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Abstract

This project develops a family of novel Second Generation Advanced Reburning (SGAR) NOy
control technologies, which can achieve 95% NOy control in coal fired boilers at a significantly
lower cost than Selective Catalytic Reduction (SCR). The conventional Advanced Reburning
(AR) process integrates basic reburning and N-agent injection. The SGAR systems include six
AR variants: (1) AR-Lean - injection of the N-agent and promoter along with overfire air; (2)
AR-Rich - injection of N-agent and promoter into the reburning zone; (3) Multiple Injection
Advanced Reburning (MIAR) - injection of N-agents and promoters both into the reburning zone
and with overfire air; (4) AR-Lean + Promoted SNCR - injection of N-agents and promoters with
overfire air and into the temperature zone at which Selective Non-Catalytic Reduction (SNCR) is
effective; (5) AR-Rich + Promoted SNCR - injection of N-agents and promoters into the
reburning zone and into the SNCR zone; and (6) Promoted Reburning + Promoted SNCR - basic
or promoted reburning followed by basic or promoted SNCR process.

The project was conducted in two phases over a five-year period. The work included a
combination of analytical and experimental studies to confirm the process mechanisms, identify
optimum process configurations, and develop a design methodology for full-scale applications.
Phase I was conducted from October, 1995 to September, 1997 and included both analytical studies
and tests in bench and pilot-scale test rigs. Phase I moved AR technology to Maturity Level III -
Major Subsystems. Phase II is conducted over a 45 month period (October, 1997 — June, 2001).
Phase 1II included evaluation of alternative promoters, development of alternative reburning fuel
and N-Agent jet mixing systems, and scale up. The goal of Phase II was to move the technology to
Maturity Level IV- Subscale Integrated System.

Tests in combustion facility ranging in firing rate from 0.1x10° to 10x10° Btu/hr demonstrated the
viability of the AR technology. The performance goals of the project to reduce NOy by up to 95%
with net emissions less than 0.06 1b/10° Btu and to minimize other pollutants (N,O and NH3) to
levels lower than reburning and SNCR have been met. Experimental data demonstrated that AR-
Lean + SNCR and Reburning + SNCR are the most effective AR configurations, followed by AR-
Lean and AR-Rich. Promoters can increase AR NOy reduction efficiency. Promoters are the most
effective at small amounts of the reburning fuel (6-10% of the total fuel heat input). Promoters

provide the means to improve NOy reduction and simultaneously decrease the amount of reburning
fuel.

Tests also showed that alkali-containing compounds are effective promoters of the AR process.
When co-injected with N-agent, they provide up to 25 % improvement in NOy reduction.

A detailed reaction mechanism and simplified representation of mixing were used in modeling of
AR processes. Modeling results demonstrated that the model correctly described a wide range of
experimental data. Mixing and thermal parameters in the model can be adjusted depending on
characteristics of the combustion facility. Application of the model to the optimization of AR-Lean
has been demonstrated.

Economic analysis demonstrated a considerable economic advantage of AR technologies in
comparison with existing commercial NOy control techniques, such as basic reburning, SNCR, and
SCR. Particularly for deep NOy control, coal-based AR technologies are 50% less expansive than
SCR for the same level of NOy control. The market for AR technologies is estimated to be above
$110 million.
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Executive Summary

This project develops a family of novel Second Generation Advanced Reburning (SGAR) NOy
control technologies, which have the potential to achieve 95% NO control in coal fired boilers at a
significantly lower cost than Selective Catalytic Reduction (SCR). AR systems integrate basic
reburning and injection of an N-agent (a nitrogen-containing species, typically ammonia or urea,
capable of converting NO to N,). Specific features of the new AR systems in comparison with basic
reburning include:

* Introduction of reburning fuel representing a small portion of the total fuel heat input, to
provide slightly fuel-rich conditions in the reburning zone.

* N-agent injection at one or two locations, which may include the reburning zone, the point
of overfire air injection, and/or downstream of overfire air injection.

* Injection of promoter additives which enhance the effectiveness of the N-agent.

The Advanced Reburning (AR) process is a GE-EER patented synergetic integration of basic
reburning and N-agent injection. In this process, an N-agent is injected along with the overfire air
(OFA) and the reburning system is adjusted to optimize the NOy reduction due to the N-agent. By
adjusting the reburning fuel injection rate to achieve near stoichiometric conditions (instead of the
fuel rich conditions normally used for reburning), the CO level is controlled and the temperature
window for selective NOy reduction is broadened and deepened. The reburning fuel requirement is
reduced from about 20% of total fuel heat input for basic reburning, to about 10% for AR, which
has considerable economic benefits (the incremental cost of gas for gas reburning and the cost of the
coal pulverization equipment for coal reburning). With AR, the NOy control due to reburning fuel
addition is somewhat reduced from basic reburning; however, this reduction is offset by the
significant enhancement of the N-agent NOj control.

This project develops AR systems which broaden technology applicability to a wide range of boiler
designs. The AR systems incorporate several improvements over conventional AR, such as N-agent
injection into the reburning zone, promoter additives which enhance the effectiveness of the N-
agent, and injection of N-agents with or without promoters at two locations. Sodium salts, in
particular sodium carbonate (Na,CO3), were identified as effective AR promoters. Salts of other
alkali metals can also be used as promoters. This family of AR technologies is intended for post-
RACT applications in ozone non-attainment areas where NOy control in excess of 70%-80% is
required. The AR systems are applicable to all types of coal fired boilers without massive hardware
changes, without increasing air toxic and toxic waste problems, and at a cost for NOy control on the
order of half that of SCR. These systems will provide flexible installations and do not create
secondary pollutants and can be integrated with SO, and air toxics control methods. They are also
highly flexible, in that components can be added over time as NOy emissions regulations become
more stringent. Selection of a technology for a specific boiler can be made based on boiler access,
thermal conditions, and NOj control requirements.

In the AR processes, the N-agent can be injected with or without promoters at one or two of three
chemically significant locations: into the reburning zone, along with OFA, or downstream of
burnout in the temperature window for which Selective Non-Catalytic Reduction (SNCR) is
effective, the SNCR zone. Accordingly, there are six AR variants:
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e Promoted Advanced Reburning Lean (AR-Lean): Injection of the N-agent and promoter
along with overfire air.

* Promoted Advanced Reburning Rich (AR-Rich): Injection of N-agent and promoter into the
reburning zone.

e Multiple Injection Advanced Reburning (MIAR): Injection of N-agents and promoters both
into the reburning zone and with overfire air.

e AR-Lean + Promoted SNCR: Injection of N-agents and promoters with overfire air and into

the SNCR zone.

* AR-Rich + Promoted SNCR: Injection of N-agents and promoters into the reburning zone
and into the SNCR zone.

* Reburning + Promoted SNCR: Basic or promoted reburning followed by basic or promoted
SNCR process.

In each of these variants, the use of promoters is optional. When employed, promoters are typically
co-injected with the N-agent.

The project was conducted in two phases over a five-year period. The work included a
combination of analytical and experimental studies to confirm the process mechanisms, identify
optimum process configurations, and develop a design methodology for full-scale applications.
Phase I was conducted from October, 1995 to September, 1997 and included both analytical studies
and tests in bench and pilot scale test rigs. Phase I moved AR technology to Maturity Level III -
Major Subsystems. Phase II is conducted over a 45 month period (October, 1997 — June, 2001).
Phase II is built on the Phase I results and includes evaluation of alternate promoters, development
of alternative reburning fuel and N-Agent jet mixing systems, and scale-up. The goal of Phase II
was to move the technology to Maturity Level IV- Subscale Integrated System.

The overall objective of Phase I was to demonstrate the effectiveness of the AR technologies at
bench and pilot scale over a sufficiently broad range of conditions to provide all of the information
needed for process optimization and scale up. Specific program objectives were as follows:

1. Develop an understanding of the mechanisms through which promoter additives improve N-
agent effectiveness;

2. Develop a kinetic analytical model of the Promoted and Multiple Injection AR technologies;

3. Optimize the AR processes using the analytical model and the results of bench and pilot
scale experiments under controlled mixing conditions; and

4. Upgrade GE-EER’s AR design methodology to accommodate the technical advancements
of AR.

Phase I project determined the ability of the AR technologies to meet the following technical
performance goals:

«  NO, emissions from the 1x10° Btu/hr coal fired Boiler Simulator Facility controlled to less
than the requirements for post-RACT NOy control in the NESCAUM area for the year 2003;

* Total estimated cost of controlling NOy emissions, based on the 1x10° Btu/hr coal fired
tests, shown to be less than that currently projected for SCR NOy control systems; and

* No significant reduction in boiler efficiency or significant adverse environmental impacts
when compared to current reburning and SNCR technologies.
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Phase I consisted of the following six tasks:

Task 1.1  Project coordination and reporting/deliverables.

Task 1.2 Kinetics of Na,COj; reactions with flue gas components.
Task 1.3 0.1x10° Btu/hr optimization studies.

Task 1.4  1.0x10° Btu/hr process development tests.

Task 1.5 Mechanism development and modeling.

Task 1.6  Design methodology and application.

A flow system decomposition study in Task 1.2 revealed that the primary gas-phase decomposition
products of Na,COj; are Na atoms, NaOH and CO,. Extrapolating the results to higher temperatures
showed that Na,CO; decomposition at temperatures over 1400 K produced NaOH and CO, very
quickly. NaOH then decomposed more slowly. These findings were incorporated into kinetic
modeling in Task 1.5.

In Tasks 1.3 and 1.4 bench scale combustion tests in the 0.1x10° Btu/hr facility were conducted.
These tests demonstrated NOy reduction of 86%, 88%, and 91% for AR-Lean, AR-Rich, and
MIAR, respectively. These levels of NOy control were achieved with only 15 ppm Na,COs in flue
gas. Pilot scale studies in the 1.0x10° Btu/hr combustion facility demonstrated the ability of the AR
technologies to achieve NOy reductions of 95+% during gas firing and 90+% during coal firing.
Byproduct emissions were found to be lower than those generated by commercial reburning and
SNCR technologies.

In Task 1.5 a detailed reaction mechanism was developed to model the AR chemical processes.
Kinetic modeling provided insight into the controlling factors of the process and qualitatively
described the observed reaction trends. Modeling predicted that the following factors mainly
defined the efficiency of AR systems: equivalence ratio in the reburning zone, process streams
injection temperatures (reburning fuel, N-agents, promoters, and OFA), concentrations of N-agents
and promoters, delay times for injection of N-agents into the reburning and burnout zones, and
characteristic mixing times of the injection streams with flue gas. The modeling predicted and
explained the NOy reduction enhancement of sodium promotion under both fuel-rich and fuel-lean
conditions.

The AR design methodology was upgraded in Task 1.6 using experiments and analytical models to
include the second generation improvements. This work took advantage of a full-scale
demonstration of the original AR technology, already in progress under separate project funding, on
a 105 MW tangentially fired boiler. The upgraded methodology was used to prepare process designs
for three AR concepts on the 105 MW boiler, and to predict the impacts of the AR systems on boiler
performance and NOy emissions. Some elements of AR were tested in the boiler. These tests
showed that the large scale stratification in the furnace gases affected the NOy reduction and
ammonia slip associated with N-agent injection.

An economic analysis was conducted to compare the cost effectiveness of AR and SCR using the
EPRI Technology Assessment Guide methodology for two representative Title 1 CAAA
applications: a cyclone fired boiler and a wall fired boiler equipped with low NOy burners. The total
cost of NOy control (combining capital and operating cost components) for the AR systems was 48-
69% less than for SCR depending on the specific application. The requirements for NOy control
under the CAAA were evaluated. The key drivers to implement AR are the current ozone non-
attainment areas, the potential to expand those regions to the eastern half of the U.S., and the recent
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tightening of the National Ambient Air Quality Standards for ozone and fine particulate which will
require additional NOy control nationwide. The market for AR technologies was estimated to be
above $1.5 billion.

Phase II filled the gap between the Phase I development and a long-term AR demonstration by
doing the following:

* Identify alternative promoters based on the promotion mechanisms developed in Phase 1.

e Identify and test coal mineral compounds responsible for the increased NOy reduction in
AR-Rich and MIAR with coal firing (about 10% higher than for gas firing).

* Optimize mixing (of reburning fuel, N-agents, and OFA into the furnace gas stream) via
combined chemistry/mixing models.

*  Optimize N-agent injection to maximize NOy reduction with negligible ammonia slip.

» Evaluate the effect of N-agent/promoter mixing times representative of full scale.

Optimize AR with new promoters and mixing regimes at 1x10° Btu/hr scale.

« Scale up and confirm the design methodology via 10x10° Btu/hr Proof-of-Concept tests as
well as limited component tests conducted during the ongoing boiler AR tests.

» Update the economic and market analysis to confirm the advantages of AR.

Specific Phase II objectives were to:

1. Develop alternative NOy control promoters for AR.
2. Develop a combined chemistry/mixing model of the process to optimize mixing regimes.
3. Confirm the design methodology via pilot scale experiments at 1.0x10° and 10x10° Btu/hr.

Phase II also determined the ability of the AR technologies to meet the following technical
performance goals in the 10x10° Btu/hr Proof-of-Concept coal firing tests:

Reduce NO by 95% with net emissions less than 0.06 Ib NO,/ 10° Btu.

Minimize other pollutants (N,O and NHj3) to levels lower than reburning and SNCR.
Minimize net parasitic power consumption to less than 0.5% of the power plant energy.
Minimize the total cost of NOy control to less than half that of SCR.

bl o e

Phase II included the following tasks:

2.1 Project coordination and reporting/deliverables.

2.2 Studies of other prospective promoters.

2.3 Development of a combined chemistry/mixing model.
2.4 Optimization of process synergism in 10x10° Btu/hr tests.
2.5 10x10° Btu/hr proof-of-concept tests.

2.6 Design methodology validation.

In Task 2.2 the effects of additives on AR-Rich and basic reburning were determined. Tests showed
that co-injection of Li and K compounds resulted in 74-78% NO reduction, i.e. 17-21 percentage
points improvement above the baseline reburning level. Although these effects are lower than those
for sodium, they are significant. Thus, K and Li compounds can be used as AR promoters.
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Compounds of Mg, Ca, Ba, and Zn provided relatively small promotional effect. When added to
ammonia solution, they reduced NO by an additional 6-9 percentage points compared to
unpromoted AR.

Tests also showed that metal-containing compounds could be effective reburning promoters without
injection of N-agent. Fe-containing compounds were the most effective in reduction of NOy
emissions, followed by Na-, K-, and Ca-containing compounds. Co-injection of these compounds
with the main fuel in the absence of reburning resulted in 16-30% NOy reduction. Injection of metal
compounds with the main fuel in the presence of reburning provided an additional 4-25%
percentage points of NOy reduction above the baseline reburning level. As the concentration of
additive increased, so did the promotional effect. Co-injection of additives with reburning fuel and
into the reburning zone had smaller effect than co-injection with the main fuel. Coal char and fly ash
showed minimal effect on NOy reduction. It is concluded that metals in coal char and fly ash were
mainly present in the form of sulfides and silicate-alumosilicate matrixes that were more stable than
carbonates and acetates at high temperatures. These compounds were not effective in reactions with
combustion radicals and have a minimal effect on NO4 reduction.

Tests showed that not only did injection of Ca-containing compounds reduce NOy emissions, but it
also decreased SO, emissions: about 50% SO, reduction was achieved with the injection of 1,000
ppm of Ca(OH), with main fuel.

The model of AR processes was updated in Task 2.3. Modeling results demonstrated that the
model correctly described a wide range of experimental data obtained in five bench- and pilot-
scale combustion facilities. This suggested that the model, as developed through Phase II,
represented the main chemical and mixing features of the reburning process and could be used
for process optimization. Mixing and thermal parameters in the model can be adjusted depending
on the characteristics of the combustion facility. The following conclusions were drawn from
modeling results:

» Stratification in the mixing zone improves reburning efficiency for small heat inputs of the
reburning fuel and degrades reburning efficiency for large heat inputs. Based on modeling
observations, it is suggested that design of the nozzle for the reburning fuel injection should
be different depending on the amount of the injected reburning fuel. Injection of large
amounts of the reburning fuel provides better NOy reduction if mixing of reactants is fast.
Injection of small amounts of the reburning fuel, on the other hand, should result in
significant mixture stratification for better NOy control (as long as complete mixing and
burnout is ultimately achieved).

* Initial temperatures of the reburning fuel and OFA affect NO reduction and can be
optimized for deeper NO control. Optimum temperatures depend on the mixture
composition and on the injection location. By optimizing these parameters, NOy reduction
can be increased by several percentage points.

* Reactions of NHj in the burnout zone play an important role in NO reduction for large heat
inputs of the reburning fuel.

The applicability of the model to the optimization of AR-Lean has been demonstrated. Modeling
identified the following AR-Lean parameters as being most important: amounts of the reburning
fuel and N-agent, temperature of flue gas at the point of OFA/N-agent injection, and evaporation
time of the N-agent. Modeling predictions, supported by experiments, are that CO formed in the
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reburning zone increases the efficiency of N-agent when the temperature of furnace gases at the
point of OFA/N-agent injection is lower than 1200 K, and reduces its efficiency at higher injection
temperatures. To reduce the negative effect of CO on NOy reduction at OFA/N-agent injection
temperatures typically utilized in utility boilers, the average droplet size of injected N-agent solution
must be optimized to allow for CO oxidation in the burnout zone before a significant amount of N-
agent evaporates.

In Task 2.4 BSF tests were conducted to determine the optimum process conditions at mixing and
thermo characteristics of Greenidge 105 MW tangentially fired boiler. Tests focused on simulating
the AR-Lean and reburning + SNCR performance as the most promising AR variants for deep NOy
control for the Greenidge unit. The results of the BSF simulation tests demonstrated that high CO
concentrations typical for upper furnace of the Greenidge boiler have negative effects on AR-Lean
performance at the NH3/OFA injection location in the Greenidge boiler. For optimum AR-Lean
performance, the CO concentration at the point of N-agent/OFA injection should be below 5000

The Greenidge boiler is characterized by upper furnace fluctuations in gas concentrations, and
contains zones that have simultaneously high levels of CO and O, due to incomplete mixing. To
simulate boiler design, two cooling arrays were installed in the furnace of the BSF: one simulating
the high temperature secondary superheater and one simulating the reheater. The pilot-scale test
results demonstrated that pulsations of CO and O, concentrations did not affect the performance of
basic reburning, but decreased NOy reduction of SNCR by about 10% for tested experimental
configuration. Performance in combined reburning + SNCR tests was almost independent on
pulsing frequency and the reburning fuel flow rate, but decreased with pulsing amplitude. Results
demonstrated that about 70-80% NO reduction could be achieved under Greenidge conditions using
an optimized reburning + SNCR regime.

Another objective of Task 2.4 was to evaluate coal as a reburning fuel. The results of the
experiments indicated that the four tested bituminous coals were capable of providing reasonably
high NOy control in basic reburning at the conditions available at the full-scale boilers. Over
90% NOy reduction could be achieved in AR with utilization of coal as a reburning fuel. The
most effective variant of AR was reburning + SNCR followed by AR-Lean and AR-Rich. Tests
showed that injection of promoters could significantly improve the efficiency of AR.

Proof-of-concept tests in a 10x10° Btu/hr combustion facility in Task 2.5 provided a final indication
of the viability of the AR technology. The performance goals of Phase II to reduce NOy by up to
95% with net emissions less than 0.06 1b/10° Btu and to minimize other pollutants (N,O and NHs)
to levels lower than reburning and SNCR have been met. The following conclusions were drawn
from experimental data obtained in different combustion facilities ranging in firing rate from
0.1x10° to 10x10° Btw/hr:

* AR provides up to 95% NOj reduction.

* AR-Lean + SNCR and Reburning + SNCR are the most effective AR configurations,
followed by AR-Lean and AR-Rich.

* Promoters can increase the efficiency of NOy reduction in AR. Promoters are most
effective at a small amount of the reburning fuel (6-10% of total fuel heat input). This
provides the means to improve NOy reduction and simultaneously decrease the amount of
reburning fuel required, relative to basic reburning.
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In Task 2.6 economic and market analyses of AR technologies were updated. The main driver to
implement AR is NOy controls required in ozone non-attainment areas or areas which transport
pollutants into ozone non-attainment areas. In the Northeastern portion of the country, this thirty-
seven-state region consists of Pennsylvania and the States North and East of that state. This region
can potentially be expanded to include Texas and all states North and East of this state. The NOy
control requirements developed by the EPA to date have been based on attaining the current
National Ambient Air Quality Standards (NAAQS). However, the EPA has issued revised NAAQS
for ozone and fine particulate that are substantially lower than the current standards. Since NOy is a
precursor of both pollutants, achieving the new NAAQS will require even greater reductions in NOy
emissions which provides additional driver for AR technologies.

The size of the market for AR technologies has been estimated to be above $110 million by
considering the existing and projected CAAA regulations, the power plants affected by the
regulations, and industry projections for the mix of NOy control technologies necessary for cost
effective compliance with these regulations.

Economic analysis demonstrates a considerable economic advantage of AR technologies in
comparison with existing commercial NOy control techniques, such as basic reburning, SNCR, and
SCR. Particularly for deep NOy control, coal-based AR technologies are 50% less expansive than
SCR for the same level of NO, control.

All project objectives and technical performance goals have been met or exceeded, and it was
demonstrated that AR technologies could achieve high efficiency and low cost NOy control.
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1.0 Introduction

This project develops a family of novel Second Generation Advanced Reburning (SGAR) NOy
control technologies, which have the potential to achieve 95% NOy control in coal fired boilers at a
significantly lower cost than Selective Catalytic Reduction (SCR). AR systems integrate basic
reburning and injection of N-agents (nitrogen-containing compounds capable of reducing NO,
typically ammonia or urea). The AR systems are intended for EPA SIP Call compliance that
requires to reduce NOx emissions from coal-fired facilities to the level of 0.15 Ib/MMBtu in 22
states. Specific features of the new AR systems in comparison with basic reburning include:

* Introduction of reburning fuel representing a small portion of the total fuel heat input, to
provide slightly fuel-rich conditions in the reburning zone.

* N-agent injection at one or two locations, which may include the reburning zone, the point
of overfire air injection, and/or downstream of overfire air injection.

* Injection of promoter additives which enhance the effectiveness of the N-agent.

The project was conducted in two phases over a five year period. The work included a combination
of analytical and experimental studies to confirm the process mechanisms, identify optimum
process configurations, and develop a design methodology for full-scale applications. Phase I was
conducted from October, 1995 to September, 1997 and included both analytical studies and tests in
bench and pilot scale test rigs. Phase II is conducted over a 45 month period (October, 1997 —June,
2001). Phase II is based on the Phase I results and includes evaluation of alternate promoters,
development of alternative reburning fuel and N-Agent jet mixing systems, and scale-up.

This report consists of 13 Sections and 6 Appendices. Sections 1 through 4 describe background of
the AR technology, summary of Phase I results and Phase II objectives. A detailed description of
Phase I results is presented in Appendix A. Sections 5 through 11 describe Phase II results.
Sections 12 and 13 present conclusions and referenced literature. Appendices B through F include
chemical mechanisms, thermodynamic property data used in kinetic modeling, and a description of
Computational Fluid Dynamic (CFD) modeling used to correlate the droplet size of liquid N-agent
with its evaporation time.

Extensive nomenclature is used in the description of different aspects of AR throughout this report.
Figure 1-1 shows sketch of a boiler and summarizes the nomenclature for the various regions of the
AR process. The region upstream of the reburning fuel injection is referred to as the primary zone or
the main combustion zone. Combustion in the main combustion zone occurs in fuel lean
environment so that the primary zone Stoichiometric Ratio (SR;) is greater than 1.0. The initial NO
concentration in this zone is referred to as NO;. The region between the reburning fuel and overfire
air (OFA) injection is referred to as the reburning zone and is maintained at stoichiometry SR,
which is usually less than 1.0. In AR-Rich N-agent and promoter are injected into the reburning
zone, typically with a delay after reburning fuel injection. OFA is injected to complete combustion,
downstream at lower furnace gas temperatures (which drop rapidly due to the heat exchange
surfaces used for steam generation). In AR-Lean, N-agent and promoter are injected along with
OFA. The downstream region of OFA injection referred to as the burnout zone. Typically OFA
serves as the carrier gas for injecting an N-agent and promoter in AR-Lean. This zone is always fuel
lean, at a stoichiometric ratio (SR;) greater than 1.0. An N-agent can also be injected (with or
without promoter) downstream of the OFA injection location into the burnout zone at furnace gas
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conditions (particularly temperature) characteristic of the Selective Non-Catalytic Reduction
(SNCR) process. This variant is called reburning + SNCR.

N-agent + promoter _ﬂ
Reburning + SNCR - i__

AR-Lean Overfire aﬁ::@l vt \'? ) | Burnout

AR-Rich (OFA) | X
Vo= = | Reburnin;
Reburning Fuel 4—— S = =" Zone ¢

B |
Air a +— Combustion
Main Zone

Figure 1-1. Schematic of different variants of AR.
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2.0 Background

2.1 High Eiciency NO , Control under Title 1 ofthe CAAA

Title 1 of the Clean Air Act Amendment (CAAA) of 1990 requires NOy controls in ozone non-
attainment areas. The initial Title 1 regulations required Reasonably Available Control
Technologies (RACT). In most areas, the NOy levels for RACT were based on Low NOy Burners
(LNB) and were in the range of 0.4 to 0.5 1b/10° Btu. As a result, there has been little industry
demand for higher efficiency and more expensive NOy controls such as reburning, SNCR, and SCR.

