727-8282
2343 Calle Del Mundo

Santa Clara, CA 95054

Babcock & Wilcox Paul Cioffi 216-753-4511
20 S. Van Buren Avenue Al Larue

Barberton, O 44203

Cleaver-Brooks
Milwaukee, Wi

Coen Company, Inc.
1510 Rollins Road
Burdingame, CA 94010

Foster Wheeler Energy Corporation
Perryville Corporate Park
Clinton, NJ 08809

John Zink Company
P.O. Box 702220
Tulsa, OK 74170

Keeler Domr-Oliver
77 Havemeyer Lange
Stamford, CT 06904

Process Combustion Corporation
P.O. Box 12866
Pittsburg, PA 15241

Riley Stoker Corporatlon
9 Neponset Street
Worchester, Massachusetts

Zum Industries
1422 East Avenue
Erie, PA 16503

Doug McDonald

Jim White

Jon Backland
Chet Binasik
Wayne Wieszczyk

Joel Vatsky

Richatd T. Waibe!
Roger Moble

Richard A. Giberti
Robert Kelly

Peter B Nutcher

John J. Marshall
Robert A. Lisauskas
David A. Harris

Roy Caldwell
Frank D. Vona

414-962-0100

415-697-0440

201-730-5450

918-748-5105
918-747-1371

203-358-3500
717-326-3361

412-655-)955

508-792-4826
508-792-4802
508-852-7100

814-452-6421
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APPENDIX H

CONVERSION FACTORS




CONVERSION FACTORS

[Standard conditions are 77°F (25°C) and 1 atm ]

NO,; (ppm at 16%0,) = NO, (ppm at X% O,) (_.___223-99-_15:‘ )

NO, (INMMBI) = NO, (ppm at x% O) [—262—;"—97] Fy x 1.47 x 107

NO, (ppm at X% O;) = NO, (mgim® at X% O,) [;1-5) x (22.4) x (%—97%]

NO, (ppm at 15% O) = NO, (glbhp~hi) (’4‘:] / [[‘5'152; ‘1229, Z) BSFC]

where;
Fp for natural gas = 8,740 dsci/MMBLU at standard conditions
Fp for oil = 9,220 dsct/MMBlu at standard conditions
Fp for wood = 9,280 dscl/MMBIu at standard conditions
Fp for coal = 9,820 - 10,140 dscl/MMBtu at standard conditions {depending cn ¢oal
type)
z = hydrogen/carbon ratio of the fuel
2 for natural gas = 3.5
~ Z for diesel =18
BSFC = brake specific fuel consumption, g/hp-hr
BSFC average = 7,276 Btwhp-hr which represents engine efficiency ot 35 percent for all engines.

Use lower heating value {LHV) of fuel to convert to g/mp-hr: LHV {gas) = 20,000
Btwlb; LHV (diesel) = 18,320 Btub (see Reference 6 for details).
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