Over the last ten years, U.S. Environmental Protection Agency (EPA) has developed most of the
specific NOy regulations authorized by the CAAA. The most stringent NOy controls are required in
ozone non-attainment areas or areas which transport pollutants into ozone non-attainment areas. In
the Northeast, EPA has defined the Northeast Ozone Transport Region (NEOTR) consisting of
Pennsylvania and the states North and East. In that zone, NOy reductions of up to 75% are required
by 2003 (SIP Call) with the potential for even deeper controls. The new control levels correspond to
an average utility boiler NOy emission rate of 0.15 1b/10° Btu. EPA is now considering expanding
the NEOTR to include Texas and all states North and East. In this 37 state region, it is projected
that NOx emissions may need to be reduced by as much as 85%.

As these specific regulations have developed, the trend has been towards cost effective emission
controls. Rather than setting specific limits for each plant, in many areas the regulations have been
established to provide the flexibility to over-control on some units and under-control on others, if
that approach is cost effective. This can be of considerable advantage since the cost of NOy control
for some units (particularly smaller units) may be much higher than for others, on a basis of $/ton of
NOy removed. This bubbling approach depends on the availability of NOy control technologies
which can achieve NOy reductions greater than the nominal control levels (75-85%) at low cost.

Therefore, the goal established by DOE for this project, 95% NOy control down to 0.06 1b/10° Btu,
is appropriate. NOy control technologies which meet this goal will only be employed if their costs
are competitive with conventional controls on a $/ton basis. At present, the only commercial NOy
control technology capable of achieving such deep NOy control is SCR. With SCR, NOy is reduced
to N, by reactions with N-agents on the surface of a catalyst. The SCR process effectively uses the
N-agent. Injection at a Nitrogen Stoichiometric Ratio, NSR (NSR is defined as molar ratio of N
atoms in N-agent to that in NOy) of 1.0 typically achieves about 80% NOy reduction (i.e., 80% N-
agent utilization). SCR is fully commercialized in Europe and Japan and there are several U.S.
installations. This is the reason for its extensive use as the basis of NOy control requirements for
post-RACT.

Since the post-RACT NOy control requirements are largely based on SCR, achieving the required
NOy levels with SCR is relatively easy. However, SCR is far from an ideal utility solution. There
are several important problems, and cost leads the list. SCR requires a catalyst in the flue gas
exhaust stream. This catalyst, and the associated installation and boiler modifications, are expensive.
As SCR technology has advanced over the last decade, the cost has decreased; however, at present,
the initial cost of an 80% NOy control SCR system for a coal fired boiler is still about a factor of
four greater than that of LNB. Increasing the NOy control to 95% approximately doubles the SCR
system cost.

In addition, the SCR catalyst life is limited. Catalyst deactivation, through a number of mechanisms,
typically limits catalyst life to about 4 years for coal fired applications. SCR catalysts are also toxic,
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and therefore pose disposal problems. Since the catalyst is the major cost element in the SCR
system, catalyst replacement and disposal contributes heavily to the total cost of NOy control.

The AR technology developed in this project meets the following requirements:

NOx control comparable with SCR;
Low capital cost compared to SCR;
Total cost of NOy control ($/ton of NOy removal) low compared to SCR;

Compatible with all types of coal fired units (wall, tangential and cyclone fired);

A S e

Minimal plant modifications and no requirement to re-route and treat the entire flue gas
stream;

4

No major components with limited life (such as the SCR catalyst);

7. No additional emissions of air toxics, criteria pollutants, or toxic solid or liquid waste
materials;

8. Ability to integrate with technologies for controlling other pollutants, such as SO,, air toxics
and with projected CO, control strategies;

9. Minimal impact on boiler efficiency and operations; and

10. Flexibility to achieve the required level of control, with potential to readily implement add-
on controls to reach more stringent control levels if required.

The main advantage of the AR technologies developed in this project is that they can provide the
deep NOy control of SCR at a considerable cost reduction.

2.2 Limitations ofAvailable NO 4 Control Technologies br Post-RACT Applications

The suitability of AR for post-RACT applications can best be appreciated by comparing it with the
currently available NOy control technologies. Table 2-1 shows the typical performance for a range
of conventional NOy controls applied to a pulverized coal fired boiler with baseline emissions of 1.0
1b/10° Btu. Both the applicability of specific NOy controls and their performance depend heavily on
site specific factors. While the values in the table are generally representative of state of the art
performance, each installation will be different.

Low NOy burners and OFA provide only modest NOy control. However, their capital costs are low
and, since no reagents are required, their operating costs are near zero. This has made them the
technologies of choice for the modest NOy control required under Title 4 and the initial RACT
under Title 1 of the CAAA. However, alone, they cannot approach the 0.15 Ib/MMBtu NOy control
goal required by SIP Call.

For deeper NOy control, reburning, SNCR or SCR can be added to low NOy burners and OFA, or
installed as stand alone systems.

Reburning controls NOy via fuel staging. The main portion of the fuel is fired through the
conventional burners with a small portion of the fuel injected into the furnace above the burners.
The result is a fuel rich "reburning zone" where NOy is reduced by reactions with active radicals
formed during interaction of the reburning fuel and oxygen from the main combustion zone.
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Reburning, alone, can achieve only 50-70% NOy control and, hence, may not be a candidate for
most post-RACT applications.

Table 2-1. Performance of NOy control technologies.

Nominal Performance
Technology For Baseline NOy 1.0 1b/10° Btu
NO, Reduction (%) | NOy Emission (Ib/10° Btu)
Low NOy Burners 30-50 0.5-0.7
Low NO, Burners + Overfire Air 50-60 0.4-0.5
Reburning 50-70 0.3-0.5
Selective Non-Catalytic Reduction 40-70 0.3-0.6
(SNCR)
Selective Catalytic Reduction (SCR) >80 <0.2
Low NOy Burners + AR systems >80 <0.2

The reaction of N-agents with NOy can proceed without a catalyst at high temperatures. This is the
SNCR process. It is effective over a narrow "temperature window" typically centered about 1250 K
where the N-agent forms NH, radicals which react with NO. The NH; radicals are formed from the
N-agent via interaction with radicals. For example:

NH; + OH - NH; + H,O
NH; +H - NH; + H,.
The NH; species can reduce NO to molecular nitrogen:
NH; + NO - N, + H,0.

Under ideal laboratory conditions, deep NOy control can be achieved. However, in practical, full
scale installations, the non-uniformity of the temperature profile, difficulties of mixing the N-agent
across the full boiler cross section, limited residence time for reactions, and any escape of unreacted
ammonia (“ammonia slip”), combine to limit SNCR's effectiveness to about 40%. For typical
SNCR conditions with a NSR of 1.5 and 40% NOy control, the N-agent utilization is only 27%.
Thus, while SNCR does not require a catalyst, and therefore has a low capital cost compared to
SCR, it requires about four times as much N-agent resulting in higher operating costs.
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2.Advanced Reburning

The AR process is a GE-EER patented (Seeker et al., 1992) synergetic integration of basic
reburning and N-agent injection. In this process, an N-agent is injected along with the OFA and the
reburning system is adjusted to optimize the NOy reduction due to the N-agent. By adjusting the
reburning fuel injection rate to achieve near-stoichiometric conditions (instead of the more fuel rich
conditions normally used for reburning), the CO level is controlled and the temperature window for
selective NOy reduction is broadened to a greater temperature range, and deepened to greater
maximum levels of NOy control. The reburning fuel is reduced from about 20 to about 10% of the
total heat input, which has considerable economic benefits (the incremental cost of natural gas for
gas reburning, and the cost of additional coal pulverization equipment for coal reburning). With AR,
the NOy control due to the reburning process is somewhat reduced, however this reduction is offset
by the significant enhancement of the N-agent NOy control.

The AR process was developed by GE-EER as part of a DOE program (Chen et al., 1991) focusing
on the optimization of basic reburning. Tests were conducted over a range of scales (up to 10x10°
Btu/hr) and achieved above 80% NOy control. An AR design methodology was developed by
extending GE-EER's reburning design methodology.

2.8econd Generation Advanced Reburning §GAR)

Improved versions of the AR process have been under development at GE-EER since 1993. They
were first predicted by kinetic modeling and then confirmed by 300 kW combustion tests via GE-
EER in-house R&D funds. The AR systems have the potential to achieve 95% NOy control on all
types of coal fired boilers without massive hardware changes, without increasing air toxic and toxic
waste problems, and at a cost for NOy control on the order of half that of SCR. The SGAR systems
incorporate several improvements over conventional AR, such as:

* The alternative of N-agent injection into the reburning zone (as opposed to injection in the
OFA zone);

* Optional use of promoter additives which enhance the effectiveness of the N-agent; and

* The option of injecting N-agents, with or without promoters, at multiple locations.

Sodium salts, in particular sodium carbonate (Na,COs) were identified as effective AR promoters.

By integrating these improvements into AR, NOy control can be increased to 90 - 95% for cyclone
units and even higher for pulverized coal fired units (wall and tangentially fired) where AR can be
further integrated with LNB and OFA. This family of AR technologies is intended for post-RACT
applications in ozone non-attainment areas where NOy control in excess of 80% is required.

Figure 1-1 presents a general schematic of the AR processes. The N-agent can be injected with or
without promoters at selected locations (typically one or two), selected from the reburning zone, the
point of OFA injection (typically co-injected), or downstream in the burnout (SNCR) zone.
Accordingly, there are six AR variants, as shown in Table 2-2.
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Table 2-2. AR variants (each N-agent can be injected with or without promoters).

AR Technology Description
Advanced Reburning Lean - Injection of the N-agent along with OFA
AR-Lean
Advanced Reburning Rich - Injection of N-agent and promoter into the reburning zone.
AR-Rich

Multiple Injection AR - MIAR Injection of N-agents and promoters both into the
reburning zone and with OFA.

AR-Lean + SNCR Injection of N-agents and promoters with OFA and into the
SNCR zone.

AR-Rich + SNCR Injection of N-agents and promoters into the reburning
zone and into the SNCR zone.

Reburning + SNCR Basic or promoted reburning followed by basic or
promoted SNCR process

These AR technologies do not create secondary pollutants and can be integrated with SO, and air
toxics control methods. They are also highly flexible, in that components can be added over time as
NOy emissions regulations become more stringent. Selection of a technology for a specific boiler
can be made based on boiler access, thermal conditions, and NOy control requirements.
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P Phase | Objectives and Results

The following sections describe Phase I objectives and present summary of Phase I results. Detailed
description of Phase I results is presented in Appendix A.

3 Phase | Program Objectives

The overall objective of Phase I was to demonstrate the effectiveness of the AR technologies at
bench and pilot scale over a sufficiently broad range of conditions to provide all of the information
needed for process optimization and scale up. The Phase I program was conducted over a two-year
period. Specific program objectives were as follows:

Develop an understanding of the mechanisms through which promoter additives improve N-
agent effectiveness;

Develop a kinetic analytical model of the Promoted and Multiple Injection AR technologies;

Optimize the AR processes using the analytical model and bench and pilot scale
experiments under controlled mixing conditions; and

Upgrade GE-EER’s AR design methodology to include advances of SGAR.

Phase I project determined the ability of the AR technologies to meet the following technical
performance goals:

NO, emissions from the 1x10° Btu/hr coal fired Boiler Simulator Facility (BSF) controlled
to less than the requirements for post-RACT NOy control in the NESCAUM area for the
year 2003 (0.15 Ib/MMBtu);

Total estimated cost of controlling NOy emissions based on the 1x10° Btw/hr coal fired tests
less than that currently projected for SCR NOy control systems; and

No significant reduction in boiler efficiency or significant adverse environmental impacts
when compared to current reburning and SNCR technologies.

Phase I consisted of the following six tasks:

Task 1.1 Project coordination and reporting/deliverables.

Task 1.2 Kinetics of Na,COj5 reactions with flue gas components.
Task 1.3 0.1x10° Btu/hr optimization studies.

Task 1.4 1.0x10° Btu/hr process development tests.

Task 1.5 Mechanism development and modeling.

Task 1.6 Design methodology and application.

Task 1.1, Project coordination and reporting/deliverables, coordinated the efforts of the Key
Personnel involved with the project so that the objectives of this project were met: on time, on
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specification, and on budget. Phase I experimental work started from parametric screening tests at a
bench scale facility (Task 1.3), followed by pilot scale developmental studies (Task 1.4). The Phase
I program utilized two GE-EER test facilities providing nominal thermal capacities of 0.1x10° and
1x10° Btu/hr. The experimental work was paralleled by kinetic modeling (Task 1.5). A detailed
reaction mechanism of the AR processes was developed based on available combustion chemistry
data. Simultaneously, an experimental study (Task 1.2) was conducted at the University of Texas to
define high-temperature chemistry of sodium carbonate under simulated flue gas conditions. The
results were used for updating the kinetic model. The modeling used experimental data to define
key process parameters, culminating in upgrading GE-EER’s existing design methodology for
conventional AR to include the second generation improvements (Task 1.6).

2 Summary ofPhase | Results

Phase I included parametric screening tests which were conducted in a bench scale facility, followed
by pilot scale developmental studies. Experimental work was paralleled by kinetic modeling which
provided a scientific understanding of the process, including the activity of N-agent promoters.
Simultaneously, an experimental study was conducted to define the high-temperature chemistry of
sodium carbonate under simulated flue gas conditions. The modeling used experimental data to
define key process parameters, culminating in a design methodology for the eventual scale-up and
implementation of the technologies.

A kinetic study on thermal decomposition of Na,CO; was conducted in Task 1.2 using a flow
system with Gas Chromatography (GC) and Mass-Spectrometry (MS) analysis of products. It was
found that significant decomposition of Na,CO; occurred on a one second time scale at
temperatures between 900 and 1300 K. The main decomposition products were identified as CO,,
Na atoms, and Na,O. The rate of Na,CO; decomposition was measured as functions of temperature,
residence time, and initial Na,CO3 concentration. The decomposition of Na,CO3 from 900 to 1190
K was described kinetically in terms of two irreversible and one reversible reactions:

N32CO3 - NaZO + COZ
NazO + C02 — N212CO3
Na,O + H,O  2NaOH.

In Task 1.3, 0.1x10° Btu/hr combustion tests were conducted with natural gas as main and
reburning fuel. The promoted AR-Lean process achieved about 86% NOy reduction at 10%
reburning fuel heat input and only 15 ppm Na,CO; in flue gas. The promoted AR-Rich process
achieved 88% NOy reduction at 10% reburning fuel and 15 ppm Na,COs. Thus, the presence of
Na,CO;3; promoted the effect of both "lean" and "rich" N-agent injection. Several sodium
compounds (Na,COj;, NaHCOs;, and NaOH) were tested and achieved comparable promotion
effectiveness. In AR-Rich, NOy reduction was enhanced when the N-agent was injected into the
reburning zone with a delay time after injection of the reburning fuel. The MIAR process achieved
90 - 91% NOx reduction in these bench scale tests and was expected to improve at larger scales
since the injectors adversely affected the temperature profile in these small scale tests.

Task 1.4 involved 1.0x10° Btu/hr tests in the BSF. Initial experiments were performed with natural
gas firing. In AR-Lean, injection of urea or ammonia with OFA provided 45 - 82% NOy reduction
depending on the injection temperature. This was consistent with previous GE-EER research.
Addition of 15 ppm of Na,CO; promoter to the N-agent greatly improved NOy reduction.
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Performance was about equal for ammonia and urea with maximum of 89 - 94%. In AR-Rich,
similar NOy reduction was obtained for injection of ammonia and urea, 70 - 77%. However,
addition of 15 - 25 ppm Na,COj significantly improved NOy reduction, up to 94 - 95%. Two N-
agent injections (MIAR) demonstrated 78 - 82% NOj reduction without sodium and up to 98% NOy
reduction, with 15 ppm Na,COs. This was the maximum NOy reduction achieved by AR systems.

Experiments were also conducted with coal firing. The results showed that the AR technologies
could provide up to 95% NOx control for a high-sulfur coal-fired combustor. The NOy reduction due
to N-agent injection was higher, but the effect of sodium promotion was lower in comparison with
gas firing. Na,CO; was found to promote performance only by 5 - 8 percentage points when added
at 75 ppm. Maximum NOy reductions achieved by the promoted AR technologies with coal firing
were 90% for AR-Lean, 93% for AR-Rich, and 95% for MIAR. Three other AR modifications: AR-
Lean + Promoted SNCR, AR-Rich + Promoted SNCR, and Reburning + Promoted SNCR, provided
up to 95%, 92%, and 93% NOx reduction, respectively.

A separate study was conducted to evaluate byproduct emissions from different AR variants in
comparison with basic reburning and SNCR. The following emissions were characterized: NOy,
CO, CO,, 0,, SO,;, N,O, total hydrocarbons, NH3;, HCN, SOs, fly ash mass loading, size
distribution, PM10, PM2.5, and carbon in ash. The results showed that in most configurations AR
technologies have less byproduct emissions than basic reburning and SNCR processes under similar
operating conditions.

In Task 1.5, a reaction mechanism, including 355 reactions of 65 chemical species, was developed
to characterize the chemical processes of reburning and AR. The mechanism consists of C-H-O-N
sub-mechanism (GRI-Mech-2.11, no variation of rate constants) and sub-mechanisms describing
SNCR chemistry, and reactions of sodium, sulfur, and chlorine. Modeling was performed using
three kinetic programs: Chemkin-2, Senkin (developed by Sandia National Laboratories) and GE-
EER's One Dimensional Flame code (ODF). Modeling was capable of predicting major reaction
trend, qualitatively describing AR processes, and, in some cases, was close to quantitative process
description. Modeling explained why the delayed ammonia injection into the reburning zone is
capable of reducing NO concentration and why certain additives, such as oxygen and active
radicals, can promote the NO-NH; interaction in the reburning zone. Modeling also described the
NO-NHj3; interaction in the burnout zone. A sensitivity analysis was conducted which revealed the
most significant elementary reactions affecting formation and destruction of fuel-N compounds in
the reburning zone under various conditions. Modeling with different mixing times demonstrated
the importance of delayed mixing modes for efficient NOy reduction. Modeling explained the effect
of sodium promoters under both fuel-rich and fuel-lean conditions. Sodium reactions can affect NOy
control by decreasing or increasing the radical pool when it is needed. The radicals in turn can react
with NHj3 to form NH, species which reduce NO to molecular nitrogen. The effect of promoters is
most pronounced in systems with long characteristic mixing times, as is typical in full-scale
industrial applications.

In Task 1.6, GE-EER's reburning design methodology was expanded to AR and an economic and
market assessment was conducted. To demonstrate the applicability of the methodology, it was
applied to a typical 100 MW coal-fired utility boiler with tangentially firing burners, resulting in
development of conceptual designs for several AR systems, and predictions of their impacts on
boiler NOy emissions and operating performance. Thermal performance models were used to
evaluate the impacts of implementing AR processes on the thermal performance of the boiler. For
implementation of AR-Lean, AR-Rich, or MIAR processes, the reburning fuel would be injected
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into the lower furnace and the overfire air would be injected into the upper furnace in a cavity
between the first two tube banks of the convective pass. The overall boiler efficiency for operation
with an AR system is similar to that for operation with a basic gas reburning system. The results of
the analysis are specific to the boiler configuration evaluated and should not be generalized to other
boiler designs. The results of injection system analysis indicate that good mixing of the process
streams necessary to implement advanced reburning (AR-Lean, AR-Rich, and MIAR) on the case
study boiler can be achieved. Natural gas can be injected from each wall in a pattern which achieves
good distribution of the reburning fuel. Overfire air injection into a cavity in the convective pass,
needed for implementation of each of the AR processes under consideration, can be achieved using
high pressure wall jets. For the AR-Lean and MIAR processes, these ports can also be used to inject
the reagent. Injection of reagent into the upper furnace, needed for the AR-Rich and MIAR
processes, can be achieved using a lance-based system. Full scale NOy reduction level is predicted
to be above 90% and can be additionally increased with the use of promoters.

The original work scope for this task was based on applying the design methodology to a
hypothetical case study; however, it was hoped that an initial AR demonstration could be developed
in parallel with Phase I (outside the scope of this DOE project) to allow application to a real unit and
evaluation of some of the AR elements. GE-EER was successful in developing an initial AR
demonstration project. In 1995 GE-EER installed AR-Lean on a 105 MW tangentially fired boiler.
Initial AR testing was conducted in 1996 and continued through 1998. This unit was used as the
basis for extending the design methodology. AR-Lean tests on the boiler showed that stratification
within the reburning zone could adversely affect the performance. Regions of inadequate CO in the
reburning zone reduced the N-agent NOy control and caused NH3 slip.

While modifications were successful in reducing stratification, this experience showed the
importance of mixing and scale up, two factors evaluated in Phase II. In addition to these AR-Lean
tests, opportunity was taken to obtain preliminary larger scale data on several of the AR components
including N-agent injection into the reburning zone, N-agent injection downstream of the reburning
zone in an SNCR mode, and N-agent injection into the reburning zone and with the overfire air.

An economic analysis was conducted comparing AR technologies using gas and coal as reburning
fuels with SCR for two representative Title | CAAA applications: a cyclone fired boiler and a wall
fired boiler equipped with low NOy burners. The analysis was based on the EPRI Technology
Assessment Guide (TAG) methodology which evaluates the total annual levelized cost including
capital and operating cost components ($/ton). The unit cost of NOy control ($/ton) is also
calculated. Depending on the specific application, AR offers total cost reductions of 48 to 69% over
SCR. The market for AR technologies is estimated to be above $1.5 billion.

FIhase | Conclusions

1. Bench scale combustion tests in the 0.1x10° Btu/hr facility demonstrated NOy reduction of 86%,
88%, and 91% for AR-Lean, AR-Rich, and MIAR, respectively. These levels of NOy control
were achieved with only 15 ppm Na,COjs in flue gas. Pilot scale studies in the 0.1x10° Btu/hr
combustion facility demonstrated the ability of the AR technologies to achieve NOy reductions
of 95+% during gas firing and 90+% during coal firing. Byproduct emissions were found to be
lower than those generated by commercial reburning and SNCR technologies.

2. A flow system decomposition study revealed that the primary gas-phase decomposition
products of Na,CO; were Na atoms, NaOH and CO,. Extrapolating the results to higher
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temperatures showed that Na,CO; decomposition at temperatures over 1400 K produced NaOH
and CO, very quickly. NaOH then decomposes more slowly.

A detailed reaction mechanism was developed to model the AR chemical processes. Kinetic
modeling provided insight into the controlling factors of the process and qualitatively described
the observed reaction trends. The following factors mainly defined the efficiency of AR
systems: equivalence ratio in the reburning zone, process streams injection temperatures
(reburning fuel, N-agents, promoters, and OFA), concentrations of N-agents and promoters,
delay times for injection of N-agents into the reburning and burnout zones, and characteristic
mixing times of the injection streams with flue gas. The modeling predicted and explained the
NOy reduction enhancement of sodium promotion under both fuel-rich and fuel-lean conditions.

The AR design methodology was upgraded by using experiments and analytical models to
include the second generation improvements. This work took advantage of a full-scale
application of the original AR configuration in progress on a 105 MW tangentially fired boiler
outside the scope of this project. The upgraded methodology was used to prepare process
designs for three AR concepts on the 105 MW boiler and to predict the impacts of the AR
systems on boiler performance and NOx emissions. Some elements of AR were tested in the
boiler. These tests showed that the large scale stratification in the furnace gases affected the NOy
reduction and ammonia slip associated with N-agent injection.

An economic analysis was conducted to compare the cost effectiveness of AR and SCR using
the EPRI Technology Assessment Guide methodology for two representative Title 1 CAAA
applications: a cyclone fired boiler and a wall fired boiler equipped with low NOy burners. The
total cost of NOy control (combining capital and operating cost components) for the AR systems
was 48-69% less than for SCR depending on the specific application. The requirements for NOy
control under the CAAA were evaluated. The key drivers are the current ozone non- attainment
areas, the potential to expand those regions to the eastern half of the U.S. and the recent
tightening of the National Ambient Air Quality Standards for ozone and fine particulate which
will require additional NOy control nationwide. The market for AR technologies was estimated
to be above $1.5 billion.

All Phase I objectives and technical performance goals have been met or exceeded, and it was
demonstrated that AR technologies could achieve high efficiency and low cost NOy control.
However, additional work was needed in Phase II to move the technology to a demonstration
stage. In particular, the following steps were necessary to optimize and scale up the AR
technologies:

* Identify alternative promoters based on the promotion mechanisms developed in Phase L.

e Identify and test coal mineral compounds responsible for the increased NOy reduction in
AR-Rich and MIAR with coal firing (about 10% higher than for gas firing).

e Optimize mixing (reburning fuel, N-agents, OFA) via combined chemistry/mixing models.
e Optimize N-agent injection to maximize NOy reduction with negligible ammonia slip.
» Evaluate the effect of N-agent/promoter mixing times representative of full scale.

Optimize AR with new promoters and mixing regimes at 1x10° Btu/hr scale.
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« Scale up and confirm the design methodology via 10x10° Btu/hr Proof-of-Concept tests and
limited component tests during the ongoing boiler AR tests.

* Update the economic and market analysis to confirm the advantages of AR.
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4 Phase Il Program Approach, Objectives and Tasks

4 Phase Il Technical Approach

This section presents an overview of GE-EER's technical approach to the development of the AR
processes in Phase II. Phase I moved AR technology to Maturity Level III - Major Subsystems. Pilot
scale tests have been conducted to evaluate all of the components including delayed injection of N-
agents into the reburning zone and the use of sodium carbonate as a promoting additive for both fuel
rich and lean N-agent injection. Limited component tests have been conducted in a boiler. Phase II
moved the technology to Maturity Level IV- Subscale Integrated System. Maturity Level V (full-
scale demonstration) and Level VI (commercial applications) will follow.

Phase II filled the gap between the Phase I development and a long-term AR demonstration by doing
the following:

 Identifying alternative promoters based on the promotion mechanisms developed in Phase 1.

e Optimizing mixing (reburning fuel, N-agents, OFA) via combined chemistry/mixing models.

* Optimizing N-agent injection to maximize NOy reduction with minimum ammonia slip.

» Evaluating the effect of N-agent/promoter mixing times representative of full scale.

« Optimizing AR with new promoters and mixing regimes at 1x10° Btu/hr scale.

« Scaling up and confirming the design methodology via 10x10° Btu/hr Proof-of-Concept tests.

* Updating the economic and market analysis to confirm the advantages of AR.

Four types of experimental facilities were used in Phase II: (1) 0.1x10° Btu/hr Controlled Temperature
Tower (CTT) to identify the prospective promoters, (2) 1x10° Btu/hr Boiler Simulator Facility (BSF)
for combustion optimization tests, (3) 10x10° Btu/hr Tower Furnace (TF) for the Proof-of-Concept
tests, and (4) the Greenidge boiler equipped with AR-Lean. (See description of GE EER facilities in
Section 11). Phase II developed all information and know-how necessary prior to a full-scale AR
demonstration.

£ Phase Il Objectives and Tasks

Phase II work included a combination of experimental and modeling studies with the objective to
demonstrate the effectiveness of the AR technologies in 10x10° Btu/hr Proof-of-Concept tests over a
sufficiently broad range of conditions. Specific Phase II objectives were designed to overcome the
remaining after Phase I technical barriers, broaden the range of applications and develop a data base
for a subsequent full-scale demonstration. Specifically, Phase II objectives were to:

1. Develop alternative NOy control promoters for AR.

2. Update a combined chemistry/mixing model of the process to optimize mixing regimes.

5. Confirm the design methodology via pilot scale experiments at 1.0 and 10x10° Btu/hr.

Phase II was build on the Phase I results and included the following tasks:
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2.1 Project coordination and reporting/deliverables.

2.7 Studies of other prospective promoters.

2.8 Development of a combined chemistry/mixing model.
2.9 Optimization of process synergism in 10x10° Btu/hr tests.
2.10 10x10° Btu/hr proof-of-concept tests.

2.11 Design methodology validation.

The following sections describe Phase II results.
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5.0 Task 2.1 Project Coordination and ReportingDeliverables

Figure 5-1 shows the task structure and the major milestones of Phase II. Task 1.1, Project
Coordination and Reporting/Deliverables, coordinated the efforts of the Key Personnel involved
with the project so that the objectives of this project are met on time, on specification, and on
budget. Phase II experimental work started from parametric screening tests of alternative promoters
at a bench scale facility (Task 2.2), followed by pilot scale optimization studies (Task 2.4) and
proof-of-concept tests (Task 2.5). The Phase II program utilized three test facilities providing
nominal thermal capacities of 0.1, 1.0 and 10x10° Btw/hr. The experimental work was paralleled by
kinetic modeling (Task 2.3) which provided a scientific understanding of the process, including the
activity of N-agent promoters and effect of promoters on reburning and AR. The modeling used
experimental data to define key process parameters, culminating in upgrading and validation of GE-
EER’s existing design methodology for AR (Task 2.6).

Task 2.2 Studies of other

prospective promoters —_—

!

Task 2.3 Development of a combined
chemistry/mixing model >

Task 2.1 Project coordination

ﬂ < and
— reporting/deliverables.
Task 2.4 Optimization of process
synergism in 10x10° Btu/hr tests

0

Task 2.5 10x10° Btu/hr

proof-of-concept tests —>

Draft final report Approved final report
ﬂ —> 5/2001 —> 7/2001
Task 2.6 Design methodology
validation EE—

Figure 5-1. Phase II task structure and major milestones.

Significant efforts were undertaken to advertise AR technologies to make them visible to potential
users. Project results were presented at the following conferences:

1. 26™ International Symposium on Combustion, Naples, Italy, 1996.
. The American Flame Research Committee International Symposium, Baltimore, MD, 1996.
3. 22" International Technical Conference on Coal Utilization & Fuel Systems, Clearwater, FI,
1997.
4. 5™ International Congress on Toxic Combustion Byproducts, Dayton, OH, 1997.
5. The American Society of Mechanical Engineers International Power Generation
Conference, CO, 1997.
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7.

8.

9.

4™ International Conference on Technologies and Combustion for a Clean Environment,
Lisbon, Portugal, 1997.

Conference on Advanced Coal-Based Power and Environmental Systems, Pittsburgh, PA,
1997.

27" International Symposium on Combustion, Denver, CO, 1998.

Internat10nal Gas Research Conference, San Diego, CA, 1998

10. 28" International Symposium on Combustion, Edinburgh, Scotland, 2000.

Project plans and results were also presented at FETC (now NETL) Contractor’s Conferences in
1996, 1997 and 2000, during meetings at FETC (December 1995) and GRI (August 1995 and
April 1997), as well as at Meetings of the Western States Section of the Combustion Institute in
1998 and 1999.

The following papers were published or submitted for publication:

1.

2.

Zamansky, V.M. and Lissianski, V.V. “Effect of Mixing on Natural Gas reburning”,
Israel Journal of Chemistry 39:63-71 (1999).

Han, D., Mungal, M.G., Zamansky, V.M. and Tyson, T.J. “Predicting of NOx Control by
Basic and Advanced Gas Reburning Using the Two-Stage Lagrangian Model”, Combust.
Flame 119:483-493 (1999).

. Lissianski, V.V., Zamansky, V.M. and Sheldon, M.S. “Reburning Chemistry-Mixing

Model”, Combust. Flame, 2000 (accepted for publication).

Lissianski, V.V., Zamansky, V.M. and Maly, P.M. “ Effect of Metal-Containing
Additives on NOy Reduction in Combustion and Reburning”, Combust. Flame, 2000
(accepted for publication).

Zamansky, V.M., Maly, P.M., Lissianski, V.V. and Gardiner, W.C. “Utilization of Iron
Additives for Advanced Control of NOy Emissions from Stationary Combustion
Sources”, Industrial & Engineering Chemistry Research, 2001 (accepted for publication).

The following related patents were submitted and approved by the U.S. Patent and Trademark

Office:

1.

2.

Zamansky, V.M., Maly, P.M. and Seeker, W.R. “Advanced Reburning Methods for High
Efficiency NOy Control”, U.S. Patent 5,756,059 (1998).

Zamansky, V.M.; Maly, P.M.; Cole, J.A.; Lissianski, V.V.; Seeker, W.R. Metal-
Containing Additives for Efficient NOy Control, U.S. Patent 6,206,685 (2000).

The following patent has been submitted and is being considered by the U.S. Patent and
Trademark Office:

Lissianski, V.V., Zamansky, V.M., Lyon, R.K. and Payne, R. “Method of Reducing NOy via
Selective Non-Catalytic Reduction”.
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6.0 Task 2.2 Studies ofOther Prospective Additives

The goal of testing under Task 2.2 was to identify prospective promoters other than Na,COs. Phase |
experiments (Appendix A) demonstrated that Na,COs is an effective promoter of AR. These tests also
revealed that several other sodium salts have effects on AR which are similar to that of Na,CO5. The
mechanism of Na promotion was studied and explained in Phase 1. Modeling predicted that Na-
containing species increased the efficiency of NOy reduction in the presence of N-agent by providing
active species (e.g. H atoms and OH radicals). It was expected that other alkali compounds (lithium
and potassium) would exhibit promotion effects based on the same principle. It was further
anticipated that alkali earth metal compounds (Mg, Ca, and Ba) might have similar or stronger
promotion effects.

The alternative promoter search included tests of a variety of relatively volatile metal salts that could
potentially provide OH radicals in the reburning zone. A number of compounds that do not contain
metals and nonvolatile metal-containing compounds were also screened to identify candidates which
are effective in NOy reduction. The following sections describe the results of screening tests
conducted in the CTT (0.1x10° Btw/hr) and the BSF (1.0x10° Btu/hr).

6.1 CTT Screening Test

In CTT testing, natural gas was used as both the main and reburning fuel. Gaseous ammonia was
added to the main fuel to provide a controlled primary NO concentration of 600 ppm. The
reburning fuel, 10% by heat input, was injected at furnace gas temperatures of 1670 K, using bottled
nitrogen as the transport medium. (Unless stated otherwise, temperature references in the context of
injection locations refer to the local furnace gas temperature.) The OFA was injected at 1300 K,
providing a reburning zone residence time of 0.50 s. Stoichiometric ratios in the main, reburning,
and burnout zones were SR;=1.10, SR,=0.99, and SR;=1.15, respectively. Additives were co-
injected with aqueous ammonia into the reburning zone at 1460 K with NSR = 1.5. Promoters were
dissolved in aqueous ammonia in a quantity corresponding to 30 ppm of metal concentration (or
promoter concentration if metal is absent) in flue gas. These tests determined the efficiencies of
various additives in promoting AR-Rich.

All tested compounds are presented in Table 6-1. Eight sodium salts were tested to determine the
effect of anions in promoting NOy reduction activity. Since preliminary tests of different sodium
compounds, including carbonate and hydroxide forms, demonstrated identical NOy reduction
activity, only a limited set of potassium and lithium compounds (K,CO;, KOH, and LiOH) was
selected for testing. Additionally, one compound for each of five other metals (Mg, Ca, Ba, Zn, and
Cu) was selected. Each of these compounds is soluble in water and was added to aqueous
ammonia. Iron sulfate was also tested, but precipitated out of the basic ammonia solution, and
therefore the concentration of iron in flue gas was difficult to control. Two non-metal compounds
were selected for testing, methanol and dichloromethane. Methanol decomposes forming CHj3 and
OH radicals under reburning conditions, and it was interesting to check how additional OH radicals
affect NO concentration. Organic chlorides are known as radical inhibitors, and CH,Cl, was added
to see the effect of chlorinated compounds on the reburning process.

A summary of promoter screening results is presented in Figure 6-1. Sodium carbonates and
sodium hydroxide provided the most significant promotion effect. Under the test conditions, the use
of Nay,COs, NaHCO3, their combination (trona), and NaOH provided about 89% NO reduction, or
about a 32 percentage point increase above reburning + NHj; injection. Some other sodium
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compounds provided a smaller but significant promotional effect. Injection of NaNOs, NaAlO,, and
NaCl resulted in 86%, 77%, and 74% NO reduction, respectively. The use of Na,SiO; provided
60% NO reduction, only 4% increase compared with the case without promoters. Obviously,
binding sodium with chlorine, aluminum, nitrate, and especially with silicate inhibits the effect of
Na on NO reduction relative to the carbonate and hydroxide forms.

Table 6-1. Compounds tested in CTT as advanced reburning promoters.

Compound Formula Compound Formula
Sodium Compounds Non-Sodium Metal Compounds
Sodium Carbonate Na,CO;3 Potassium Carbonate K,CO;
Sodium Bicarbonate NaHCO; Potassium Hydroxide KOH
Trona Na,CO3; (NaHCO; | Lithium Hydroxide LiOH
Sodium Hydroxide NaOH Magnesium Acetate Mg(CH;COO0),
Sodium Chloride NaCl Calcium Acetate Ca(CH;COOQO),
Sodium Nitrate NaNO; Barium Hydroxide Ba(OH),
Sodium Silicate Na,Si05 Zinc Acetate Zn(CH3;COO),
Sodium Aluminate NaAlO, Copper Acetate Cu(CH;C0OO0),
Non-Metal Compounds

Dichloromethane CH,Cl, Methanol CH;0H

The difference in promotion efficiency of the different forms of sodium can be explained. In the
case of NaNOs, thermal decomposition of the salt releases NOy that naturally has an adverse impact
on the net NOy reduction efficiency. Sodium aluminate, chloride and silicate are very stable
compounds which do not decompose to form significant concentrations of sodium atoms, which are
necessary to promote NO reduction. Sodium chloride and sodium silicate are the typical forms of
sodium in coal, and therefore sodium compounds in coal are not very effective AR promoters.

Co-injection of Li and K compounds with ammonia resulted in 74-78% NO reduction, i.e. 17-21
percentage points improvement. Although these effects are lower than those for sodium, they are
significant. Thus, K and Li compounds can be used as AR promoters. Compounds of Mg, Ca, Ba,
and Zn provided a relatively small promotional effect. When injected in solution with ammonia,
they reduced NO by an additional 6-9 percentage points.

Injection of CH,Cl, and Cu(CH;COO), resulted in inhibition of the NO reaction with ammonia. The
inhibition effect of dichloromethane was expected since Cl atoms reduce the concentration of OH
radicals in the reaction media. The effect of Cu(CH3;COO), was surprising; it is difficult to explain
because the rates of high temperature reactions of Cu compounds with radicals, NO and ammonia
are not known.
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1. Alternative promoter AR-Rich screening test results. Additive (30 ppm) is co-injected

with aqueous NHj at combustion gas temperatures of 1460 K.

Figure

Additional tests were then conducted to characterize the promotion effect of several compounds at
different temperatures. Compounds with good and moderate promotion efficiency were selected for
these tests. Additionally, one inhibiting compound was also tested. The furnace gas temperature at
which promoters were injected was varied from 1170 K to 1590 K, for Na,COs, trona, K,COs,
NaAlO,, and Cu(CH3;COO),. At 1170 K the additives were injected with OFA (AR-Lean), while at
higher temperatures they were injected under fuel-rich conditions (AR-Rich). The test results are
summarized in Figure 6-2. As in the screening tests, the sodium additives resulted in significant
promotion and potassium resulted in less significant promotion. The copper additive acted as
inhibitor at higher temperatures and as a promoter at lower temperatures.

Tests at different injection temperatures were important in determining the effect of additives on
CO emissions. As in the Phase I tests, injection of 30 ppm sodium resulted in high CO emissions
(over 1000 ppm). Similar CO emissions were determined in tests with addition of potassium
compounds. Injection of other promoters resulted in CO emissions lower than 70 ppm. This
effect (higher CO emissions after injection of sodium under fuel rich conditions) was discussed
and a hypothetical explanation of the Na effect on CO emissions was suggested in Phase I Final
Report (Appendix A, pp. 7-8 to 7-9). High CO emissions show that in the presence of sodium and
potassium the process of CO oxidation is inhibited. This inhibition effect is stronger under fuel
rich conditions and especially pronounced in tests conducted in the CTT tests because of its very
steep temperature profile at the point of ammonia/promoter injection.

Increasing the OFA temperature during the AR-Rich process, and conducting experiments in a
larger facility with a lower temperature gradient (e.g. BSF) decreases CO emissions. As was
demonstrated in Phase I (Appendix A), AR-Rich tests conducted in the BSF with two higher OFA
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temperatures, 1380 and 1510 K, resulted in up to 90% NO reduction (in the presence of Na) and
near baseline CO emissions.

100
] A Reburn Alone
® Reburn+NH40H
80; B Reburn+NH40H+Na2CO3
1 O Reburn+NH40OH+CuAc
¢ Reburn+NH4OH+Trona
£ 60 ¥V Reburn+NH40OH+K2CO3
s ] O Reburn+NH4OH+NaAIO2
S
e
[0}
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O 40
b4
20
0 —— — —— ‘

1100 1200 1300 1400 1500 1600 1700
Additive Injection Temperature (K)

Figure 6-2. Performance of alternative promoters as a function of injection temperature.

Figure 6-3 shows the effect of FeSO,4 on the AR process. The promoter was co-injected with NHj in
the reburning zone. The use of FeSO,4 provided 50% NO reduction, which is less than the effect of
NHj; alone. Thus, injection of FeSOy resulted in inhibition of the NO reaction with ammonia.
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Alone Aq. NH; Aq. NH;+FeSO,

Figure 6-3. Effect of FeSO, on the reburning process.

6-4



g DOE Contract No. DE-AC22-95PC95251 Final Report

6.2 BSF Test Results

Fly ash, char and several other additives were tested in the BSF as promoters of the reburning
process. In these tests additives were injected without N-agent. The purpose of these tests was to
determine if additives alone can improve the efficiency of the reburning process.

6.2.1 Eéct ofMetals on NO , Reduction

Tests described in Section 6.1 showed that some additives affect the AR process when co-injected
with NHj in the reburning zone. It is worthwhile to determine if the same additives can affect the
reburning process when injected alone. Figure 6-4 shows the effect of several additives on the
reburning process. Injection of 30 ppm of sodium compounds without NH; provides up to 4%
additional reduction in comparison with the unpromoted basic reburning process. This effect is
much smaller than the effect of combined injection of NH; and Na compounds (Section 6.1).
However, this effect can be more significant if the amount of additive is higher than 30 ppm.
Additional tests were performed to provide more detailed information on the effect of metal-
containing compounds on reburning.

80
18% Reburn at 1700 K
OFA at 1470 K

60 NO; = 600 ppm
30 ppm promoter

co-injected with
reburning fuel

NO Reduction (%)
S

Reburning
+Na2CO3
+NaOxalate
+ NaAcetate
+Acetic Acid
+NaOH
+Trona
+NaSulfate
+ HBr

+HI
+CBrCIF2

Figure 6-4. Promoter screening tests.

Sodium and potassium carbonates, and calcium acetate were selected for tests and were injected into
BSF as aqueous solutions in one of the following configurations: with the main fuel, with the
reburning fuel or into the reburning zone downstream of the reburning fuel injection. Solutions were
injected by atomizing them with a twin-fluid nozzle. In all tests natural gas was used as main and
reburning fuels. The amount of the reburning fuel was 18% of the total heat input. The reburning
fuel was injected at a flue gas temperature of 1670 K and OFA was injected at 1300 K. Injection of
additives into reburning zone downstream of the reburning fuel was performed at a flue gas
temperature of 1590 K. The initial NOy concentration was set to 600 ppm by adding ammonia to the
combustion air.
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Figure 6-5 shows the effect of these Na, K and Ca compounds, co-injected with the main fuel in the
presence and in the absence of reburning. Injection of metal-containing compounds in the absence
of reburning (“metal only” bars) resulted in 16%-21% NOy reduction. Reburning itself provided
66% NOy reduction. Injection of 100 ppm metal compounds (of total flue gas) with the main fuel in
the presence of reburning provided an additional 4-7 percentage points of NOy reduction. The
amount of metal in flue gas is calculated assuming that all metal is in vapor phase. Results presented
in Figure 6-5 illustrate that sodium- and potassium-containing additives are slightly more effective
than calcium-containing compounds when added with the main fuel.
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NO, Reduction (%)
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o
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N
o
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Reburning Reburning Metal only
+ metal

Figure 6-5. Effect of metal-containing compounds injected with the main fuel on NOy reduction.
Amount of metal is 100 ppm. 1 —Na, 2 - K, 3 —Ca.

Figure 6-6 shows the effect of promoter concentration on NOy reduction. In the absence of
reburning, the effect of the additive first increases as concentration of additive increases and then
decreases. Up to approximately 28% NOy reduction was achieved at 500 ppm of Na or K in the flue
gas. The additives also improved the efficiency of reburning by 11 percentage points. The effect of
additives on reburning also first increases and then slightly decreases (although not as significantly
as in the absence of reburning). Both Na and K show similar effects on NO, reduction.
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Figure 6-6. Na and K performance as a function of promoter concentration. Promoters are injected
with the main fuel. Squares and dotted lines represent Na, triangles and solid lines represent K.
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Figure 6-7 demonstrates that similar results were obtained by injecting sodium along with the
reburning fuel at flue gas temperature of 1700 K. Injection of sodium carbonate improves NOy
control efficiency by up to 6 percentage points. This effect is slightly smaller than that observed for

Na injection with the main fuel.

Figure 6-8 demonstrates the effects of Na and Ca injection into the reburning zone, but downstream
of the reburning fuel. NOy reduction in this case is less than that for the injection with main and
reburning fuels. Injection of sodium carbonate reduces NOy concentration by additional 4
percentage points, while calcium acetate reduces NOy by 3 percentage points.
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Figure 6-7. NOy reduction as function of Na concentration. Na is co-injected with the reburning
fuel.
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Figure 6-8. Injection of 100 ppm Na and Ca into reburning zone at 1590 K. Reburning fuel is
injected at 1700 K.

Figure 6-9 shows the effect of sodium carbonate injection on CO emissions. The baseline
corresponds to the level of CO in flue gas in the absence of reburning and additives. Reburning
increases CO emissions by about 20%. The “Na only” bar corresponds to the injection of additive
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with the main fuel in the absence of reburning. CO emissions appear to slightly increase during Na
injection, most notably in the absence of reburning.
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Figure 6-9. Effect of 100 ppm Na addition on CO emissions.

6.2.2 Eéct ofCaon SO , Emissions

Tests showed that calcium-containing compounds were less effective than alkali metals in reduction
of NOy emissions. However, calcium has an advantage over alkali metals since it does not
contribute to deposition on heat transfer surfaces and thus may be preferred in commercial
applications. Another potential benefit of using calcium-containing compounds is reduced sulfur
emissions from coal combustion due to the formation of CaS. To determine the efficiency of NOy
and SO, reduction during coal combustion, tests were conducted with Utah coal as the main fuel.
The initial amount of SO, generated by coal combustion was 800 ppm. The reburning fuel was
natural gas.

Figures 6-10 and 6-11 show effects of Ca(OH), co-injection with main and reburning fuel on NOy
and SO, emissions. While the efficiency of NOy reduction does not depend significantly on the
method of additive injection, the efficiency of SO, reduction is much higher when the additive is
injected with the main fuel (about 50%).
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Figure 6-10. Calcium promoter NOy control performance during Utah coal firing. Squares
correspond to co-injection with main fuel, circles to co-injection with reburning fuel.
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Figure 6-11. Calcium promoter SO, capture during Utah coal firing. Squares correspond to co-
injection with main fuel, circles to co-injection with reburning fuel.

6.2.Féct oflron-Containing Compounds on NO  « Reduction

While FeSO, additives showed an inhibiting effect on AR-Rich (Fig. 6-3), it was speculated that
other Fe-containing compounds could be effective in promoting reburning. These speculations were
based on experimental results (Babushok et al, 1998) demonstrating that under certain conditions
Fe-containing compounds can have significant impact on the combustion process.

Experiments with injection of iron-containing additives were conducted in the BSF. For the natural
gas firing tests, the initial NOy concentration was set at 600 ppm by adding ammonia to the
combustion air. With coal firing, no effort was made to control the initial NOy concentration.
Natural gas was used as the reburning fuel in all tests. The iron compounds were transported
pneumatically as powders to the furnace and injected through a radial injector. Injection of the
reburning fuel and OFA occurred at furnace gas temperatures of 1700 K and 1450 K, respectively.
Iron compounds were added either with the main fuel, with the reburning fuel, or into the reburning
zone at 1590 K.

The following additives were tested: metallic iron, iron oxides, iron waste, and Fe(CO)s. Three test
series were conducted. The first two, in which natural gas was fired as the main fuel, involved
screening iron additives under constant baseline conditions and parametric evaluation of process
variables. In the third series, coal was fired as the main fuel to provide conditions representative of
industrial combustors. These studies involved screening the performance of four additives (metallic
iron, two iron oxides and iron waste) selected to encompass a variety of attributes, including ferrous
and ferric oxidation states and metallic iron itself, different particle sizes, and an industrial iron
waste product tested as an example of a waste available at low or no cost. (The sample tested, a
byproduct of the steel processing industry, consisted nominally of about 80% Fe,O; and 20%
impurities, primarily Ca(OH),.) Iron metal powder, 100% of which was smaller than 10 yum in
diameter, was studied at a concentration corresponding to 1000 ppm mole fraction in the flue gas;
Fe,O3; powder, 100% of which was smaller than 5 yum, over the range 0 to 1300 ppm; Fe;O4
(consisting of FeO and Fe,03), 100% of which was smaller than 5 pm, at 1000 ppm; and iron oxide
waste, 80% of which was smaller than 50 um in diameter, at mole fractions ranging from 0 to 1000
ppm. The amount of metal in flue gas is expressed here as the number of Fe atoms per 10°
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molecules present, calculated as if the entire flue gas content, aside from ash, were present as gas-
phase molecules. The initial screening tests involved co-injecting each of the four additives together
with the reburning fuel, at reburning heat inputs of 18% and 25%, in the amounts needed to provide
1000 ppm iron in the flue gas. Figure 6-12(a) summarizes the results. Reburning without additive
provided 60-66% NOy reduction; iron waste and Fe,O; provided the greatest NOy reductions, up to
about 19 percentage points more than reburning alone. The maximum NOy reductions observed
were 77% and 85% for reburning heat inputs of 18% and 25%, respectively. Iron metal and Fe;O4
provided 3 to 9 percentage points of improvement.

After the screening tests, more detailed studies were performed to parametrically evaluate the
process variables: injection mode (with the main fuel, with the reburning fuel, and into the
reburning zone), additive concentration, and reburning heat input. The parametric tests focused on
Fe,O5 and the iron waste product, which showed the greatest effects in the screening tests. Figure 6-
12(b) shows the effect of iron waste compounds co-injected with the main fuel. In the absence of
reburning, approximately 23% NOy reduction was achieved by iron injection. Reburning without
additives resulted in 60% NOy reduction for 18% reburning and 66% NOy reduction for 25%
reburning. Additive injection improved the process efficiency by 8-10 percentage points.

Figure 6-12(c) shows the performance for Fe,Os injection with the main fuel, with the reburning
fuel, and into the reburning zone at 1590 K. The best performance was obtained for Fe,O3; co-
injection with the reburning fuel, improving NO4 reduction by about 20 percentage points. Injection
into the reburning zone was least effective.

Figure 6-12(d) shows the effect of iron oxide waste co-injected with the reburning fuel (for 25%
reburning) as a function of additive concentration. In the absence of additive, conventional
reburning again gave 66% NOy reduction. NOy reduction levels increased as the iron concentration
increased from 0 to 600 ppm, after which further increase had little effect. About 86% NOx
reduction was achieved at 600-770 ppm additive in flue gas, that is, 21 percentage points greater
than the baseline condition.

Reburning heat input was then varied from 10% to 25% with and without Fe,O; additive. As shown
in Figure 6-12(e), NOy reduction appeared to increase with increasing reburning heat input. Fe,O;
additive increased NOy reduction by 11 percentage points at 10% reburning and by 21 percentage
points at 25% reburning. Figure 6-12(f) shows the effect of iron oxide co-injected with the
reburning fuel during combustion of coal. A bituminous Utah coal containing 0.67% sulfur and
11.8% ash on a dry basis was used. The initial uncontrolled NOy concentration it generated was
1200 ppm corrected to 0% O,, dry basis. The iron additive caused NOy reduction to increase by 6 to
9 percentage points. The maximum NOy reduction efficiency with coal firing was 84%. Tests also
showed that addition of an iron compound in both the main and the reburning zones could provide
higher NOj reduction than injection of the same amount of additive in one zone.

In some tests the iron oxide additive was co-injected with a small amount of the reburning fuel
(about 6%). Since the total composition of the mixture was fuel lean, no OFA air was added. NOy
reduction increased from 32% to 38% as the additive amount increased from 0 to 1300 ppm.

To evaluate the effect of atomic iron, a few tests were conducted with injection of 450 ppm of iron
pentacarbonyl together with the reburning fuel and downstream in the reburning zone. Iron
pentacarbonyl quickly decomposes at reburning temperatures and produces Fe atoms and CO. An
increase in NOy reduction of 10-13 percentage points was obtained at 20% reburning heat input.
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Figure 6-12. Test data on NOy reduction in the presence of iron-containing compounds. (a) Co-injection of
1000 ppm of different additives with reburning fuel. Shaded bars represent 18% reburning, open bars represent
25% reburning. 1 - Reburning only; 2 - Fe metal; 3 - Fe waste; 4 - Fe;03 ; 5 - Fe;04. (b) Iron waste co-injection
with the main fuel. 1 - 18% reburning alone; 2 - 18% reburning with 1000 ppm waste; 3 - 25% reburning alone;

4 - 25% reburning with 1000 ppm waste; 5 - 1000 ppm iron waste, no reburning. (c) Injection of 1000 ppm

Fe, 05 at different locations for 18% reburning. 1 - Reburning alone; 2 - Co-injection with main fuel; 3 - Co-
injection with reburning fuel; 4 - Injection into reburning zone. (d) Effect of iron waste co-injection with the
reburning fuel at 25% reburning. (e) Effect of reburning heat input on Fe,Os co-injection with reburning fuel.
Circles 1000 ppm Fe,O5 added, squares without Fe,O5 addition. (f) Effect of iron waste co-injected with
reburning fuel during coal combustion. Circles - 800 ppm waste added, squares - without waste addition. The
initial level of NOx was 1200 ppm.
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6.2.£écts ofFly Ash and Char on NO  « Reduction

It is known that coals, chars and fly ash produced by coal combustion contain mineral compounds,
including Na, K, Ca, Fe, and other metals that may become volatile at combustion temperatures and
affect NOy concentration. For example, the presence of CaO in char has been shown (Guo and
Hecker, 1996; Chen 1995; Illan-Gomez et al., 1995) to increase reaction rate of NO with char.
Catalytic decomposition of NO on various metallic oxides has been reported by Winter, 1971.

The amount of metals in fly ash varies and depends on the coal type. Table 6-2 shows the
composition of fly ash used in current tests. It was generated from several coal sources, most
notably Knott-Floyd Land which is a Kentucky coal. The iron content in fly ash is high (14.95%). It
also has significant calcium oxide and potassium oxide content, 3.00% and 2.65% respectively.
Figure 6-13 shows the effect of fly ash injected along with the reburning fuel. Fly ash was tested in
two forms: calcinated at 1200 K, and calcinated/ground/hydrated. Both forms of fly ash showed
minimal effect on NOy reduction. However, grinding and hydrating slightly improve the efficiency
of fly ash, probably by increasing surface area.

Table 6-2. Mineral composition of fly ash generated by combustion of a Kentucky coal.

Composition Weight %
Silicon oxide 55.74
Aluminum oxide 18.68
Titanium dioxide 0.94
Iron oxide 14.95
Calcium oxide 3.00
Magnesium oxide 2.65
Potassium oxide 2.65
Sodium oxide 0.93
Sulfur trioxide 1.83
Phosphorus pentoxide 0.33
Barium oxide 0.16
Manganese oxide 0.01

Total 100.00
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Figure 6-13. Effect of fly ash co-injection with reburning fuel on NOy reduction. 1- Reburning, 2 —
reburning + calcinated fly ash, 3 — reburning + calcinated/hydrated fly ash.

One can note that the metal additives are much more effective than the compounds of the same
metals present in fly ash. The flow rate of fly ash injection in tests was such that concentrations of
iron, calcium, potassium and sodium from fly ash in flue gas (if all metals were released in atomic
form) would be approximately 400 ppm, 90 ppm, 120 ppm, and 60 ppm respectively. However,
their effect on NOy reduction is, as shown in Figure 6-13, only 1-4 percentage points. The small
effect of fly ash can be explained by the difference in the chemical nature of metal compounds in
the additives versus fly ash. Although traditional ash analyses present mineral composition in the
form of metal oxides, the oxides are not the actual forms of metals in fly ash. The metals are mainly
present in the form of sulfides and silicate-alumosilicate matrixes which are more stable than
carbonates and acetates at high temperatures and, thus, are not effective in reactions with
combustion radicals and have minimal effect on NOy reduction.
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Figure 6-14. Reburning performance of activated char as a function of char reburning heat input.

Additional tests were conducted in which char comprised part of the reburning fuel. For these tests
the char was activated by heating it to 600 K for one hour. The total reburning heat input was held
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constant at 18% and the reburning heat input of the char was varied from 0 to 8%. Figure 6-14
shows that impact of char on reburning performance was minimal.

1.

6.Frospective Additives Search: Summary

The effect of additives on AR-Rich and basic reburning were determined. Tests showed that co-
injection of Li and K compounds resulted in 74-78% NO reduction, i.e. 17-21 percentage points
improvement. Although these effects are lower than those for sodium, they are significant.
Thus, K and Li compounds can be used as AR promoters. Compounds of Mg, Ca, Ba, and Zn
provided relatively small promotional effect. When added to ammonia solution, they reduced
NO by an additional 6-9 percentage points.

Tests also showed that metal-containing compounds could be effective promoters without
injection of N-agents. Fe-containing compounds were the most effective in reduction of NOy
emissions followed by Na-, K-, and Ca-containing compounds. Co-injection of these
compounds with the main fuel in the absence of reburning resulted in 16-30% NOy reduction
compared with basic reburning. Injection of metal compounds with the main fuel in the
presence of reburning provided an additional 4-25% percentage points of NOy reduction
compared with basic reburning. As the concentration of additive increased, so did the
promotional effect. Co-injection of additives with reburning fuel and into reburning zone had a
smaller effect than co-injection with the main fuel. Coal char and fly ash showed a minimal
effect on NOy reduction. It was concluded that metals in coal char and fly ash were mainly
present in the form of sulfides and silicate-alumosilicate matrixes that were relatively stable at
high temperatures. These compounds are not effective in reactions with combustion radicals and
have minimal effect on NOy reduction.

Tests showed that injection of Ca-containing compounds can reduce NOy emissions and
simultaneously decrease SO, emissions: about 50% SO, reduction was achieved with injection
of 1,000 ppm of Ca(OH), with the main fuel.

Based on the observed effects of metal-containing compounds on NOy formation and
destruction under flame, reburning, and flue gas conditions, the following options for reducing
NOy emissions can be suggested:

* Injection of metal-containing additives with the main fuel or into the main combustion zone,
with or without reburning in operation. Up to approximately 30% NOy reduction attributable
to the presence of promoters can be obtained by this method.

* Injection of metal-containing additives with the reburning fuel or into the reburning zone,
with or without OFA injection (the latter only if the reburn zone stoichiometry is fuel lean).
Up to about 20 percentage points of additional NOy reduction, compared to conventional
reburning, can be achieved by this method.

* Injection of metal-containing additives with both the main fuel and the reburning fuel, or in the
main combustion zone and the reburning zone, with or without OFA.

*  Metal-containing additives can be injected as solids or liquids (metal-organic compounds or

as solutions of metal compounds in water or other solvents); they can also be components of

the main fuel, the reburning fuel or products of their pyrolysis or gasification.
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7.0 Task 2.3Development ofa Combined ChemistryMixing Model

The objective of the combined chemistry-mixing modeling was to create a model for predicting
the NOy control performance via reburning and AR in a real boiler. Since the rates of chemical
reactions responsible for NOy reduction at typical reburning temperatures are faster than mixing
processes, the latter has a rate-controlling effect on reburning performance. Thus, a realistic
description of the mixing process is required to describe the main features of the reburning and
AR processes.

Proper modeling of mixing requires a combination of kinetic and gas dynamic equations.
Restrictions on computer time and storage requirements, however, allow one to use detailed
chemistry modeling only with simplified fluid dynamics formulations, and conversely detailed
three-dimensional modeling can be done only with simplified chemical reaction mechanisms.
For a long time, modeling of the reburning process was subject to a choice between
computational codes which focus on either multidimensional fluid mechanics with simplified
chemical kinetics (for example, FLUENT, Fluent, 1998) or one dimensional flow codes with
instantaneous or simplified mixing and with detailed chemical kinetics (e.g. SENKIN, Lutz et al.,
1987). There were successful attempts (Luan et al., 1996; Alzueta et al., 1998) to modify the
SENKIN code, which assumes instantaneous mixing of reagents, to describe one dimensional
mixing by combining several plug flow reactors. This approach is a good approximation of the
fuel rich environment of the mixing zone. It fails, however, to take properly into account mixture
stratification in the reburning zone which requires a more sophisticated representation of mixing.
Since the kinetic mechanism of the reburning process is still not fully established, computational
codes that simplify mixing processes and allow study of the detailed mechanism continue to be
important modeling tools. The importance of the detailed chemistry became even more
significant for AR applications, since the interaction of N-agents and promoters with C-H-O-N
chemistry can not be understood without utilization of detailed chemical mechanisms.

The approach adopted in Phase II to model reburning and AR processes includes a combination of a
detailed kinetic mechanism with a simplified representation of mixing. Such a model can be used
not only for optimization of basic reburning, but can also be applied to AR to identify most
important parameters affecting NOy reduction.

The features that distinguish this model from other models is the utilization of distributed addition
of reagents and the inverse mixing approach. The model utilizes plug flow reactors to describe
processes that occur in the boiler: mixing of the reburning fuel with flue gas, NOy reduction in the
reburning zone, addition of OFA, and reactions in the burnout zone. The mixing is described using
the Zweitering approach (Zweitering, 1959) (the secondary stream is distributed along the primary
stream in a continuous fashion over certain period of time).

The model was first applied to the basic reburning process. After it was validated against
experimental data, it was then applied to promoted reburning and AR. The following sections
describe the modeling setup, the mixing approach which was adopted, validation of the model over
a wide range of mixing conditions, and application of the model to the description of reburning and
AR in several combustion facilities ranging from bench- to large pilot-scale.

Modeling was conducted with the kinetic mechanism described by Glarborg et al., 1998. The
mechanism included 447 reactions of 65 chemical species. Kinetic mechanism is presented in
Appendix B. Thermodynamic data of C-H-O-N species are presented in Appendix C.
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7.1 Model Setup

7.1.1 Model Formulation

The chemical kinetic code ODF, for “One Dimensional Flame” (Kau et al., 1987) was employed in
modeling. ODF treats a system as a series of one-dimensional reactors. Each reactor may be
perfectly mixed (well-stirred reactor “WSR”) or unmixed (plug flow reactor “PFR”). Each ODF
reactor may be assigned a variety of thermodynamic characteristics, including adiabatic, isothermal,
or specified profiles of temperature or heat flux, and/or pressure. Process streams may be added
over any interval of the plug flow reactor, with arbitrary mixing profiles along the reactor length.
The flexibility in model setup allows many different chemical processes to be simulated in a variety
of mixing regimes.

The reburning process was treated as series of five reactors (Figure 7-1). Each reactor described one
of the physical and chemical processes occurring in a boiler: combustion of the main portion of fuel,
addition of the reburning fuel (two parallel reactors as explained below), NOy reduction as a result
of the reaction with the reburning fuel, addition of overfire air, and completion of oxidation in the
burnout zone.

Main combustion Addition of Reburning Addition of OFA Reaction with
zone reburning fuel  (reaction zone)  (mixing zone) OFA
SR, =1.1 (mixing zone) SR;=1.15
SR, =0.99-0.8

YVVY
PFR 2a YYvYY

—’—>PFR3 —»| PFR 4 |—» PFR 5
—|PFR 2b-

1444

Figure 7-1. Reactor diagram of model setup.

The mixture entering the second reactor corresponds to products of natural gas combustion in air at
SR; = 1.1 (first reactor). Assuming that the combustion process in the primary zone is complete, the
mixture with SR; = 1.1 generates about 8% CO, and 15% H,0O. At the same time, 1.74% O, is left
which is available for oxidation of the reburning fuel. Therefore, the premixed reactants entering the
second reactor can be described as:

1.74% O, + 8% CO, + 15% H,0 + balance N».

The reburning fuel is added to the main stream of reactants in the second reactor. Natural gas was
used as a reburning fuel. The composition of natural gas was assumed to be the same as in
experiments: 90.7% CHy4 + 7.5% C,Hg + 1.5% N, + 0.25% CO; + 0.05% O..
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The third reactor described the continued process of NO removal in the reburning zone after the
reburning fuel and flue gas are mixed. The forth reactor described the process of OFA mixing with
flue gas. The fifth reactor described oxidation of the products of incomplete combustion.

7.1.2 Estimation ofMixing Parameters

Mixing times and temperature profiles in mixing regions of CTT and BSF were calculated using
a single jet in cross flow model (Cetegen et al., 1986). A two-dimensional model was used
because previous experience suggested relatively homogeneous distributions of temperature and
mixture composition along cross sections of these combustors. Since the Tower Furnace (TF) is
a much larger facility and is characterized by less uniform temperature and concentration fields
across the furnace, mixing parameters in the TF were estimated using CFD modeling (Fluent,
1998).

A single jet model JICFIS (for “Jet in Crossflow, Integral Solution”) was used to estimate mixing
time and mixture stratification in the reburning and OFA zones. JICFIS is a GE-EER model which
numerically evaluates an integral solution to the trajectory and mixing of a single jet in cross flow.
The mixing is determined by evaluating the entrainment rate of fluid from the crossflow into the jet.
The model is based on a simplified two-dimensional representation of the fluid dynamic equations
for the jet. These four equations (mass, two components of momentum, and energy) are integrated
numerically, marching along the jet centerline, using the Runge-Kutta technique. Major inputs for
the model for BSF are shown in Table 7-1 and include the velocity and density ratios of the
crossflow to jet, their relative orientation in two dimensional rectangular coordinates, and the initial
conditions (diameter, velocity, and temperature) of the jet. The model has been validated against
experimental data and successfully employed in a number of jet injection studies.

Table 7-1. Characteristics of mixing in BSF and jet parameters.

Zone Total flow rate Injector description Injector characteristics
Ib/s, x10°

Primary zone 13.76

Reburning 14.24 8 jets oriented 27°| Injection rate 42.8 m/s

zone upstream Jet diameter 0.31 cm

After OFA 15.7 12 swirl jets oriented | Injection rate 5.5 m/s
perpendicular to  the | Jet diameter 0.94 cm
stream

Figure 7-2 shows trajectory of the jet in BSF as predicted by JICFIS model for the injection of the
reburning fuel.

The JICFIS model was used up to the point where the amount of entrainment equals the main
flux; after this, complete mixing is assumed (in Figure 7-2, this distance for the single jet
corresponds to 0.25 m from the point of injection).
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Figure 7-2. A diagram of jet injection and model setup in the BSF reburning zone.

A three-dimensional CFD model of the upper furnace and convective pass portion of the TF was set
up in FLUENT to simulate mixing in the reburning and burnout zones. The temperature profile was
calibrated to point measurements from the TF. Velocity profiles at the inlet reburning and overfire
planes were obtained from physical flow modeling measurements. Once the temperature and
convective pass pressure drop were calibrated in the model, reburning fuel and OFA were injected
through appropriate ports. From these results, mixing times in the reburning and burnout zones were
determined.

Table 7-2 presents calculated mixing parameters for CTT, BSF and TF. The effect of mixing time
on modeling predictions is discussed in the following section.

Table 7-2. Mixing parameters in CTT, BSF and TF.

Combustion | Mixing time in Mixing time in Model used to estimate
facility the reburning the burnout zone mixing parameters
zone (ms) (ms)
CTT 100 100 Single jet in cross flow
BSF 120 120 Single jet in cross flow
TF 80 120 CFD modeling

7.1.3Mlixing Mode

Three different mixing modes were tested in calculations. The different models are judged based on
best description of the rate at which injected streams are entrained into the main furnace gases and
become available for reaction. The mixing modes are described here in the context of the reburning
fuel injection stage, in which a jet of natural gas is injected into a crosstream consisting of the
furnace flue gases from the primary zone.
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In the first mode considered, natural gas was added at a constant rate to the stream of flue gas over
the period of mixing time. The second mode was similar to the first one, except that the rate of
natural gas addition linearly increased in time from zero to its final value (such that the total amount
of natural gas added was the same as that for the same period of time at a constant entrainment rate).
The third mode assumed that a mixture of NO, O,, CO,, H,O and N, representing the flue gas was
added to the stream of natural gas (so-called “inverse” mixing). The inverse mixing arrangement is
opposite to apparent physical processes occurring in the combustor where reburning fuel is injected
into the main stream, but from a chemical kinetic point of view it provides a description of the
mixing process most closely resembling the real one: a high concentration of natural gas and low
concentration of NO in the area of mixing. It was found that the mode of inverse mixing gave a
better description of the experimental data than other models, and it was employed in calculations.
This finding is in agreement with Luan et al., 1996 and Alzueta et al., 1998 studies which reported
that the fuel-rich environment of the reburning mixing zone is better represented by addition of flue
gases to the reburning fuel. The mixing process in the OFA zone was also described using the
inverse mixing approach.

An example configuration describing the application of this approach to represent mixing in the
reburning zone is shown in Fig. 7-3.

Flue gas

Reburning
fuel

=

2000 .

The remainder
1000 - Mixing of reburning
zone zone

0 | v
0 100 200 >) 800

Time (ms)

Temperature in the
Reburning Zone
(K)

Figure 7-3. Modeling setup in the BSF mixing zone.

In the inverse mixing approach, the reburning fuel is the main stream in the one-dimensional
reactor while flue gas exiting from the main combustion zone is added to it. As a result, the
temperature history in the mixing region is described relative to the reburning stream rather than
to the stream of flue gas. Thus, temperature in the mixing area at time t = 0 corresponds to the
initial temperature of the reburning fuel. As mixing progresses, temperature increases until it
reaches the temperature of flue gas. After reburning fuel and flue gas are completely mixed,
there is no difference in their temperatures. This temperature profile neglected the thermal mass
of the reburning jet in the final mixture, as well as non-monotonic aspects of the thermal profile
due to local stoichiometry and reaction during mixing. These effects were judged to be minor in
their overall impact on the reburning zone reactions.

Mixing time in the reburning zone depends on several factors including the reburning fuel
injection configuration, velocities and temperatures of the reburning fuel and flue gas streams,
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compositions of each stream, and related parameters. The temperature profile presented in Figure
7-3 represents the reburning fuel injection configuration used in BSF for flue gas at 1670 K and
reburning fuel injected at 300 K. The mixing time determined using this profile and the
corresponding flow parameters is about 120 ms. Based on this, the modeling setup used to
represent the reburning zone of the BSF includes two plug-flow reactors. The first reactor
(corresponding to Reactors 2a and 2b in Figure 7-1) has a residence time of 120 ms and treats the
mixing of the reburning fuel and flue gas using the inverse mixing approach. The second reactor
(Reactor 3 in Figure 7-1) has a residence time of 700 ms and describes the remainder of the
reburning zone. The residence time in the second plug-flow reactor is determined by the
difference in flue gas temperatures at which reburning fuel and OFA are injected, the
temperature gradient in the BSF, and the mixing time in the first reactor.

OFA air injection and mixing is handled in the same manner as the reburning fuel. The times in
Table 7-3 are approximate since the actual geometry does not precisely match the single jet treated
by the JICFIS algorithm. However, the results are considered to reflect the magnitude of the mixing
rate based on the general scale of the problem.

A similar approach was used in the model setup for the CTT and TF facilities.

7.1.Mixture Stratifcation

Injection of the reburning fuel results in mixture stratification, such that the composition in the
mixing area is not uniform. The inverse mixing approach to describe the addition of reagents
partially addresses the issue of mixture stratification in the mixing region: at the first moments of
mixing, the reaction occurs in an extremely fuel-rich environment, which then progresses gradually
to the final composition as determined by the relative amount of the injected reburning fuel. As this
occurs, other portions of the furnace gas flow are incompletely covered by reburning fuel even
though they are still within the reburning zone.

Since mixture stratification is an important factor that significantly affects NO reduction, additional
efforts were undertaken to take it into account. Ideally, the mixing zone can be divided into infinite
(or as many as possible) subzones each representing the local mixture composition. As a first
approximation, the mixing zone was divided into two reactors (2a and 2b in Figure 7-1) that
represented two extreme cases of mixture stratification: one reactor was assigned with a more fuel-
rich mixture than average, another one with a less fuel-rich mixture. The fuel content of the two
reactors corresponds to an average SR, reflecting total amount of added reburning fuel. For each
reactor, 2a and 2b, the inverse mixing model was used to describe the addition of the reburning fuel.
The distribution of reburning fuel between the two reactors was an adjustable parameter in
modeling.

The results of JICFIS modeling for the BSF conditions were used to estimate the degree of mixture
stratification in the mixing zone. Since the BSF arrangement is axisymmetrically symmetrical, the
interaction of a single jet with the flue gas was described as a mixing zone divided into two reactors
(2a and 2b in Figure 7-1), each with an equal mass flow of combustion gas. It was assumed that the
injected fuel was distributed between reactors unevenly. The fuel distribution between the two
reactors was described by a stratification coefficient K that can be determined as a ratio of the
amount of reburning fuel in the first reactor to that in the second reactor. The case where K = 1
corresponds to reburning fuel distributed uniformly between two reactors.
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The estimation of K is based on the following simple consideration. The radius at which complete
mixing is achieved (within 0.25 m radial distance in a 0.55m diameter furnace, as shown in Fig. 7-2)
corresponds to point at which the final mixture composition is attained, at a stoichiometric ratio of
SR,. In the area of incomplete mixing, an unmixedness parameter can be defined which changes
from 100% (100% unmixedness means that no oxygen is present in the jet mixture; this condition
exists at the base of the jet) to 0% (mixture composition is determined by SR»; exists in the jet at the
point of complete mixing). Assuming that unmixedness within the jet is, on average, 50% (the
concentration of fuel is 50% higher than that in the area of complete mixing), a geometrical
consideration with distances shown in Figure 7-2 results in K = 1.4. It actually means that the
mixture in the reactor 2a has 40% higher fuel concentration than that in the reactor 2b. This estimate
is a simple approximation based on the non-uniform mixture composition along the jet. However, it
provides a starting value of K for model development. K was then varied and compared with the
experimental data. Final results reported here correspond to K = 1.8, for which the best agreement
with experimental data was attained.

7.2 Chemistry -Mixing Modeling ofGas Reburning

This section describes the validation of the basic reburning model over wide range of process
conditions. The data presented demonstrate that the model can be applied to describe basic
reburning in different combustion facilities if their mixing and thermal characteristics can be
characterized.

Experimental data under basic reburning conditions (no N-agent or promoter injection), used to
evaluate modeling predictions, were obtained in three combustion facilities: the 0.1x10° Btu/hr
CTT, the 1x10° Btu/hr BSF, and the 10x10° Btu/hr TF. These experimental facilities are
described in Section 11. The data of Kolb et al., 1988 and Mereb and Wendt, 1990, 1991 were
also used for model validation.

In all tests natural gas was used as both primary and reburning fuel. The flue gas temperature at
the point of the reburning fuel and OFA injection, and the initial NOy concentrations (NO;) are
presented in Table 7-3. Axial temperature profiles measured in the CTT, BSF and TF and
subsequently utilized in modeling are presented in Section 11 (Figure 11-1).

Table 7-3. Reburning parameters.

Facility Temperature at Temperature at NO;
Reburning Fuel | OFA Injection (K) (ppm)
Injection (K)
CTT 1630 1400 600
BSF 1670 1422 400-1000
TF 1800 1650 200

Combustion in the primary zone was characterized by operation at a stoichiometric ratio SR; =
1.1. The amount of the reburning fuel varied in the range from 5-25% of the total amount of fuel
(SR, = 0.83 — 1.05). The mixture composition in the burnout zone (including previously added
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fuel) corresponded to SR3 = 1.15.
The following parameters were inputs for the model:
* Relative amount of the reburning fuel.
* Axial temperature gradient in the combustor.
* Temperatures of flue gas at the point where reburning fuel and OFA are injected.
* Initial temperatures of the reburning fuel and OFA.
e Initial NO, concentration.
* Mixing times in the reburning and burnout zones.

* Temperature profiles in mixing regions.

7.2.1 Comparison ith Experimental Data Obtained in CTT, BSF and TF

Infuence ofthe Initial NO Concentration

The performance of the current model was verified against experimental data on NO reduction at
different initial NO concentrations, [NOJ;. Figures 7-4 a-c show comparison of modeling predictions
with experimental data from BSF for [NOJ; = 416, 600, and 970 ppm, respectively. Figures 7-5 and
7-6 demonstrate comparison of modeling predictions with experimental data obtained in CTT and
TF. For all initial amounts of NO the model at least qualitatively (and in most cases quantitatively)
agrees with experiments within the data scatter. Modeling slightly underpredicts NO reduction
efficiency at low reburning fuel heat inputs for all initial NO amounts. Modeling overpredicts NO
reduction at the highest initial NO concentration for all but the lowest reburning fuel heat inputs.

Modeling predicted that the efficiency of NO reduction was higher as the amount of reburning fuel
increase. However, at large heat inputs, the efficiency decreases so that there is an optimum amount
of the reburning fuel which results in the greatest efficiency of NO reduction. As [NOJ]; increases,
the optimum slightly shifts toward larger heat inputs.

The modeling results presented in Fig. 7-4 through 7-6 were obtained using values of mixing times
from Table 7-2. Since two-dimensional models (for example, a single jet in planar cross flow) do
not precisely match the experimental configurations employed for reburning fuel injection, a
practical issue is determining how accurate the calculation of mixing time in the model should be to
give reasonable agreement between modeling predictions and experimental data. Thus, it is
important to determine the sensitivity of modeling predictions to the value of the mixing time.
Figure 7-7 shows the effect of varying mixing time in the reburning zone on modeling predictions
of NOx Reduction, for typical BSF conditions. The experimental value of NOy reduction for these
conditions is also shown.
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Figure 7-7. Predicted effect of mixing time on modeling predictions of NOy reduction for typical
BSF conditions. The amount of reburning fuel is 15% of total fuel. NO; = 600 ppm.

Although Figure 7-7 demonstrates that mixing time has an impact on predicted NOx reduction over
the entire range evaluated, it also shows that it is the most significant at small mixing times (in the
transition as finite-rate addition approaches the limit of instantaneous mixing). ). As mixing time
increases, the effect of mixing time on NOy reduction levels off. the characteristic mixing time and
the sensitivity curve (Fig 7-7) change little over the range of operating conditions being considered
here, so that any error due to the choice of mixing time has little effect on the relative changes
predicted from one condition to another. This justifies the use of simple models for calculating
mixing times. It should be remembered, however, that if the mixing region is characterized by
significant radial and axial temperature non-uniformities, a more sophisticated approach is needed
to describe mixing.

Concentrations ofIntermediate Species in the Reburning Zone

Figures 7-8a,b compare modeling predictions and experimental data for the concentrations of NO,
NHj;, HCN, and TFN (Total Fixed Nitrogen) at the end of the reburning zone (before OFA
injection). NH; and HCN are formed in the reburning zone as a result of reactions between CH;
radicals and NO.

The concentration of NO at the end of the reburning zone depends on the relative heat input of the
reburning fuel and decreases with as that parameter increases. For the range of relative heat inputs
considered (except for lowest values), the concentrations of NH; and HCN at the end of the
reburning zone are significant. The model qualitatively describes these trends. In agreement with the
experiments, the model predicts that the TFN concentration at the end of the reburning zone is
minimized in the neighborhood of 18% reburning fuel input.

The chemical mechanism (Glarborg et al., 1998) used in modeling is the current state of the art, but
it is far from completion. The mechanism underpredicts NO and HCN concentrations in the
reburning zone, especially at large relative heat inputs of the reburning fuel.
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Figure 7-8. Modeling predictions (lines) and experimental data (symbols) for the concentrations of
N-containing species at the end of the BSF reburning zone. [NO]; = 600 ppm. a: NH; and HCN, b:
NO and TFN. Residence time in the reburning zone is 0.93 s.

Infuence ofthe OFA Injection Location

Due to the temperature gradient in a boiler, injection of OFA at different locations results in
different flue gas temperatures at the point of injection. The position of the injector also determines
the residence time in the reburning zone. For example, when OFA is injected at 1500 K, the reaction
time available for NO reduction in the BSF reburning zone is 0.7 s. For OFA injection at 1300 K,
the residence time (from reburning fuel injection at 1700 K) doubles.

Figure 7-9 shows influence of flue gas temperature at the point of OFA injection on NO removal.
For 10% heat input from reburning fuel, modeling predicts slightly lower efficiencies of NO
reduction than observed in experiments.

However, the model correctly represents the major process trends. Modeling predictions show that
the flue gas temperature at the point of OFA injection has a weak effect on the efficiency of the
reburning process. The relatively small dependence of NO reduction efficiency on the location of
OFA injector at low heat inputs of the reburning fuel indicates that NO reduction in the reburning
zone occurs in early reactions and is not affected by residence time in the reburning zone above

some minimum value.
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Figure 7-9. Comparison of experimental results for post-burnout NOy Reduction under basic
reburning (symbols) with modeling predictions (solid curve). 10% reburning fuel is added at 1700
K, [NOJi = 600 ppm.

7.2.2 Comparison ith Experimental Data of&lb et al.

Modeling predictions were also compared with experimental data of Kolb et al., 1988 who
studied the effect of mixing on the reburning efficiency in a 1.2x10° Btu/hr combustor. The
authors used methane doped with NHj as primary and reburning fuel. Variation in mixing time
was achieved by changing jet momentum (adding nitrogen to the stream of the reburning fuel).
In particular, experimental data are reported for two jet velocities which are referred by authors
as the low and high momentum jets. Under tests conditions reported by Kolb et al., 1988, Rota et
al., 1997 calculated characteristic mixing times of the low and high momentum jets to be 50 and
10 ms. Calculations (Rota et al., 1997) using single jet in cross flow model also showed that the
high velocity reburning fuel jet reached walls of the furnace before complete mixing with flue
gas occurred. The 10 ms mixing time for this jet was taken as the time required for the jet to
reach walls. Thus, “real” mixing time for the high velocity jet was probably longer than 10 ms.
Since the actual configuration of the reburning fuel injection (twenty gas jets) does not precisely
match the single jet, as specified by the single jet in cross flow model, these times are
approximate and can be considered as order of magnitude estimations.

Figure 7-10 shows comparison of predicted by modeling and measured (Kolb et al., 1988) NOy
reduction at the end of the reburning zone for low and high momentum jets. Initial NOy
concentrations were 980 ppm for the high and 1,230 ppm for the low momentum jets. In modeling,
mixing time was an adjustable parameter. For the low velocity jet, the best agreement with
experimental data was achieved at 60 ms mixing time which is close to the estimate of 50 ms made
by Rota et al., 1997. For high velocity jet, the best agreement was obtained at 40 ms mixing time
which is longer than 10 ms Rota et al., 1997 estimate. However, since actual mixing time of the
high velocity jet is probably longer than 10 ms, this result can be considered to be in agreement with
Rota et al., 1997 estimate. Good agreement of modeling predictions with experimental data (Fig. 7-
10) suggests that model correctly describes main features of the reburning process observed by Kolb
etal., 1988.
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Other observation regarding the effect of mixing on reburning can be derived from Fig. 7-10.
Both experimental data and modeling predictions suggest that at low heat inputs of the reburning
fuel (SR, in the range of 0.9-1.0) the process is more effective at longer mixing times (the low
momentum jet), while at larger heat inputs (SR, < 0.9) better mixing (the high momentum jet) is
more favorable. This finding suggests that injection of large amounts of the reburning fuel
provides better NOy reduction if mixing of reactants is fast, while injection of small amounts of
the reburning fuel resulting in significant mixture stratification and longer mixing times gives
better NO, control.
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Figure 7-10. Comparison of modeling predictions (lines) with experimental data (symbols) of
Kolb et al., 1988. Squires and dashed line correspond to the high momentum jet, circles and solid
line to the low momentum jet. Temperature in the reburning zone is 1600 K.

7.2.3omparison wh Experimental Data ofMereb and @hdt

Mereb and Wendt 1990 and Wendt and Mereb 1991 reported NOy concentrations in the reburning
zone of the laboratory combustor as function of SR,. Temperatures of flue gas at which reburning
fuel was injected varied from 1380 to 1600 K. The reported mixing time was 0.18 s. The primary
fuel was coal while reburning fuel was natural gas. Since the reburning fuel was deliberately
injected significantly downstream from the primary coal flame to allow sufficient time for char
burnout, the nature of the primary fuel probably had a little or no effect on the reactions in the
reburning zone.

Figure 7-11 compares measured Wendt and Mereb, 1991 and predicted performances of the
reburning process as a function of SR,. Modeling was done for 0.18 s mixing time. Modeling
predictions agree well with experimental data at SR, in the range of 0.9-1.15 and slightly
overpredicts the efficiency of the reburning process at SR, < 0.9. Maximum in the reburning
efficiency at SR, about 0.9 is well predicted.

Figure 7-12 shows a comparison of predicted and measured (Mereb and Wendt, 1990) NOy
concentration profiles in the reburning zone for SR, = 0.68 and 0.80. While some deviations
between experimental data and modeling predictions can be seen at the beginning and in the middle
of the reburning zone, the predicted NOy concentrations at the end of the reburning zone for both
cases are in a good agreement with experimental values. This agreement is encouraging since

7-13
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mixing time 0.18 s reported by Mereb and Wendt, 1990 was used in modeling and none of the
model parameters was adjusted to improve agreement with experimental data.
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Figure 7-11. Effect of the reburning zone stoichiometry on efficiency of the reburning process.
Symbols represent measurements Wendt and Mereb, 1991; line — model predictions. SR, = 1.23,

NO; = 1,070 ppm.
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Figure 7-12. Comparison of modeling predictions with experimental data of Mereb and Wendt,
1990: (a) SR, = 0.80, NO; = 1,140 ppm; (b) SR, = 0.68, NO; = 840 ppm.

7.3arametric Study ofBasic Reburning

There are several adjustable parameters in the model that affect the efficiency of NOy reduction in
basic reburning. They include fuel stratification in the reburning zone and temperatures of injected
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reburning fuel and overfire air. Influence of these parameters on modeling predictions is discussed
in the following Sections.

7.3 Eéct ofFuel Stratifcation in the Reburning Zone

Fuel stratification after reburning fuel injection has a significant effect on modeling predictions.
Figure 7-13 shows the effect of fuel stratification coefficient (K) on NOy reduction. Value K = 1
corresponds to the case with no fuel stratification.

Modeling suggests that non-uniformity of fuel distribution within the reburning zone (increase in K)
improves NOy reduction for small heat inputs of the reburning fuel and degrades it for large heat
inputs. This effect can be explained by the experimental observation (supported by modeling) that
there is an optimum amount of the reburning fuel (usually about 20%) that results in maximum NOx
reduction (Figures 7-4 - 7-6). For small heat inputs of the reburning fuel, mixture stratification
within mixing zone creates areas with a large amount of fuel that is still smaller than the optimum
value. NOy reduction in such areas significantly exceeds the level of NO reduction at the “average”
fuel amount. Therefore, an increase in fuel stratification results in increasing NOy reduction. For
large heat inputs, due to the existence of the optimum in NOy reduction, the efficiency of NOy
reduction in locally rich areas is lower than that for the “average” amount of fuel. Therefore, in this
case, the total efficiency of reburning decreases with increased fuel stratification. Variation of the
stratification coefficient achieved the best description of the experimental data at K = 1.8.
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Figure 7-13. Effect of fuel stratification in the mixing area of the reburning zone on modeling
predictions for BSF conditions. [NO]J; =416 ppm.

7.2 Eéct ofthe Initial Temperature ofthe Reburning Fuel and Overire Air

Besides being injected at different locations (which correspond to different temperatures of flue gas
at the moment of injection), reburning fuel and overfire air can be injected at different initial
temperatures (temperatures of fuel and air streams at the moment of injection). Location of injection
is usually determined by the geometry of the boiler and can not be easily changed, but the initial
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temperature of the injected stream can be regulated, for example, by preheating prior to injection, by
mixing with steam or hot flue gases, or by cooling the injector with water.

Figure 7-14 shows the effect of the initial temperature of the reburning fuel on NOy reduction.
Again, the effect is quite different for small and large heat inputs of the reburning fuel. Preliminary
heating of the reburning fuel increases efficiency of the reburning process for large heat inputs of
the reburning fuel and decreases it for small heat inputs. Influence of the jet temperature on the
reburning performance can be explained by the fact that the initial temperature of the jet affects
mixing time: an increase in the jet temperature provides in better jet mixing with the crossflow and
as a result the mixing time in the reburning zone decreases.

Figure 7-15 shows the effect of the initial temperature of OFA on NOy reduction at 10 and 23% heat
input of the reburning fuel. OFA is injected into flue gas at temperatures 1422 K. At 23% reburning,
as the initial temperature of OFA decreases, the efficiency of the reburning process increases. At
10% reburning, the initial temperature of OFA does not affect reburning efficiency.

These considerations suggest that initial temperatures of the injected reburning fuel and OFA are
important parameters that affect the efficiency of the reburning process. NOy reduction can be
improved if values of these parameters are optimized.
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Figure 7-14. Predicted effect of the initial Figure 7-15. Predicted effect of the initial
temperature of the reburning fuel on NO OFA temperature on NO reduction for BSF
reduction for BSF conditions. [NOJ; = 416 conditions. [NOJ; =416 ppm.
ppm.

Figure 7-16 shows comparison of the predicted efficiencies of the reburning process with optimized
(dashed line) and non-optimized (solid line) initial temperatures of the reburning fuel and OFA with
experimental data. Depending on heat input of the reburning fuel, optimization results in 2-10%
increase in NO reduction.
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Figure 7-16. Performance of the reburning process for optimized (dashed line) and non optimized
(solid line) initial temperatures of the injected reburning fuel and overfire air for BSF conditions.
[NOJ; =416 ppm.

7.3Reactions Responsible br NO , Reduction

Figures 7-17a,b show profiles of the main N-containing species in reburning and burnout zones and
main reactions responsible for NOy reduction for different heat inputs of the reburning fuel. The
concentration profiles clearly show that major NOy reduction occurs during addition of the
reburning fuel within mixing zone and thus demonstrate that NOy reduction is strongly affected by
the mixing process.

HCCO+NO - HCN+CO» a HCCO+NO - HCN+CO, b
550 500
H+NO+M - HNO+M HCCO+NO - HCN+CO,
- OH+NO+M -~ HONO+M - NH,+NO - NNH+OH
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Figure 7-17. Concentrations of N-containing species in reburning and main reactions responsible for
NOx reduction in different zones. [NOJ; = 600 ppm. a - 10% reburning fuel, b - 27% reburning fuel.

For a small amount of the reburning fuel (Figure 7-17a), main changes in NO concentration occur
during fuel fragmentation into CH; radicals (mixing zone). As soon as fuel is consumed, NO
reduction is practically ceased. Additional NO reduction occurs in reactions of NO with H and OH,
but this is a minor contribution. Injection of OFA practically does not affect NO concentration.
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Figure 7-17b demonstrates the importance of such species as HCN and NHj; in the reburning
process. Concentrations of these species at the end of the reburning zone (at least for large heat
inputs of the reburning fuel) significantly exceed the concentration of NO. Major NO reduction
occurs within mixing zone, similar to the case with small heat input of the reburning fuel. NH,
radicals further reduce NO after mixing is completed. NH; species play even more important role
when OFA is injected. NH, radicals, formed as a result of NHj reaction with O,, significantly
reduce NO formed via HCN oxidation. Reactions of HCN and NH; in the burnout zone
significantly affect final NO emissions, and if conditions in the burnout zone are optimized, can
result in lower NO emissions.

7.3Gas Reburning Modeling: Summary

Modeling results demonstrate that model of basic reburning correctly describes a wide range of
experimental data obtained in five bench- and pilot-scale combustion facilities. This suggests
that developed model represents the main chemical and mixing features of the reburning process
and can be used for process optimization.

The following conclusions can be drawn from modeling results:

* The main features of reburning can be described using a detailed chemical mechanism with
one-dimensional representation of mixing.

* Inverse addition of reactants in the mixing area gives much better approximation of fuel rich
environment in the reburning zone compared to mixing of reburning fuel into the main
stream.

» Stratification in the mixing zone improves reburning efficiency for small heat inputs of the
reburning fuel and degrades reburning efficiency for large heat inputs. Based on modeling
observations, it is suggested that design of the injector should be different depending on the
amount of the injected reburning fuel. Injection of large amounts of the reburning fuel
provides better NOy reduction if mixing of reactants is fast. Injection of small amounts of
the reburning fuel, on the other hand, should result in significant mixture stratification for
better NOy control (as long as complete mixing and burnout is ultimately achieved).

* Initial temperatures of the reburning fuel and OFA affect NO reduction and can be
optimized for deeper NO control. Optimum temperatures depend on the mixture
composition and on the injection location. By optimizing these parameters, NOy reduction
can be increased by several percentage points.

* Reactions of NHj in the burnout zone play important role in NO reduction for large heat
inputs of the reburning fuel.

7.4hemistry-Mixing Modeling ofAmmonia
and Sodium Eécts on Reburning

Model of basic reburning was applied to describe the effects of N-agent and promoter injection on
NOx reduction. The extension of the basic reburning model to describe the AR process required
some modifications in the chemistry-mixing model described above. The kinetic mechanism
(Glarborg et al., 1999) which includes 447 reactions of 65 C-H-O-N chemical species was extended
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to include reactions of Na-containing species (Zamansky et al., 1999). Reactions of Na with
components of flue gas have been studied (Zamansky et al., 1999) in connection with reduction of
NO emissions in the SNCR process. Reactions of Na-containing species and thermo data of Na-
containing species are presented in Appendices D and E.

The following sections describe modeling of the effect of combined N-agent and Na injection, and
injection of Na-containing species without N-agent on NOy reduction and CO emissions.

7.4 Combined Injection ofN-Agent and Sodium Promoter

Eéct ofN-Agent and Na Promoter on NO  Reduction

The AR process was treated as series of six reactors: five reactors (Fig. 7-1) described reburning
process and one reactor described addition of N-agent and promoter to flue gas. Mixing time of 130
ms was assumed for mixing of N-agent and promoter stream with flue gas. This time was estimated
using a simple 2D-spray model to calculate evaporation time and a 2D jet in cross flow model to
calculate the time required for the N-agent to fully entrain the furnace gas.

The initial concentration of NO in flue gas was 600 ppm, reburning fuel and OFA were injected
at 1670 and 1300 K respectively. N-agent and Na-promoter were injected into the reburning zone
at 1460 K.

Comparison of modeling predictions and experimental data obtained in CTT on AR process is
shown in Fig. 7-18. The modeling result for reburning alone only slightly underpredicts the
experimentally observed reburning efficiency. The difference, however, is within the scatter of
experimental data (£10%). Injection of ammonia into the reburning zone results in an increase of
NOy reduction. Modeling overpredicts NOy reduction observed experimentally in the presence of
N-agent. Possible explanation of this effect is the uncertainty in the mixing model of N-agent
injection. Due to a very steep temperature profile at the location of N-agent injection, small
variations in the injector location, mixing time and local temperatures can significantly affect
modeling predictions.
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Figure 7-18. Comparison of modeling predictions with experimental data. NSR = 1.5,
30 ppm Na.
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Sodium promoter (30 ppm of NaOH in flue gas) co-injected with N-agent further increases NOy
reduction. Modeling predicts that the efficiency of NOy reduction increases about twice when N-
agent and Na promoter are co-injected into reburning zone. Maximum NOy reduction efficiency
predicted by modeling is 85% for the selected conditions. Experiments show about 89% NOy
reduction.

Eéct ofN-Agent and Na Promoter on CO Emissions

Modeling showed that fuel oxidation in the reburning zone generated a significant amount of CO.
For 10% reburning heat input, the concentration of CO at the end of the reburning zone was about
3800 ppm. The CO formed in the reburning zone is oxidized to CO, when OFA is injected to
complete combustion. The temperature of OFA injection should be high enough to provide
complete CO oxidation. Modeling predicted that concentration of CO in the flue gas decreased to 56
ppm after addition of OFA at 1300 K. This concentration was higher than that found in experiments
(around 10 ppm) which can be attributed to the significant (—1240 K/s) temperature gradient in the
experimental facility (CTT). Small uncertainties in the measured temperature profile can
appreciably affect modeling predictions.

In agreement with experiments, modeling predicted that injection of NHj; in the reburning zone
resulted in a decrease of CO concentration in flue gas. Modeling showed that only a small fraction
of the NHj reacted in the reburning zone. The remaining NHj reacts with oxygen in the OFA zone.
This process generates active species (OH radicals, H atoms and others) which contribute to CO
oxidation and account for the smaller CO concentration in flue gas.

However, modeling predictions were in contradiction with experiments when a Na promoter was
co-injected with NHj. Species flux calculations showed that a decrease in CO concentration
predicted in modeling was a result of faster rate of CO oxidation in the presence of Na. To improve
the model, routes for CO oxidation in the presence of Na-containing species were studied and
identified to be the following:

CO +NaO - CO, + Na (1)
CO +NaO, — CO, + NaO ©)

The rate of CO oxidation in reaction (2) is much faster than that in reaction (1). Reaction (2)
accounts for almost 100% of the total increase in CO oxidation in the presence of Na observed in
modeling. Reactions (1) and (2) have not been studied experimentally. Perry and Miller, 1996
estimated rate coefficients of these reactions to be 1.0x10" cm’mol™'s™. Our modeling shows
that to avoid a decrease in the CO concentration in flue gas in the presence of Na promoter, the

rate coefficient of reaction (2) must be < 1.0x10'° cm’mol 's™.

Adjustment of the rate coefficient for reaction (2) improved the agreement with experimental data.
However, modeling still predicted much lower CO concentrations in flue gas than found in
experiments. Sensitivity calculations showed that among reactions of Na-containing species the
reaction

NaOH + H - Na+ H,0 3)
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had the largest effect on the rate of CO oxidation. This reaction inhibited oxidation process by
removing H atoms which otherwise react with O, via

H+0, -~ OH+O. 4)
Since CO oxidation mainly occurred in the reaction with OH radicals
CO+OH - CO,+H (5)

which are mostly produced in reaction (4), the rate of reaction (3) actually controlled the rate of CO
oxidation in the burnout zone when Na-containing species were present.

Review of the literature data showed that reaction (3) had not been studied extensively. Available
information on the rate coefficient of reaction (3) at high temperatures is limited to flame
measurements by Jensen and Jones, 1982 (Figure 7-19). Perry and Miller, 1996 gave an estimate of
the rate coefficient of reaction (3) 5.0x10" cm’mol™'s™ which is larger than experimentally reported
by Jensen and Jones, 1982 value. Our modeling shows that reasonable agreement with experimental
data on CO emissions can be achieved if the rate coefficient of reaction (3) is equal to 1.0x10'
cm’mol s

Figure 7-20 shows comparison of modeling predictions with experimental data on CO emissions.
An increase in NOy reduction on this plot is achieved by injection of N-agent at NSR =1.5 and Na
promoter (0 — 200 ppm). Adjustment of the rate coefficients of reactions (2) and (3) resulted in
significant improvement of the agreement between modeling predictions and experimental data.
Although modeling results and experiments still do not agree quantitatively, modeling qualitatively
describes the main features of the process.

Modeling predicts that CO emissions in the presence of NH; and Na additives depend on flue gas
temperature at the point of OFA injection. Figure 7-21 shows that a decrease in this temperature
results in an increase in CO emissions. Since OFA and the flue gas have different temperatures
before mixing, the mixing area in the OFA zone is characterized by non-uniform temperature
distribution and significant temperature fluctuations. This is the most likely reason why modeling
predictions and experimental data do not agree quantitatively.
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Figure 7-19. Rate coefficient of the reaction NaOH + H - Na + H,O. 1 — Jensen and Jones, 1982
measurements, 2 — Perry and Miller, 1996 estimate, 3 — this work.
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Figure 7-20. Comparison of modeling predictions (lines) with experimental data (symbols) on CO
emissions at 10% reburning. OFA is injected at 1300 K. 1- modeling with default k, and k3, 2 —
modeling with k; and k3 adjusted.
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Figure 7-21. CO emissions in the AR process as a function of flue gas temperature at the point of
OFA injection. Test conditions are the same as in Fig. 7-20.

To avoid high CO emissions, OFA has to be added at temperature higher than 1300 K. Figure 7-
21 shows that an increase in OFA injection temperature results in a decrease in CO emissions in

the AR process.

7.2 Injection ofPromoters ithout N-Agent

E&ct ofPromoters on NO , Emissions

Tests (Section 6.2.1) showed that injection of metal-containing compounds without N-agent into the
main combustion or reburning zones resulted in NOy reduction. The mechanism of this effect can be

understood via kinetic modeling.
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Since tests showed that Na had a significant effect on NOy reduction in all tested configurations, and
since the mechanism of Na,COj; decomposition and reactions of Na-containing species are readily
available (Zamansky et al., 1999), modeling work was conducted to describe to predict the effect of
Na,CO; injection on NOy reduction. All three configurations used in tests (injection with main and
reburning fuels, and into reburning zone) were considered in modeling.

The reduction of NOy in the presence of Na-containing compounds can be explained by
heterogeneous processes, reactions in the gas phase, or a combination of these two mechanisms. It
was shown in Phase I that at temperatures higher than 1000 K Na,COs; in the presence of water
quickly decomposes to form NaOH(g) and CO,. Thermodynamic calculations conducted with
utilization of NASA equilibrium code (McBride and Gordon, 1993) also suggest that at
temperatures relevant to the reburning process most Na is present in the gas-phase in the form of
NaOH(g) (about 90% of the total Na) and in the atomic form Na(g). Thus, it is unlikely that any
solid Na-containing species are present in a significant amount in flue gas at reburning conditions.
Based on Phase I results and thermodynamic calculations, it was assumed in modeling that the
homogeneous mechanism of NOy reduction by Na-containing species was dominant.

Eéct ofNa on NO , Reduction in the Main Combustion Zone

Experiments demonstrated that injection of Na with the main fuel in the absence of reburning
reduced NOy emissions by about 20%. Combustion in the main combustion zone is a complex
process which is strongly affected by gas dynamic processes within combustion chamber. However,
chemistry aspects of the effect of Na on NOy formation and destruction in flame can be understood
by isolating mixing effects from chemical kinetics. The main combustion zone in modeling was
represented by a well-stirred reactor. The mixture entering the reactor corresponded to the methane—
air mixture with SR = 1.15. It is known that the composition of products coming from well-stirred
reactor depends on the reactor residence time. Thus, results of modeling are sensitive to the
residence time. The residence time adopted in the model for the main combustion zone was 10 ms.
Based on flame observations in the BSF main combustion zone, this time is believed to be
representative of the residence time in the flame. While uncertainty in the value of the residence
time in modeling affects the absolute value of the effect of Na on NOy reduction, the chemical
mechanism of the effect stays the same.

Modeling suggested that the effect of sodium additives on NOy concentration in the main
combustion zone could be explained as follows. Addition of sodium carbonate into the main
combustion zone results in its fast decomposition and reaction with water to form sodium
hydroxide, NaOH, CO, and sodium atoms. It is known (Babushok et al., 1998) that sodium-
containing compounds are strong inhibitors of the combustion process. The suppression of flame
occurs through the sequence of reactions in which active species are removed. Modeling (Schofield
and Steinberg, 1992) suggested that the removal of radicals in flames could occur through the
following chain reaction

NaOH +H - N+ H,O 3)
Na+0,+M - NaO,+ M (6)
NaO,+ OH - NaOH + O, (7)
Net: H+OH - H;O (8)
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The net action of sodium species in reactions (3), (6) and (7) is equivalent to the conversion of H
atoms and OH radicals into H,O.

Modeling predicted that concentrations of active species in the combustion zone decreased as a
result of Na addition with the main fuel. For example, concentrations of oxygen and hydrogen
atoms decrease in the presence of 100 ppm Na by 40% and 50% respectively. Since NOy
formation via thermal and fuel-NO mechanisms strongly depends on the local combustion
environment, reduction in concentrations of major radicals results in decrease of NOy
concentration. Figure 7-22 shows a comparison between modeling predictions and experimental
data for Na injection into the main combustion zone without reburning (“Na only” bars).
Overpredicting the efficiency of NOy reduction can be caused by several factors. The first factor
is that well-stirred reactor does not give an exact representation of the main combustion zone.
Particularly, a diffusion flame is formed in the main combustion zone, while in the model fuel
and air are assumed premixed. Effect of turbulence on NOy formation is not taken into account in
the model either. Additionally, the residence time in the reactor can be different from 10 ms
adopted in the model.
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Figure 7-22. Comparison of modeling predictions with experimental data on the effect of Na,CO;
injection in BSF at 18% reburning. Open bars represent experimental data, shaded bars modeling.

Eect ofNa on NO 4 Reduction in the Reburning Zone

The effect of Na on NOy reduction for the reburning configuration when additive is injected with
the main fuel in the presence of reburning can be divided into two parts. First, Na reduces NOy
formation in the main combustion zone via the mechanism described in previous section. Second,
Na reduces NOy emissions in the reburning zone by affecting reburning chemistry.

Modeling suggested that sodium additives decreased NOy concentration in the reburning zone by
decreasing oxidation rate of the reburning fuel. The presence of sodium resulted in a decrease of
radical concentrations in the reburning zone. It was observed in modeling that the reburning fuel
was oxidized during the early part of the reaction with and without sodium addition. However, in
the presence of sodium, the fuel was oxidized over a longer period of time. Fuel oxidation generated
hydrocarbon-containing radicals which reduce NO to N,. At the same time, the hydrocarbon
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radicals reacted with other non-carbon atoms and radicals (H, OH, O etc.) and were transformed
into other products. In the presence of sodium, the concentration of non-carbon radicals was
smaller, reaction rates of hydrocarbon radicals with non-carbon radicals decreased that resulted in a
higher rate of the reaction of hydrocarbon radicals with NO. Thus, modeling suggested that the
effect of sodium addition could be explained by the removal of non-carbon radicals in the presence
of sodium species via reactions (3), (6) and (7).

Additive co-injection with the reburning fuel was more effective than injection into reburning zone
downstream of the reburning fuel because in the latter case by the time the additive evaporates and
mixes with flue gas most reburning fuel had been oxidized and most NOy reduction in the reburning
zone had already occurred.

Figure 7-22 compares experimental data and modeling predictions on the effect of sodium injection
both along with the reburning fuel and into reburning zone downstream of reburning fuel on NOy
reduction. Modeling results demonstrate good agreement with experimental data for both locations
of additive injection. Both modeling and experimental data suggest that the additive is most
effective when added with the main fuel, whereas the addition along with the reburning fuel is
slightly less effective. Injection of Na with the main fuel is the most effective because in this case
the additive reduces NOy concentration both in the main and reburning zones.

Eéct ofNa on CO Emissions

Modeling also qualitatively explained experimental results on increasing CO emissions in the
presence of Na additives. Fuel oxidation in the reburning zone generates a significant amount of
CO. For 18% reburning heat input, the concentration of CO at the end of the reburning zone is about
2.2%. The CO formed in the reburning zone is oxidized to CO, when OFA is injected to complete
combustion. The temperature of OFA injection should be high enough to provide complete CO
oxidation. Since Na acts as an inhibitor of the combustion process, it decreases concentrations of
active species in the burnout zone, including H atoms and OH radicals. Reaction (3) has the largest
effect on the rate of CO oxidation among reactions of Na-containing species. This reaction inhibits
the oxidation process by removing H atoms which otherwise would react with O, via

H+0, -~ OH+O. 4)
Since CO oxidation mainly occurs in the reaction with OH radicals
CO+O0OH - C02+H (5)

which are mainly formed in reaction (4), reaction (3) slows down the CO oxidation resulting in
higher CO emissions. This mechanism is similar to that suggested in Section 7.4.1 to explain the
combined effect of N-agent and Na injection on CO emissions.

Quantitative description of experimental results on CO emissions is difficult within the framework
of the adopted model since it does not take into account non-uniformity of temperature distribution
in the BSF. Non-homogeneity of the temperature field in the burnout zone and incompleteness of
mixing are the main reasons of CO emissions in tests even without additives. To avoid high CO
concentrations in flue gas, OFA has to be added at temperatures higher than 1300 K.
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7.8Chemistry-Mixing Modeling ofAmmonia and Sodium Eécts: Summary

In summary, the developed kinetic model of AR correctly represents the major trends observed in
experiments. It predicted that co-injection of N-agent with Na-containing promoter resulted in
increase of NOy reduction.

Modeling also demonstrates that small addition of Na-containing compounds increases the
efficiency of NOy control in combustion and reburning. While contribution of heterogeneous
reactions to NOy reduction in the presence of Na-containing additives can not be eliminated, the
thermodynamic data suggest that most Na at the reburning conditions is present in the gas-phase.
This makes the suggested homogeneous mechanism the most likely explanation of the effect of Na
on NOy reduction. The Na additives remove active combustion species (H and OH) via chain
reaction and, thus, reduce the rate of NO formation in the main combustion zone. The increase in
NOxy reduction in the reburning zone is due to slower oxidation of the reburning fuel in the presence
of Na.

7.5 Optimiation ofAR via Modeling

Pilot scale experimental data on different AR systems demonstrate that these technologies can
provide over 90% NOy reduction while firing natural gas and coal. Each AR technology installation
on a boiler will require practical expertise and intensive computer modeling to determine the most
efficient process parameters such as the amount of the reburning fuel, the amount and location of N-
agent injection, spray characteristics, etc. Since the efficiency of AR depends on many factors, the
best performance can be achieved if the effects of these factors on the process performance are well
determined and understood. The most efficient approach to the AR optimization is to explore the
effects of different parameters on NOy reduction via kinetic modeling, using the model for guidance
to select the most effective test conditions, and then to optimize the technology in pilot- and full-
scale combustion facilities. Thus, the kinetic model is an important tool in the development of AR
technologies.

Modeling results reported in previous sections demonstrated that modeling based on a detailed
chemical mechanism with a simplified representation of mixing can be used not only to explore the
chemistry of the reburning and AR processes, but to identify ranges of process parameters that give
the optimum process performance. The following sections describe further development of the AR
model to describe the effect of N-agent injection on NOy reduction. Modeling efforts concentrated
on the description of the AR-Lean process since AR-Lean is seen as one of the most commercially
attractive options because the N-agent is injected along with the OFA and thus does not require
installation of additional ports.

7.5.1 AR-Lean Model Setup

The model of AR-Lean treats the reburning process as series of five plug-flow reactors (Figure 7-
23). Each reactor describes one of the physical and chemical processes occurring in a boiler:
addition of the reburning fuel, NOy reduction as a result of the reaction with the reburning fuel,
addition of OFA and N-agent, and NOy reduction by N-agent and oxidation of partially oxidized
products in the burnout zone. The first reactor describes mixing of the reburning fuel with flue gas.
As was suggested earlier (Section 7.1), the mixing zone was divided into two reactors R1a and R1b.
The reactor R1a was assigned with more fuel-rich mixture than average, the reactor R1b with a less
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fuel-rich mixture. Averaging fuel contents distributed between the two reactors gave a mixture
composition corresponding to the total amount of added reburning fuel. The model of inverse
mixing was applied to both reactors R1a and R1b. The reburning fuel entering reactors R1a and R1b
corresponds to natural gas. The mixture added to reactors R1a and R1b corresponds to products of
natural gas combustion in air at a stoichiometric ratio (SR) = 1.1 in the main combustion zone. The
flue gas was added to the reburning fuel at a constant rate over period of 120 ms. The second reactor
R2 described reactions in flue gas downstream from the mixing area up to the point were OFA and
N-agent were injected. The reburning fuel and flue gas were uniformly mixed entering the second
reactor. The third reactor R3 described mixing of OFA and N-agent with flue gas using the model of
inverse mixing. The mixture entering R3 consisted of air and N-agent. It was assumed that N-agent
and OFA were premixed prior to injection. The gas added to R3 corresponds to products coming out
of R2. The forth reactor R4 described reactions in the burnout zone.

Flue gas
& Rla %
Reburning ﬂ
R2
fuel ‘
R1b
38% T T T T Air and
| ) R3 [ >
N-agent R4

Flue gas

62%

Figure 7-23. Reactor diagram of AR-Lean model setup.

7.5.2 Model Validation

Results presented in Section 7.2 demonstrated that the model of basic reburning predicted the main
trends of the reburning process. NOy reduction efficiencies determined in experiments as functions
of the initial NOy amount, the amount of the reburning fuel and OFA injection temperature were
well-described by the model. The AR-Lean model was validated based on experiments on co-
injection of aqueous NHj and urea with OFA. The experimental data were obtained in the BSF.

The following parameters were varied in modeling:
* The amount of the reburning fuel (0-18% of the total fuel).
e Temperature at which OFA and N-agent are injected (1200-1500 K).
e Initial temperature of OFA and N-agent (300-600 K).
* Evaporation time of aqueous N-agent (urea).
e The amount of the N-agent.

Figures 7-24 and 7-25 show comparison of modeling predictions with experimental data at NSR =
1.5. Figure 7-24 shows that modeling describes main features of the AR-Lean process. At small
reburning fuel heat inputs, the dependence of the process efficiency on the OFA/N-agent injection
temperature is similar to that of SNCR. Modeling well predicts the maximum efficiency for 2%

7-27



g DOE Contract No. DE-AC22-95PC95251 Final Report

reburning, and underpredicts and overpredicts efficiencies correspondingly at lower and higher than
optimum temperatures. At 10% reburning, the optimum in the process performance occurs at 1100-
1150 K (too low temperature for industrial applications).
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Figure 7-24. Comparison of modeling predictions (lines) with experimental data (symbols) on the
effect of OFA/N-agent injection temperature on NOy reduction in AR-Lean at 2% (open circles and
solid line) and 10% reburning (filled circles and dashed line).

Figure 7-25 demonstrates good agreement between modeling predictions and experimental data for
basic reburning and AR-Lean processes at an OFA injection temperature of 1300 K (this
temperature was found in tests to give the highest AR-Lean efficiency). For less than 6% reburning
fuel the efficiency of NOy reduction is 90-94% and is insensitive to the amount of the reburning
fuel. As the amount of the reburning fuel increases, the efficiency of the process decreases.
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Figure 7-25. Comparison of modeling predictions (lines) with experimental data (symbols) on basic
reburning (filled circles) and AR-Lean reburning (open circles).

Comparison of modeling predictions with experimental data for other conditions also
demonstrated that the model of AR-Lean gave a realistic description of experimental data. This
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confirmed that the mixing and kinetic submodels adequately described these processes and the
model could be used to study the effects of different parameters on trends in AR-Lean
performance.

7.5.3arametric Study ofthe AR-Lean Process

Since the efficiency of AR-Lean depends on many factors, the best performance can be achieved if
the effects of these factors on the process performance are well determined and understood. The
following sections describe results of a modeling study on the effect of the AR-Lean parameters on
NOy reduction.

Eéct ofCO on NO , Reduction

Fuel fragments, such as CO and H,, formed in the reburning zone can significantly affect NOy
reduction by N-agent (Zamansky et al., 1997; Alzueta et al., 1997). However, previously it was
difficult to determine this effect quantitatively since predictive model of AR-Lean has not been
developed. The current model of AR-Lean has such quantitative predictive capabilities.

Figure 7-26 shows the predicted effect of CO on NOy reduction by urea injection. In these
calculations urea and air were injected into flue gas containing 600 ppm NO, 8% CO,, 16% H,0,
balance N,. The concentration of O, after injection was 1.7%. The amount of CO in flue gas was
varied in modeling from 0 to 1%. The mark “10% reburning” on X-axis indicates the amount of CO
coming from the reburning zone at 10% reburning fuel. At 1500 K OFA/N-agent injection
temperature, CO inhibits NOy reduction, while at 1200 K the presence of small amount of CO in
flue gas promotes NOy reduction.
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Figure 7-26. Effect of CO on NOy reduction by urea injection. NSR = 1.5.

The relative effect of CO at 1200 K also depends on the amount of CO: small amounts of CO
significantly promote NOy reduction, while CO concentrations on the level of 0.05-1% decrease
NOx reduction. Thus, CO can increase or decrease the efficiency of the AR-Lean process depending
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on the temperature at which OFA and N-agent are injected, and on CO concentration. At high
temperatures, which are characterized by high concentrations of active species in flue gas, the CO
oxidation reduces the efficiency of N-agent by competing for radicals with reactions of NO
reduction. At low temperatures, the concentrations of active species in flue gas are much smaller,
and the CO oxidation produces radicals via chain reaction

CO+OH - CO,+H
H+0O, - OH+O.

A similar observation was reported by Leckner et al., 1991 for the effect of CO on Selective Non-
Catalytic Reduction Process.

The following conclusion can be derived from modeling: for high efficiency NOy control via AR-
Lean, the CO concentration in flue gas entering the burnout zone has to be regulated.

Eect ofReburning Heat Input

Since the amount of CO present in flue gas at the point of OFA injection depends strongly on the
amount of fuel injected in the reburning zone, the efficiency of the N-agent also depends on heat
input of the reburning fuel. In basic reburning, efficiency of NOy reduction increases as the amount
of the reburning fuel increases. It also slightly increases as the temperature of flue gas at the point of
OFA injection decreases. The situation is quite different when N-agent is co-injected with OFA
(Figure 7-27). Modeling predicts that at an OFA/N-agent injection temperature of 1200 K, AR-Lean
is more effective than basic reburning for reburning fuel heat inputs under 17%. The amount of CO
entering the burnout zone for heat inputs less than 17% is relatively small. A small amount of CO
enhances NOy reduction at low temperatures. Since the concentration of CO coming from the
reburning zone becomes higher as the amount of reburning fuel increases, the efficiency of AR-
Lean becomes smaller than that of basic reburning at 18% reburning fuel. Modeling predicts that the
concentration of CO in flue gas at 18% heat input of the reburning fuel is approximately 2.3%. At
1200 K, this amount of CO has an inhibiting effect on NOy reduction.

At injection temperature of 1500 K AR-Lean is more effective than basic reburning for heat
inputs less than 9%. As the amount of the reburning fuel increases in the range 0-5%, the
combined effect of NOy reduction in the reburning and burnout zones exceeds that of reburning
only. However, as concentration of CO in flue gas entering the burnout zone increases at larger
heat inputs, NOy reduction decreases. This is because at high temperatures even small
concentrations of CO inhibit NOy reduction (Figure 7-26). High concentrations of H; in flue gas
coming from the reburning zone also contribute to the degradation of AR-Lean performance at
large reburning fuel heat inputs. Modeling suggests that the AR-Lean process is more effective
than basic reburning at reburning fuel quantities smaller than those usually utilized in basic
reburning (15-20%). Figure 7-28 supports these conclusions by demonstrating that AR-Lean at
5% reburning is predicted to be more effective than 10 and 18% reburning at practically all OFA
injection temperatures. However, these modeling results are obtained under assumption that the
evaporation time of N-agent is less than mixing time in burnout zone. The effect of N-agent
evaporation time on NOy reduction will be discussed in the following section.

Thus, the AR-Lean process can provide higher levels of NOy reduction than basic reburning, and
it also requires less reburning fuel. Modeling suggests that the efficiency of the AR-Lean process
depends on the amount of the reburning fuel and OFA/N-agent injection temperature. The
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amount of the reburning fuel determines the composition of flue gas entering the burnout zone.
Among the species present in flue gas, CO has the strongest effect on the efficiency of N-agent.
The larger the amount of the reburning fuel, the more CO is present in flue gas by the end of the
reburning zone. Figure 7-27 implies that at high OFA/N-agent injection temperatures the
presence of CO in flue gas decreases the efficiency of N-agent. At low OFA/N-agent injection
temperatures, CO increases NOy reduction by N-agent.
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Figure 7-27. Predicted effect of the reburning heat input on NOy reduction at different OFA
injection temperatures. Solid lines correspond to basic reburning, dashed lines to AR-Lean. NSR
=1.5.
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Figure 7-28. Predicted effect of OFA/urea injection temperature in AR-Lean.

Eect ofN-Agent Evaporation Time

To reduce influence of CO on NOy reduction at large reburning fuel heat inputs, the N-agent can be
injected with a delay (as it is done in Reburning + SNCR), or injection can be arranged in such a
way that the release of N-agent into the gas phase occurs over longer period of time. The later can
be done, for example, by injecting large droplets of aqueous solution containing N-agent. Because
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of the longer time required for large droplets to evaporate and mix with flue gas, N-agent will be
delivered to the flue gas with some delay. Both approaches result in N-agent entering flue gas after
air and flue gas are already mixed and thus allow for most of the CO to be oxidized before N-agent
reacts with NO.

Estimates of droplet evaporation time for the conditions of the BSF tests show (Attachment F) that
this time is smaller than the OFA mixing time. Droplet evaporation time can be increased by
increasing droplet size, or by varying spray angle.

Figure 7-29 shows the effect of droplet evaporation time on NOy reduction by urea at an OFA/N-
agent injection temperature of 1500 K. As the evaporation time increases, the efficiency of the AR-
Lean process also increases. At longer evaporation times the dependence becomes less prominent
since at 1500 K most of the CO is oxidized within first 200 ms.
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Figure 7-29. Effect of droplet evaporation time on NOy reduction. 10% reburning, [NO]; = 600 ppm,
OFA/urea are injected at 1500 K. NSR = 1.5.

Figure 7-30 compares predicted effects of N-agent evaporation time on NOy reduction at 5% and
10% reburning. At evaporation times smaller than mixing time in OFA zone, the maximum in
NOy reduction at 10% reburning occurs in the temperature range 1150-1200 K and at 1300 K at
5% reburning. As evaporation time increases, the maximum shifts toward higher temperatures.
The maximum NOy reduction slightly decreases at longer evaporation times. Figure 7-30
demonstrates that by regulating evaporation time of N-agent, it is possible to achieve high levels
of NOy reduction at larger amounts of the reburning fuel at temperatures that can be utilized in
large-scale combustion facilities. This approach can result in higher levels of NOy reduction
since larger amounts of the reburning fuel provide higher levels of NOy reduction before
injection of N-agent.

Thus, the modeling results suggest that utilization of droplets of larger size increases the efficiency
of AR-Lean process at large heat inputs of the reburning fuel and practically does not affect
efficiency of the process at small heat inputs.
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Figure 7-30. Predicted effects of urea droplet evaporation time on NOy reduction at 10% and 5%
reburning. Solid lines correspond to evaporation time smaller than mixing time of OFA, dashed
lines correspond to 380 ms evaporation time. NSR = 0.7.

Eect ofthe Amount ofN-Agent

Figure 7-31 shows the predicted effect of the amount of urea on NOy reduction under conditions
found in experiments and modeling to give the highest level of NOy reduction (OFA/N-agent
injection temperature = 1300 K, 5% reburning). It is assumed that evaporation time of the N-agent
is smaller than the OFA mixing time in the burnout zone. Modeling shows that efficiency of NOy
reduction increases as the amount of N-agent increases in the range NSR = 0 — 1.5. The dependence
of NOy reduction on the amount of N-agent at NSR > 1.5 is not strong.

Modeling thus demonstrates that the amount of N-agent co-injected with OFA is an important
parameter that can affect the efficiency of NOy reduction.

Eéct ofthe Initial OFAN-Agent Injection Temperature

Figure 7-32 demonstrates the effect of the initial OFA/urea injection temperature on NOy reduction.
The initial OFA/urea injection temperature is defined here as temperature of the OFA/urea mixture
prior to injection into flue gas. Preheating OFA results in decrease of NOy reduction efficiency. This
effect does not depend on the temperature of flue gas at the point of OFA injection. The main reason
for the negative impact of elevated initial temperatures of OFA on NOy reduction is that the increase
in OFA initial temperature results in decreased mixing time of OFA and flue gas according to jet in
crossflow model. As mixing time in the burnout zone decreases, the efficiency of the process also
decreases. For example, modeling shows that as the initial temperature of OFA increases from 300
K to 600 K, the mixing time decreases from 120 ms to 80 ms and NOy reduction at 10% reburning
decreases on average by 10 percentage points.

This conclusion is similar to observations made for basic reburning: the efficiency of the basic
reburning process for small heat inputs of the reburning fuel does not depend significantly on the
initial temperature of OFA and slightly decreases with increase in OFA initial temperature for large
heat inputs of the reburning fuel.
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Modeling thus suggests that the initial temperature of OF A/N-agent is not an important parameter in
AR-Lean.
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Figure 7-31. Predicted effect of the amount of urea on NOy reduction. 5% reburning, OFA/urea
injection temperature 1300 K.
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Figure 7-32. Predicted effects of OFA and urea initial temperature on NOy reduction. OFA and urea
are injected at flue gas temperature 1300 K. NSR = 1.5.

7.5.Mapping ofthe AR Process

As it was demonstrated earlier in this Section, the AR model correctly describes the main features of
the process observed in experiments. This allows use of the model to optimize AR to obtain the best
possible performance. Because of the model limitations (mostly due to simplified representation of
mixing), this approach can hardly be used to determine exact values of parameters (for example, the
amount of the reburning fuel and N-agent, temperature of flue gas at the point of N-agent injection,
etc.) that result in the best performance. However, the model can determine ranges of these
parameters that are required for the best performance. The guidance of the model then can be used
for experimental optimization of the AR technology.
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The developed model of the AR process incorporates some features that are specific for the BSF.
For example, mixing time in the reburning and OFA zones were estimated using characteristics
of nozzles utilized in the BSF. Modeling also took into account temperature profile measured in
the BSF. Other combustion facilities have different thermal and mixing characteristics, and this
may result in different optimum conditions for AR. However, differences in the process
characteristics can be taken into account by adjusting appropriate parameters in the model to
optimize AR for a specific facility.

The following sub-sections describe how the proposed approach can be used to “map” the AR
process. “Mapping” is defined here as creation of diagrams that show efficiency of NOy
reduction as a function of two parameters while other parameters are kept constant. Such
diagrams can be used to identify effective ranges of process parameters. They also can be used to
estimate the maximum level of NOy reduction that can be achieved at optimum conditions in a
particular facility.

This mapping approach was used to determine the effects of several process parameters on
performance of AR-Lean. The following parameters were considered:

e The amount of the reburning fuel.

* Temperature of flue gas at the point of OFA/N-agent injection.
» Evaporation time of the N-agent.

* The amount of N-agent.

* Initial temperature of OFA/N-agent.

Modeling predicted that selection of these parameters in the optimum range resulted in the
efficiency of the AR-Lean process in BSF as high as 90+%. It also showed that some of the
parameters could be excluded from consideration since their variations have small or negative
impact on NOy reduction. For example, it was shown that preheating of OFA and N-agent results
in degradation of the AR-Lean performance (Figure 7-32). Thus, minimum available initial
temperature of OFA gives the best process performance. Modeling also identified optimum
range for the amount of N-agent (Figure 7-31). Assuming that the amount of N-agent is in this
range (for example, NSR = 1.5), the remaining parameters of interest are amount of the
reburning fuel, temperature of flue gas at the point of OFA/N-agent injection and evaporation
time of N-agent.

Experimental data on AR-Lean that were used for the model development were obtained at
constant N-agent spray characteristics. Thus, evaporation time of N-agent was not a test variable.
To enable comparison of model predictions with experimental data, the mapping of AR-Lean at
NSR = 1.5 was limited to two parameters only: the amount of the reburning fuel and temperature
of flue gas at the point of OFA/N-agent injection. It was assumed in modeling that evaporation
of N-agent was fast and occurred within time scale of the mixing process in OFA zone. This
assumption was made based on estimation of droplet evaporation times for typical BSF
conditions. The effect of N-agent evaporation time on NOy reduction will be considered in a
latter section.
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Fast Evaporation ofN-Agent

At NSR=1.5 a series of modeling runs were conducted to determine the effects of the amount of
reburning fuel and the temperature of flue gas at the point of OFA/N-agent injection on AR-Lean
NOx reduction (Figure 7-33). The amount of reburning fuel varied from 0 to 10% of the total
heat input. For each amount of reburning fuel, the OFA/N-agent injection temperature varied
from 1200 K to 1650 K. The experimental data are shown in Fig. 7-33 as symbols. Comparison
of modeling predictions with experimental data shows agreement for a wide range of conditions.
The first region with high NOy reductions identified by modeling corresponds to the amount of
the reburning fuel in the range 0-6%, and OFA/N-agent injection temperatures about 1280-1350
K. Modeling suggests (and is confirmed by experiments) that the efficiency of NOy reduction in
this region is about 90-95%.
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Figure 7-33. Performance of the AR-Lean process at NSR=1.5. Lines represent calculations,
symbols experimental data. Numbers indicate levels of NOy reduction. Evaporation time of the
N-agent is less than OFA mixing time.

As the amount of reburning fuel increases over 6%, the amount of CO coming from the
reburning zone becomes significant. Since the optimum temperature range for reaction of N-
agent and NO in the presence of CO shifts toward lower temperatures, an increase in AR-Lean
performance occurs at higher than 6% reburning fuel for OFA/N-agent injection temperatures
less than 1300 K (the second region of high NOy reduction). At 10% reburning, the optimum
OFA/N-agent injection temperatures are lower than 1200 K.

Modeling predicts (and experiments confirm) that due to effective mixing, the efficiency of the
SNCR process in BSF at 1300 K and NSR=1.5 is very high (over 90% NOy reduction at
reburning fuel equals zero in Figures 7-25 and 7-33). Therefore, increasing the amount of
reburning fuel up to 6% does not significantly improve NOy reduction. However, in full-scale
installations, non-uniformity of the temperature profile, difficulties in mixing the N-agent across
the full boiler cross section, and limited residence time for reactions limit effectiveness of SNCR
to 30-50%. Some amount of N-agent passes through the system and appears as ammonia slip.
Under such mixing conditions, the efficiency of the AR-Lean process may depend more strongly
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on the amount of reburning fuel. One way to simulate poor mixing of N-agent with flue gas is to
reduce the amount of N-agent to the level that provides 40-50% NOy reduction, reflecting the N-
agent available to react. Thus, it is of practical interest to study AR-Lean at NSR less than 1.5.

Figure 7-34 shows performance of the AR-Lean process at NSR=0.7. The maximum NOy
reduction in the SNCR process (no reburning fuel), predicted by modeling, is 54%. Modeling
results show that at 1300 K (close to optimum temperature for OFA/N-agent injection) the
efficiency of AR-Lean process first increases as the amount of the reburning fuel increases, and
then decreases. The maximum NOy reduction predicted by modeling is 62%, which is achieved
at 5% reburning and is about 8 percentage points higher than the efficiency of SNCR under
similar conditions.
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Figure 7-34. Performance of the AR-Lean process at NSR=0.7. Lines represent calculations,
symbols experimental data. Numbers indicate levels of NOy reduction. Evaporation time of the
N-agent is less than OFA mixing time.

Based on modeling predictions, a series of tests were conducted in the BSF to determine the
effect of the amount of reburning fuel on NOy reduction in AR-Lean. Test results are shown in
Figure 7-34 as symbols. Tests confirmed that maximum NOy reduction at NSR=0.7 and 1300 K
is achieved around 5% reburning fuel. Maximum reduction observed in tests was 66% - slightly
higher than that predicted by modeling.

Thus when droplet evaporation time is smaller than mixing time of OFA in the burnout zone (N-
agent is injected as a gas or as small droplets), the AR-Lean process is most efficient at about 5%
reburning fuel and OFA/N-agent injection temperatures in the range of 1280-1350 K.

The second region of high NOy reduction identified by modeling for NSR=0.7 is located at 10%
reburning fuel and an OFA/N-agent injection temperature of about 1200 K. Since in full-scale
boilers OFA is usually injected at temperatures higher than 1200 K to achieve full burnout, this
result can be considered as being mostly of theoretical interest. The occurrence of high NOy
reduction at relatively large reburning heat inputs and low OFA/N-agent injection temperatures
is due to the fact that CO formed in the reburning zone interacts with NO,/N-agent chemistry in
the OFA zone. As a result, the optimum conditions for NOy reduction are shifted toward lower
temperatures.
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Slovievaporation ofN-Agent

To reduce the influence of CO on NOy reduction at large reburning fuel heat inputs, the injection
of N-agent can be arranged in such a way that the release of N-agent into the gas phase occurs
over a longer period of time. This can be done, for example, by injecting larger droplets of
aqueous solution containing N-agent. This approach results in N-agent entering flue gas after the
OFA and flue gas are already mixed and thus allows for most of the CO to be oxidized before N-
agent reacts with NOx.

Figure 7-35 shows the predicted performance of AR-Lean as functions of the amount of
reburning fuel and evaporation time of N-agent at NSR=0.7. Temperature of flue gas at the point
of OFA/N-agent injection is optimized with respect to NOy reduction. Optimum temperatures
increase from 1300 K at instantaneous evaporation of N-agent to 1500 K at droplet evaporation
times close to 800 ms. Modeling predicts that injection of larger droplets of N-agent and
utilization of larger amounts of the reburning fuel result in higher levels of NOy reduction. Figure
7-35 demonstrates that combining 18% reburning with N-agent injection results in about 80%
NOy reduction when droplets with an evaporation time of 100 ms or higher are used, while 5%
reburning provides no more than 60% NOy reduction at any droplet evaporation time. Figure F-
3b (Appendix F) demonstrates that droplets larger than about 170 um provide evaporation times
longer than 100 ms at BSF conditions.
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Figure 7-35. Performance of AR-Lean at NSR=0.7 as a function of the amount of the reburning
fuel and droplet evaporation time of N-agent. Numbers indicate levels of NOy reduction.
Temperature of flue gas at the point of OFA/N-agent injection is optimized.

Injection of larger droplets of N-agent along with OFA is the equivalent of combining reburning
with SNCR. Thus, performances of AR-Lean and Reburning+SNCR at optimum conditions
should be similar. Note, however, that AR-Lean is much more attractive than Reburning+SNCR
from a practical standpoint since no additional N-agent ports are required and OFA serves as the
N-agent carrier (no flue gas recirculation required). Figure 7-36 compares predicted
performances of basic reburning, AR-Lean and Reburning+SNCR at conditions (temperatures of
flue gas at the point of N-agent injection and droplet evaporation times) that result in the highest
optimized level of NOy reduction. Figure 7-36 also shows AR-Lean performance for injection of
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small droplets of N-agent (non-optimized AR-Lean). AR-Lean and Reburning+SNCR result in a
significant increase in NOy reduction in comparison with basic reburning. Figure 7-36 shows that
by adjusting the N-agent injection temperature and droplet evaporation time, the efficiency of
AR-Lean can be as high as the efficiency of Reburning+SNCR. Figure 7-36 also demonstrates
the importance of optimizing droplet evaporation time in AR-Lean to achieve higher NOy
reduction at larger heat inputs of the reburning fuel.
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Figure 7-36. Predicted performances of basic reburning, AR-Lean and Reburning+SNCR. 1 —
basic reburning, 2 — Reburning+SNCR, 3 — AR-Lean optimized, 4 — AR-Lean non-optimized.
NSR=0.7.

7.5.5 AR-Lean Optimiation: Summary

The model developed in this work describes major trends of AR and can be used for process
optimization. Mixing and thermal parameters in the model can be adjusted depending on
characteristics of the combustion facility. To demonstrate the optimization procedure, optimization
of AR-Lean was conducted. The following AR-Lean parameters were identified as being most
important: amounts of the reburning fuel and N-agent, temperature of flue gas at the point of
OFA/N-agent injection, and evaporation time of the N-agent. Modeling predicts (and supported by
experiments) that CO formed in the reburning zone increases the efficiency of N-agent at
temperatures of OFA/N-agent injection lower than 1200 K and reduces its efficiency at higher
injection temperatures. To reduce the negative effect of CO on NOx reduction at temperatures of

OFA/N-agent injection utilized in utility boilers, the average droplet size of injected N-agent
solution has to be optimized to allow for CO oxidation in the burnout zone before significant
amount of N-agent evaporates.
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8.0 Task 2.40ptimiation ofProcess Synergismin 1 x10° Btuhr Tests

The objective of this task was twofold: firstly, using pilot-scale tests to determine the optimum
process conditions at mixing and thermo characteristics of a full-scale boiler and secondly, to
evaluate coal as a reburning fuel. Task 2.4 included detailed pilot scale natural gas and coal firing
tests at the BSF designed to evaluate the prospective promoters and mixing schemes, culminating in
the final definition of optimum process conditions. The following sections describe results of these
tests.

8.1 BSF Optimiation Tests

This section discusses the BSF tests design to give better understanding of different AR components
in a potential target boiler for the demonstration of AR technologies. Pilot scale tests were
performed with the objective of simulating furnace conditions at the Greenidge boiler and defining
the processes controlling AR performance. Tests focused on simulating the boiler AR-Lean and
reburning + SNCR performance as the most promising AR variants for deep NOy control for the
Greenidge unit. The BSF heat extraction system was configured to simulate the temperature profile
of the full-scale unit. The process parameters were varied to optimize NOy reduction and to
minimize byproduct emissions.

The unit is Greenidge Unit 4, which is owned and operated by New York State Electric and Gas
(NYSEG). All of NYSEG’s units are located within NEOTR and as a result are subject to Title 1
NOy control requirements. NYSEG’s compliance plan involved a system-wide daily cap on NOy
emissions. After considering a number of alternatives, NYSEG decided to utilize reburning and AR-
Lean for NOy control at Greenidge. GE-EER installed the gas reburning system as part of a
commercial project with guaranteed performance. The upgrade to AR-Lean was conducted as a
cooperatively funded demonstration project with the support of NYSEG and a number of co-
funding organizations including the Electric Power Research Institute, Empire State Electric Energy
Research Corporation, Gas Research Institute, Gaz de France, New York State Energy Research &
Development Authority, and Orange & Rockland Utilities.

The following sections describe Greenidge AR system, experimental methods, and performance test
results in BSF on AR-Lean and reburning + SNCR.

8.1.1 Description ofGreenidge AR System

The Greenidge boiler is a tangentially fired boiler rated at 105 MWe with four burner packs located
at the furnace corners. Each corner has four burners, totaling 16 burners. Figure 8-1 shows an
overview of the advanced gas reburning system installed on the Greenidge boiler. The reburning
fuel system consists of 16 gas injectors, with four injectors located at each corner a short distance
above the burner pack. The furnace OFA system, which is used during gas reburning tests only,
consists of four OFA ports, with one port located at each corner. The convective pass OFA system,
which is used for advanced gas reburning, consists of a total of 10 ports; with five ports located on
each sidewall at the convective pass cavity between the superheater and the reheater platens.
Ammonia is injected along with OFA through the convective pass OFA ports. During 1996
parametric tests, ammonia was sprayed into two sidewall ducts upstream of the OFA openings via
two individual spray nozzles located in the ducts. This spray system was tested during 1996
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parametric tests and indicated maldistribution of ammonia among the East and the West OFA ports.
In 1997, the spray system was modified using an individual spray nozzle in each port to provide
flexibility in controlling splits among the ports and between each side of the boiler.

Convective Pass OFA Ports

(OFA+NH3)
/ ° ’
co 0
Measurement 0
Port
0
Furnace —st f———
Overfire Air
Ports
Reburning Fuel —= le—— Reburning Fuel
Jets Jets
Burner
Packs

Figure 8-1. Overview of the advanced gas reburning system installed on the Greenidge boiler.

8.1.2 Simulation ofGreenidge Boiler

The Greenidge boiler is characterized by upper furnace fluctuations in gas concentrations, and
contains zones that have simultaneously high levels of CO and O, due to incomplete mixing. To
evaluate and optimize AR process performance for Greenidge it was necessary to simulate these
fluctuations along with boiler design features. To simulate boiler design, two cooling arrays were
installed in the furnace of the BSF: one simulating the high temperature secondary superheater,
which lowers gas temperature from 1450 K to 1340 K, and one simulating the reheater, which
lowers gas temperature from 1280 K to 1170 K. Reburning fuel was injected upstream of the first
cooling array. N-agent and OFA were injected between the two cooling banks. CEM sampling was
performed at three locations: just upstream of the first cooling array, just downstream of the second
cooling array, and in the convective pass.

To simulate the fluctuations in furnace gas composition that occur at Greenidge, a system was
installed at the BSF to pulse the main natural gas. The fuel delivery system consisted of two lines.
One carried the nominal main burner gas at a constant flow rate. The other carried 5% of the total
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main fuel flow rate, and was pulsed from full-open to full-closed. The valve was open and closed
for equal time periods. The system was designed to nominally provide square wave pulsations,
although the compressibility of the gas affected this to some degree. An electronic timer and
solenoid-actuated diaphragm valve were used for the pulsing. It was found that by varying the
period of the pulsing it was possible to control the degree of unmixedness, thus providing control
over furnace gas O, and CO concentrations. It was also found that CO emissions decreased across
the three CEM ports due to progressive gas mixing. Actual time-averaged SR, values were
determined by measuring all air flow rates and exhaust O, in the convective pass after burnout of
most CO and performing a mass balance.

For the Greenidge simulation tests natural gas was used as both the main and reburning fuels. The
reburning injector was elbow-shaped, and was installed along the centerline of the furnace, aligned
in the direction of gas flow. Overfire air was injected through an elbow-shaped injector to burn out
combustibles generated in the reburning zone. Gaseous ammonia was used as the N-agent. The N-
agent was co-injected with the overfire air.

8.1.Baseline and Gas Reburning NO , Data

Since the performance of ammonia is calculated based on the initial NOy levels after reburning, the
gas reburning data were determined for reference purposes. Figure 8-2 shows a plot comparing the
gas reburning data obtained during 1996 and 1997 parametric tests at Greenidge. As can be seen,
the 1997 baseline NOy level was slightly less than the 1996 level. After the first round of AR tests in
1996, GE-EER recommended to conduct burner modifications to try improving CO/O, distribution
in the furnace. In 1997, some riffle box modifications were performed as well as tests to determine
the degree of burner air/fuel distribution. These activities resulted in slight decreases in baseline
NOy emissions and moderate increases in LOI as compared to pre-reburning system installation
levels. At typical boiler stoichiometry of 25% excess air, the 1996 baseline NOy emissions was 0.56
1b/10° Btu (485 ppm @ 0% O,) and the 1997 baseline NO level was 0.52 1b/10° Btu (450 ppm @
0% O,). GE-EER also recommended replacing the gas injectors with supersonic injectors to try
improving CO/O; distribution in the upper furnace. This resulted in better NOy reductions, as shown
in the plot.

Figure 8-3 shows a comparison of NOy reduction efficiency due to reburning alone for the
Greenidge and BSF systems. It can be seen that reburning efficiency was high for both systems,
with the BSF showing a slight better NOy reduction. At SR, of 0.99, which was the typical SR,
level during the AR-Lean tests, reburning resulted in approximately 39% NOy reduction in the BSF
and about 35 to 40% reduction in the Greenidge boiler.
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Figure 8-2. Comparison of Greenidge 1996 and 1997 gas reburning data.
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Figure 8-3. Comparison of gas reburning performance between Greenidge and BSF.
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8.1.£&é&ct ofPulsing on Basic Reburning

A series of tests was conducted in BSF to determine the effect of fluctuations on reburning. Data
presented in Figure 8-4 compare NO reduction for basic reburning at different time-averaged SR,
and pulsing frequencies. The results suggest that there is no visible effect of pulsing on basic
reburning. Fuel fluctuations form regions with increased and decreased SR,, but the time-averaged
SR, value is the main parameter defining NO emissions. Observed performance, 17-60% NO
reduction, is somewhat low for reburning systems, primarily due to short residence time (0.4 sec)
and low initial NO concentration (300 ppm).

80
. A No Pulsing
. O 4 second Pulsing
60 A 8 second Pulsing
O 16 second Pulsing

NO Reduction (%)
I
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o
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Figure 8-4. Effect of fluctuations on reburning.

8.1.5 AR-Lean Test Results

A series of tests was conducted at the BSF to parametrically evaluate the effect of N-agent co-
injection with OFA (AR-Lean) on NOy reduction. The objective of the tests was to define the
processes controlling NOy reduction in light of the gas fluctuations and incomplete mixing at the
Greenidge boiler. Test variables included the NSR of the additive, furnace gas CO concentration
(varied using the pulsation system), N-agent injection temperature, and initial NO concentration
(NOy). In addition, several tests were conducted with SNCR alone.

Impact ofNSR and CO Concentration on AR-Lean

AR tests were conducted during operation of the pulsing system in which NSR was varied from 0 to
2.0. Reburning heat inputs of 10% and 5% were tested, corresponding to reburning zone
stoichiometry (SR;) values of 0.99 and 1.05, respectively. To achieve different CO concentrations,
the natural gas pulsing system was operated at four cycle frequencies, ranging from 0 (i.e. no
pulsing) to 16 seconds. Although reburning zone CO concentration did not vary directly with

8-5



g DOE Contract No. DE-AC22-95PC95251 Final Report

pulsing frequency, the pulsing system did provide a means of obtaining high CO levels such as
those found at the Greenidge boiler. Specifically, reburning zone CO concentrations were measured
to be 2,000 ppm with no pulsing, 13,000 ppm with 4 second pulsing, 15,000 ppm with 8 second
pulsing, and 14,000 ppm with 16 second pulsing.

Figure 8-5 shows AR performance at 10% reburning as a function of NSR at different CO
concentrations. With no pulsing, NO reduction increased from 38% at NSR = 0 to 69% at NSR =
1.5. However, during pulsing NO reduction decreased from 52% at NSR = 0 to 30-38% at NSR =
2.0. This suggests that high CO concentrations are bad for AR performance. The fact that a net
decrease in NO reduction was seen with increasing NSR indicates that some of the N-agent was
actually being oxidized to form NO. It can also be noted that performance of reburning alone (i.e. at
NSR = 0) improved from 38% to 52% during pulsing. This is attributed to the fact that SR,
decreased slightly due to the pulsing system.

100
A No pulsing, 02=0.04%, CO=2000 ppm
90 O 4 sec. pulsing, 02=0.11%, CO=13,000 ppm
80 O 8 sec. pulsing, 02=0.11%, CO=15,000 ppm
70 o 16 sec. pulsing, 02=0.11%, CO=14,000
ppm
260
C
K]
§ 50
b NH3 injection at 1340 K
g 40 SR;=1.10, SR(=1.20
z NOi: 300 ppm @O%O2
30 p”
20
10
0 I I I I
0.0 0.5 1.0 1.5 2.0

NSR

Figure 8-5. AR-Lean performance vs. NSR at different CO concentrations, 10% reburning.

Figure 8-6 shows AR-Lean results at 5% reburning for different pulsing frequencies. Reburning
zone CO concentrations ranged from 200 ppm with no pulsing to 8,000 ppm with 8 second pulsing.
With no pulsing, NO reduction increased from 17% at NSR = 0 to 71% at NSR = 1.5. During
pulsing NO reduction increased with increasing NSR, but by a lesser degree than with no pulsing.
Again performance of reburning alone improved during pulsing.
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Figure 8-6. AR-Lean performance vs. NSR at different CO concentrations, 5% reburning.

Figure 8-7 shows NO reduction as a function of reburning zone CO concentration. For the purpose
of this plot no differentiation has been made between the different reburning heat inputs. At all NSR
values, AR-Lean performance appears to decrease with increasing CO. Figure 8-8 shows the
incremental performance of the N-agent alone for these same AR tests, as calculated by the
difference between overall NO reduction and reburning-only NO reduction. Again performance
decreases with increasing CO. NO reduction falls off more rapidly at 10% reburning than at 4.6%
reburning. At 10% reburning, negative NO reductions (i.e. NO increases) were observed during all
high-CO pulsing conditions.

Impact ofAdditive Injection Temperature on AR-Lean

AR-Lean tests were then conducted in which the OFA/NHj3 injection temperature was varied from
1200 K to 1500 K. Figure 8-9 compares AR-Lean performance with and without pulsing at 10%
reburning (SR, = 0.99). For all cases NO reduction increased with decreasing injection temperature.
At NSR values of 1.0 and 1.5, NO reduction was significantly worse during pulsing.

Figure 8-10 shows AR-Lean results obtained at 5% reburning (SR, = 1.05). These tests were
conducted only with 8 second fuel pulsing to allow direct comparison to the pulsing tests at 10%
reburning. NO reduction generally increased with decreasing injection temperature, reaching a
maximum at about 1280 K. AR performance during pulsing was significantly better at 5%
reburning than at 10% reburning. For example, at an OFA/NH; injection temperature of 1280 K,
NO reduction was 78% at 5% reburning, as compared to 55% at 10% reburning.
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Figure 8-7. AR-Lean performance vs. reburning zone CO concentration at 5% and 10% reburning.
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Figure 8-8. Incremental performance of N-agent alone in AR-Lean as a function of reburning zone
CO concentration.
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Figure 8-9. AR-Lean performance versus additive injection temperature with and
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without main fuel pulsing at 10% reburning.
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Figure 8-10. AR-Lean performance versus additive injection temperature with
main fuel pulsing at 5% reburning.
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Impact ofNO ; on AR-Lean

Most of the BSF tests were conducted at an initial NO; concentration of 300 ppm to simulate the
Greenidge boiler conditions. To determine the functional dependence of AR on NOj, several tests
were also conducted at NO; = 600 ppm. The tests were performed at 10% reburning with no pulsing
of the main natural gas. Figure 8-11 shows the impact of NSR upon AR-Lean performance at NO;
concentrations of 300 and 600 ppm. NO reductions were 5 to 10 percentage points better at the
higher NO; concentration. Performance was also significantly better at an injection temperature of
1350 K than at 1420 K.
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Figure 8-11. AR-Lean performance versus NSR at initial NO concentrations
0f 300 and 600 ppm at 10% reburning.

Impact ofthe Amount ofthe Reburning Fuel on AR-Lean

Figure 8-12 shows NO reduction at SR, values of 1.10 (no reburning), 1.05 (5% reburning), and
0.99 (10% reburning). For each condition NSR was 1.0. Both with and without pulsing NO
reduction increased with increasing SR,. Thus in general the test results would appear to indicate
that furnace gas fluctuations and high CO concentrations decrease performance of the AR-Lean
process.
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Figure 8-12. NO reduction in AR-Lean as a function of SR, with and without pulsing.

8.1.6 Comparison beteen Greenidge and BSF AR-Lean Data

This section presents a comparison of AR-Lean data of the Greenidge and BSF systems. Figure 8-
13 shows a plot comparing the impacts of CO concentration on NOy reduction for the Greenidge
and BSF systems. (Please note that the 1996 Greenidge data, which had high NHj slip (0 - 100
ppm), were obtained before modifications to the ammonia injection system. The 1997 data, which
had much better NHj3 slip (0 - 25 ppm), were obtained after the ammonia system modifications).
This plot shows the key difference between the Greenidge and BSF systems. In the BSF furnace,
high CO concentrations showed a detrimental impact on NOy reduction, which is consistent with the
results, obtained during the Phase I studies. As CO concentration in the furnace increased, NOy
reduction performance decreased. Quantitatively, as CO concentration increased to about 15,000
ppm, NOy reduction percentage decreased to 20% below the gas reburning initial NOy level. In the
Greenidge furnace, CO concentrations varied significantly, both temporal and spatial. In addition,
the control for a specific level of CO concentration had been extremely difficult. Although the
reburning zone in both systems was set at 0.99, there was no guarantee that they would have had
similar levels of CO concentration at the ammonia injection location. One of the key differences
might have been due to fluctuating characteristics associated with a full-scale system caused by the
unmixedness of the flow from the burners and reburning fuel injectors. Another difference might
have been due to the air leakage of the furnace OFA ports in the Greenidge system. The furnace
OFA ports might have burned some CO as CO entered the superheater platens. Therefore, CO
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concentrations at the ammonia injection location might actually have been lower that the
concentration levels measured in front of the superheater platens. Another piece of data to show the
impacts of the furnace OFA ports was the test A, during which the furnace OFA ports were shut
down. Test A resulted in negative NOy reduction (-27% at NSR = 1.0), similar to the BSF results.
Because the opacity was very unstable during this test, in-furnace data were not recorded. However,
readings during the test set-up indicated CO concentration levels of approximately 20,000 ppm.

Figure 8-14 shows the impacts of injection temperature on NOy reduction performance of ammonia
for both systems. The figure shows three plots for NSR at 0.5, 1.0 and 1.5. Temperatures in the BSF
were measured at the NH3/OFA injection elevation. Injection temperatures for Greenidge were
determined by subtracting 125 K (based upon heat transfer modeling results) from the measured
temperatures in front of the superheater platens. The BSF data indicated that injecting ammonia at
high temperatures, i.e., greater than 1367 K, had negative impacts on AR-Lean performance, as
indicated by decreases in NOy reduction efficiency as temperature increased. The full-scale data
appear to be in the range with the pilot-scale data, with and without pulsing. The comparison seems
to suggest that the injection location for the Greenidge AR system is reasonable because the
injection temperatures reside at the region before performance starts to drop off. The rapid quench
rate of the Greenidge reheater section may have been responsible for the relatively high ammonia
slip that was obtained in the field.

80
i Greenidge: CO @ Superheater Greenidge, 10% Gas, SR2 3 0.99, NOi 3 260 - 285 ppm @ 0%

L Entrance . 02, NSR =0.50 - 1.27 (1996 Data)
60 | BSF: CO in Reburning Zone

Greenidge, 10% Gas, SR2 2 0.99, NOi 3 200 - 270 ppm @ 0%
02, NSR = 0.85 - 1.1 (1997 Data)

g b

Greenidge, 10% Gas, SR2 3 0.99, Fur. OFA Off, NOi 3 200 - 270
ppm @ 0% O2, NSR = 1.0 (1997 Data)

BSF, 4.5% Gas, SR2 =1.0 - 1.05, NOi = 249 ppm @0% O2, NSR
= 1.0, Pulsing

BSF, 10% Gas, SR2 = 0.95 - 0.99, NOi = 185ppm @0% O2, NSR
= 1.0, Pulsing

NOX Reduction Due to NH

0 5,000 10,000 15,000 20,000 25,000
CO Concentration, ppm 0% )
Figure 8-13. Comparison of the impacts of CO concentration on NOy reduction in AR-Lean tests in
Greenidge and BSF. The furnace OFA ports were shut down during test A.

Figure 8-15 shows a plot of NOy reduction due to ammonia only as a function of NSR. For the BSF,
the data were collected with ammonia injected with OFA at 1355 K and two levels of CO
concentration: 2,000 and 6,000 ppm. The plot shows that the full-scale system was substantially less
effective than the pilot-scale system. As previously discussed about the effect of CO concentration,
the data seems to suggest that (keeping the effect of flow field stratification in mind) the average
CO concentrations at the convective pass cavity of Greenidge must have been higher than 6,000
ppm, possibly in the order of 10,000 ppm. The measured CO concentrations in front of the
superheater platens were 14,000 to 20,000 ppm.
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Figure 8-14. Comparison of the impacts of injection temperature on NOy reduction in Greenidge
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Figure 8-15. NOy reduction due to ammonia in AR-Lean in Greenidge and BSF.
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8.1.7 Reburning SNCR

Eéct ofPulsing on SNCR

BSF tests were conducted with SNCR alone, to determine how gas fluctuations and high CO
concentrations affect N-agent performance in the absence of reburning. Tests were conducted at
NSR values ranging from 0.5 to 1.5 at different ammonia injection temperatures. Figure 8-16 shows
SNCR performance with and without pulsing. NO reduction increased with increasing NSR and
was, at the optimum point, about 10 percentage points better with no pulsing. At NSR = 1.5, a
maximum of 88% NO reduction was obtained at 1280 K without pulsing and 78% with pulsing.

100
1 A NSR=0.5, No Pulsing
O NSR=1.0, No Pulsing
80 O NSR=1.5, No Pulsing
T A NSR=0.5, 8 Second Pulsing
< . B NSR=1.0, 8 Second Pulsing
< 607
5 . ® NSR=1.5, 8 Second Pulsing
'-S -
=) 4
el
& 1 Furnace CO=1750 ppm
g 40__ during pulsing
NO;= 300 ppm @0%O0,
20
0+

L L
1100 1200 1300 1400 1500
NH3 Gas Injection Temperature (K)

Figure 8-16. SNCR performance as a function of N-agent injection temperature with and without
main fuel pulsing.

Initial Characteriation ofCombined Reburning SNCR Perbrmance

The initial BSF tests were designed to provide combined reburning and SNCR performance data for
injection temperatures and residence times simulating those available at Greenidge. Aqueous NHj
and gaseous NH; were tested along with urea as N-agents. Figure 8-17 compares performance of
different N-agents in the reburning + SNCR process without pulsing. It appears that gaseous NHj
has a lower optimum injection temperature than urea or aqueous NHj;. Figure 8-18 compares
performance of the different N-agents as a function of NSR at two different injection temperatures
(also without pulsing). At the lower temperature (1270 - 1300 K), best performance was obtained
with gaseous NHj;. At the higher temperature (1340 K), best performance was obtained with urea.

8-14



DOE Contract No. DE-AC22-95PC95251 Final Report

Q

100

Aqg Urea + Reburn
Ag NH3 + Reburn

Gas NH3 + Reburn

10% Reburning

Reburn Fuel at 1700 K
OFA at1533 K

NO Reduction (%)
IN o o)
o o o
[ R |
X O > O

1 ¢ ¢ ) X <]
i SR1: 1.10 and SRf =1.20
00 NO,= 300 ppm @0%O,
i NSR=1.0
0 T
1200 1300 1400

N-Agent Injection Temperature (K)

Figure 8-17. Comparison of performance of different N-agents in the reburning + SNCR process
without pulsing.
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Figure 8-18. Comparison of performance of different N-agents as a function of NSR at 1270 K
and1300 K (without pulsing).

Figure 8-19 compares results obtained with the three N-agents during pulsing of the main fuel. High
NO reductions, in the range of 73 - 87%, were obtained in these tests. Results appear to be best with
gaseous NHj, although this is largely a function of the injection temperature selected (see Figure 8-
17). The impacts of pulsing frequency upon performance were minimal, again suggesting that
injecting the N-agent downstream of the OFA might minimize the detrimental impacts of furnace
fluctuations.
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Figure 8-19. Comparison of results obtained with the three N-agents during pulsing of the main fuel.

Eécts ofFuel Pulsing Parameters on Perbrmance

BSF tests were performed to characterize the concentration of CO in the reburning and SNCR zones
and to examine the effects of reburning fuel flow rate and pulsing amplitude. CEM sampling was
performed at three locations: in the reburning zone, in the N-agent injection zone (downstream of
the OFA) and in the convective pass. The frequency and amplitude of the pulsing were each varied
at 10% and 20% reburning. Measurements of CO concentrations as a function of pulsing frequency
demonstrated that CO levels were high in the reburning zone (8,000-40,000 ppm depending on
reburning heat input), but were lower than 50 ppm in the N-agent injection zone and convective
pass.

Figure 8-20 shows reburning + SNCR results as a function of pulsing frequency at 10% and 20%
reburning. Varying pulsing frequency did not significantly impact NO reduction. It can be also
observed that results are similar at 10% and 20% reburning. It is noted that the urea injection
location was the same for 10% and 20% reburning, but injection temperature varied slightly due
to impacts of reburning heat input on temperature profile. Figure 8-21 compares results obtained
at different pulsing amplitudes. Performance was worse at 10% pulsing than at 5% pulsing.

Eect ofSodium on Reburning SNCR Perbrmance

BSF tests were conducted in which the effects of sodium on reburning + SNCR performance were
characterized under furnace conditions simulating a full-scale boiler. Reburning fuel was injected at
1700 K, just below the flame. Overfire air was injected at various locations depending on target
injection temperature. N-agent was injected downstream of the OFA, also at varying locations.
When sodium promoter was used, it was co-injected with the N-agent. To quantify emissions as a
function of axial position in the furnace, continuous emissions monitor sampling was performed at
three locations: just below the reburning fuel injector, between the secondary superheater and
reheater cooling arrays, and at the furnace exhaust.
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Figure 8-20. NO reduction in reburning + SNCR as a function of pulsing frequency at 10% and

20% reburning.
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Figure 8-21. Comparison of results obtained at pulsing amplitudes of 5% and 10%.

For the reburning + SNCR sodium injection studies, test variables included additive injection
temperature, sodium concentration, and reburning heat input. In the first test series, additive
injection temperature was varied from 1240 K to 1340 K. Reburning heat input was set at 10% and
OFA was injected at 1530 K. The additives consisted of either urea alone or urea plus Na,COs, at
30 ppm Na in the flue gas. NSR was 1.0. Figure 8-22 shows NO reduction as a function of additive
injection temperature. Reburning alone gave about 32% NO reduction. Sodium had a significant
promotional effect at 1240 K and 1300 K, but not at 1340 K. Maximum NO reduction achieved was
84%, obtained with urea plus sodium at an injection temperature of 1300 K.

Figure 8-23 shows NO reduction as a function of Na concentration at 10% reburning. The injection
temperature was 1300 K, and NSR ranged from 1.0 to 2.0. NO reduction increased by 6 to 8
percentage points as Na was increased from zero to 10 ppm, and then increased minimally as Na
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was further increased to 60 ppm. Maximum NO reductions were 97% at NSR=2.0 and 94% at
NSR=1.5.
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Figure 8-22. Promoted reburning + SNCR performance as a function of additive injection
temperature at 10% reburning.
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Figure 8-23. Promoted reburning + SNCR performance as a function of sodium concentration at
10% reburning.
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Figure 8-24 shows the impact of sodium addition for different reburning heat inputs. The
incremental performance benefit provided by urea is greatest at 10% and 15% reburning. The
promotional effect of sodium is also largest at the lower reburning heat inputs.
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Figure 8-24. Promoted reburning + SNCR performance as a function of reburning heat input.

CO and Ammonia Emissions During Reburning SNCR

A series of BSF tests was conducted with the objective to define process conditions providing high
NO reduction with low byproduct emissions. Sampling was performed for CO by continuous
monitoring and for NH; by manual methods at various reburning + SNCR test conditions. CO
emissions were measured in the reburning zone, in the convective pass, and in the furnace exhaust.
During implementation of main fuel pulsing, reburning zone CO concentrations were found to be as
high as 38,000 ppm. However, exhaust CO levels remained below 100 ppm for all conditions.

For the ammonia slip tests, reburning heat input was 10%. N-agents tested included aqueous urea
and gaseous NHj;. NSR was 1.0 for all tests. Injection temperatures ranged from 1270 K to 1340 K.
Tests were conducted both with and without the natural gas pulsing system. Sodium concentrations
of zero and 30 ppm were tested.

Figure 8-25 shows ammonia slip results, along with process conditions and corresponding NO
reductions. NHj3 emissions were generally higher during pulsing, likely because mixing between the
air and furnace gases was poorer during pulsing. Sodium evidently reduced ammonia slip. With
urea injection at 1300 K with no sodium, ammonia slip results were 11.4 ppm with pulsing off and
16.9 ppm with pulsing on. At the same conditions with 30 ppm sodium added, ammonia slip results
were 2.8 ppm with pulsing off and 2.7 ppm with pulsing on. NO reductions for these conditions
were greater than 80%, and were also slightly better with sodium addition.
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Figure 8-25. Ammonia slip results at different reburning + SNCR process conditions.

With gaseous NH3, ammonia slip measurements were made at injection temperatures of 1270 and
1340 K. At 1340 K, ammonia slip was extremely low (well below 1 ppm). However, only moderate
NO control was achieved (i.e. 50%-55%). Decreasing the gaseous NHj injection temperature to
1270 K increased NO reduction to over 80%, while maintaining NHj3 slip below 4 ppm, both with
and without pulsing. Therefore, process conditions at the BSF have been identified that can provide
over 80% NO reduction while maintaining ammonia slip below 4 ppm.

8.1.8 Comparison ofGreenidge and BSF Data: Summary

Pilot-scale BSF tests were conducted under different process conditions to simulate and predict the
performance of AR-Lean and reburning + SNCR in the Greenidge 105 MW tangentially fired
boiler. The boiler is characterized by upper furnace fluctuations in CO and O, concentrations due to
incomplete mixing. A pulsing system was installed in the main fuel delivery line to simulate the
fluctuations in furnace gas composition that occur at Greenidge. Pilot-scale test results are
discussed separately for two experimental configurations: AR-Lean and reburning + SNCR.

AR-Lean

The NOy reduction performance at Greenidge is similar to that of the BSF pulsing tests for basic
reburning, but less than the BSF counterpart for AR-Lean. This discrepancy is most likely due to the
difficulty in controlling the amount of CO concentration in the ammonia injection elevation at full
scale. The rapid quench rate at the Greenidge reheater section is probably responsible for the
relatively high ammonia slip.

8-20



g DOE Contract No. DE-AC22-95PC95251 Final Report

The results of the BSF simulation tests demonstrated that high CO concentrations have negative
effects on AR-Lean performance at the NH3/OFA injection location in the Greenidge boiler. For
optimum AR-Lean performance, the CO concentration at the point of N-agent/OFA injection
should be below 5000 ppm, preferably 1,000-2,000 ppm, with a low (less than 0.5%) concentration
of oxygen. Experimental observations at Greenidge demonstrate that the upper furnace zone is
affected by stratification and there are regions with much higher and much lower CO and O,
concentrations. In both cases, the performance of AR-Lean is lower than under optimum conditions.
The results show that high CO concentrations in the N-agent/OFA injection zone of AR-Lean may
result in negative NO reductions, i.e. NO increases. This effect can be explained by formation of
higher concentrations of active species (OH radicals and O atoms) due to the chain branching
reaction of CO oxidation. Under these conditions, the NH; radicals formed from the N-agent have
higher tendency for oxidation to NO than for NO reduction.

The performance of AR-Lean is better at lower flow rate of the reburning fuel. For instance, 78%
NO reduction was achieved at 5% reburning and ammonia/OFA injection at 1280 K compared to
only 55% NO reduction at 10% reburning (Figs. 8-13 and 8-14). This can be attributed to the
negative effect of higher CO levels formed in the gas mixture due to increased fuel concentration.

The comparison of OFA/N-agent injection temperatures suggests that the Greenidge OFA/NHj;
ports, located at a temperature of about 1300 K, approximately correspond to optimum injection
temperature for urea and slightly higher than the optimum injection temperature for gaseous
ammonia.

Reburning SNCR

Test results demonstrated that fuel pulsing, and consequently pulsations of CO and O,
concentrations, do not affect the performance of basic reburning, but decrease NOy reduction of
SNCR by about 10% for tested experimental configuration.

Performance in combined reburning + SNCR tests was almost independent on pulsing frequency
and the reburning fuel flow rate, but decreased with pulsing amplitude. NO reduction in the range
of 73-87% was achieved at a pulsing amplitude of 5% for 10% reburning and NSR=1.0 (Fig. 8-19).
Higher N-agent levels (NSR = 1.5 and 2) increased NO reduction to 85-94% (Fig. 8-18). Results
demonstrate that about 70-80% NO reduction can be achieved under Greenidge conditions using an
optimized reburning + SNCR regime. Higher NO, reduction with lower NHj slip can be achieved in
the presence of Na,CO; additive. Combination of reburning and SNCR has the following
synergistic advantages over using reburning or SNCR alone:

* The combined method can provide higher level of NO reduction at full scale than individual
technologies.

* SNCR performance is higher at low fuel pulsations and relatively low concentration of CO in
the gas mixture. Injection of OFA upstream of the N-agent injection provides additional
mixing in the upper furnace zone, reduces the concentrations of CO, and prepares conditions
for a more effective SNCR process. Thus, deterioration of SNCR performance in the
presence of CO might be minimized by injecting the N-agent after the OFA.

* Combined reburning + SNCR process requires relatively low input of the reburning fuel. As
shown in Fig. 8-20, injection of 10% and 20% reburning fuel resulted in almost identical
high level of NO reduction, about 80%.
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* High NO reduction level can be achieved with relatively low input of the N-agent compared
to SNCR alone. For example, if the initial NO concentration is 300 ppm, SNCR alone
requires 300 ppm ammonia or urea to provide NSR=1. In the combined process, reburning
reduces NO by about 50-60%, and 120-150 ppm of N-agent is necessary for providing
NSR=1. Reduced consumption of N-agent reduces ammonia slip and N,O emissions.

e Reburning and SNCR promoters can be used to increase the total efficiency of the
technology.

8.2 Coal Reburning Studies

Basic reburning and advanced reburning tests were performed in which coal was used as the
reburning fuel. These tests were performed in conjunction with South Carolina Electric and Gas
(SCE&GQ) that is considering installing basic coal reburning on multiple boilers with potential to
subsequently utilize advanced coal reburning. Coal can be effectively used as a reburning fuel given
the right fuel properties and process conditions. In some boiler applications the use of coal as a
reburning fuel is limited by the fact that furnace temperatures and residence times are insufficient to
fully combust the reburning coal, leading to high carbon-in-ash levels. However, the boilers of
interest are equipped with carbon recovery units and thus can tolerate relatively high carbon-in-ash
levels. Therefore, these boilers are ideal targets for application of coal reburning and advanced coal
reburning.

Two test series were conducted, including basic reburning and promoted advanced reburning. All
test work was conducted at BSF. The following sections describe results of coal reburning studies.

8.2.1 Basic Coal Reburning Tests

Studies conducted by GE-EER have shown that a number of fuels can be used effectively in the
reburning process. However, due to the heterogeneous nature of coal, it is difficult to predict how
a specific coal will perform as a reburning fuel based upon easily characterized fuel properties.
Therefore, combustion tests were performed to evaluate the reburning performance of four coals
of specific interest to SCE&G. The primary objective of the basic reburning tests was to
characterize the impacts of reburning process parameters on NOy reduction at conditions typical
of the full-scale boilers.

For the initial experiments, the main burner was fired with natural gas. Ammonia was premixed
with the combustion air to provide a controlled initial NOy level. Four bituminous coals were tested
as reburning fuels. Fuel characteristics are shown in Table 8-1. Each fuel was pulverized in a CE-
Raymond deep bowl mill such that 70% passed through a 200 mesh sieve.

The reburning fuel was injected into the furnace through an injector designed to provide rapid
dispersion of the fuel into the flue gas. The transport medium for the fuel was nitrogen (to simulate
recycled flue gas). The range of parameters investigated in the study represented the range of
conditions available at the full-scale units. The main burner was fired at an excess air level of 10%.
The reburning fuel was injected at a temperature of 1700 K at rates between 10% and 20% of the
total furnace heat input. For the tests with natural gas primary the OFA was injected at 1400 K,
corresponding to a reburning zone residence time of 800 ms. The initial NOy level was set at 400
ppm on a dry, corrected to 3% O, basis.
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Table 8-1. Test fuel analyses.

Parameter Units Coal #1 Coal #2 Coal #3 Coal #4
Proximate
Moisture % 4.32 5.35 8.22 5.62
Ash % 7.16 8.49 14.72 8.26
Volatiles % 34.30 33.12 31.41 31.82
Fixed Carbon % 54.22 53.04 45.65 54.3
Total % 100.00 100.00 100.00 100.00
Calorific Value | Btu/lb 13288 13217 11283 13124
Ultimate
Carbon % dry 78.63 78.77 69.50 77.03
Hydrogen % dry 491 4.89 4.46 4.71
Nitrogen % dry 1.62 1.50 1.39 1.41
Sulfur % dry 0.82 0.91 1.11 0.82
Ash % dry 7.48 8.97 16.04 8.75
Oxygen % dry 6.54 4.96 7.50 7.28
Total % dry 100.00 100.00 100.00 100.00

Figure 8-26 compares reburning performance of the four coals. The best performance was
obtained with the coal #1, followed in order by coal #4, coal #3, and coal #2. It is believed that
these trends are related to the composition and volatility of each reburning fuel. More volatile
fuels tend to release the bound-nitrogen species and fuel fragments quicker. This allows the
reburning chemistry more time to occur, and enables nitrogen-bound species to be processed in
an environment where they can be reduced to molecular nitrogen.

Another factor that can affect reburning performance is the nitrogen content of the coal; higher
nitrogen concentrations result in poorer reburning performance. However, in this case the
nitrogen contents of the four test fuels vary by only 0.2%, so this factor has minimal impact on
reburning performance.

The second series of tests was performed with coal as the primary fuel. For each of the four coals
the same coal was used as both the main and reburning fuel. OFA was injected at 1500 K,
corresponding to a reburning zone residence time of 400 ms. Figure 8-27 compares reburning
performance of the four test fuels. For these conditions, coal #3 performed best, followed by coal
#2, coal #1, and coal #4. NOy reductions for these tests were lower than those obtained during
the previous tests with natural gas primary. This is mainly attributed to the fact that reburning
zone residence time during the coal primary tests (400 ms) was lower than during the natural gas
tests (800 ms).
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Figure 8-26. Basic coal reburning performance as a function of reburning
heat input with natural gas primary.
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8.2.2 Advanced Coal Reburning Tests

Two coals selected for these tests based on results of basic reburning studies were coal #1 and coal
#3. Three test series were performed including AR-Lean, AR-Rich, and reburning + SNCR. For
these tests natural gas was used as the primary fuel. Initial NOy concentration was 400 ppm. In all
tests SR; = 1.1 and SR3 = 1.15 while SR, was a variable. Urea was injected at NSR = 1.5.

AR-Lean ith Coal Reburning

Figure 8-28 shows AR-Lean performance as a function of injection temperature for coals #1 and
#3. Reburning heat input was 10%. With each coal performance increased with decreasing
injection temperature. Maximum NOy reductions were 57% for coal #3 and 62% for coal #I,
both obtained at an injection temperature of 1310 K. These results represent an incremental
improvement of 17-20 percentage points over basic reburning.
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Figure 8-28. AR-Lean performance at 10% reburning as a function of injection temperature for
coals #1 and #3.

Figures 8-29 shows promoted AR-Lean performance as a function of flue gas sodium
concentration for coals #1 and #3. OFA was injected at 1310 K. With each coal sodium
dramatically increased NOy reduction. With coal #1, NO4 reduction increased from 62% with no
sodium to 90% with 150 ppm sodium. With coal #3 under similar conditions NOy reduction
increased from 57 to 82%.
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Figure 8-29. Promoted AR-Lean performance at 10% reburning as a function of promoter
concentration for coals #1 and #3. Na,COs is co-injected with urea.

AR-Rich ith Coal Reburning

Figure 8-30 shows AR-Rich performance as a function of injection temperature for coals #1 and
#3. Urea was injected at 1310-1530 K and OFA was injected at 1300 K. Maximum NOy
reduction for coal #1 and coal #3 was 58% and 61%, obtained at injection temperature of 1400
K. Figure 8-31 shows promoted AR-Rich performance as a function of flue gas sodium
concentration. Adding 150 ppm sodium caused NOy reduction to increase from 57% with no
promoter to 65% with 150 ppm Na for coal #3 and from 53% to 72% for coal #1, which is a
lower increase than that observed during AR-Lean tests.

Coal Reburning SNCR

Reburning + SNCR tests were conducted as a function of N-agent injection temperature, reburning
heat input, and sodium promoter concentration. Figure 8-32 shows results as a function of N-agent
injection temperature for coals #1 and #3. With each coal NOy reduction increased with decreasing
injection temperature. Maximum NOy reduction for both coals was about 90%, achieved at an
injection temperature of 1230 K.
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Figure 8-30. AR-Rich performance at 10% reburning as a function of injection temperature for
coals #1 and #3.
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Figure 8-31. Promoted AR-Rich performance at 10% reburning as a function of promoter
concentration for coals #1 and #3. Na,COj is co-injected with urea.
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Figure 8-32. Combined reburning and SNCR performance at 10% reburning as a function of
injection temperature for coals #1 and #3.

Figure 8-33 shows reburning + SNCR results as a function of reburning heat input. OFA was
injected at 1530 K, urea at 1200 K. With each coal, overall NOy reduction showed minimal
dependence on reburning heat input. Better performance was achieved with the coal #1 than the coal
#3.
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Figure 8-33. Combined reburning and SNCR performance as a function of reburning heat input
for coals #1 and #3.
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Figure 8-34 shows reburning + SNCR results as a function of sodium promoter concentration. The
sodium was co-injected with the N-agent at 1230 K. In each case the sodium had minimal effect on
performance, likely because the injection temperature was too low.

The final series of tests involved promoted reburning with no N-agent. The promoter consisted of an
iron oxide waste material that was co-injected with the reburning coal. Fe concentration in the flue
gas was varied from 0 to 1,000 ppm. Figure 8-35 shows NOy reduction as a function of Fe promoter
concentration for coal #1. Co-injection of 1,000 ppm iron oxide waste with the reburning fuel
increased NOj reduction by 10% in comparison with reburning only.
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Figure 8-34. Combined reburning and SNCR performance at 15% reburning as a function of
promoter concentration for coals #1 and #3.

8.2.Advanced Coal Reburning: Summary

1. The results of the experiments indicate that the four tested bituminous coals are capable of
providing reasonably high NOy control at the conditions available at the full-scale boilers.
At the BSF, at 20% reburning each of the four coals provided over 50% NOy reduction in
basic reburning. Defining the level of control at full-scale will depend on the extent to which
effective mixing of the reburning fuel can be achieved, and the extent to which the furnace
flow field characteristics impact the reburning zone residence time.

2. Over 90% NOy reduction can be achieved with utilization of coal as a reburning fuel in AR.
The most effective AR variant is reburning + SNCR followed by AR-Lean and AR-Rich.
The same order of AR efficiencies was found for firing natural gas as a reburning fuel. Tests
showed that injection of promoters could significantly improve efficiency of AR.
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Figure 8-35. Effect of Fe promoter concentration on coal #1 reburning. Amount of the reburning
fuel is 15%.
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9.0 Task 2.5 10x10° Btuhr ProofofConcept Tests

The objective of Task 2.5 tests was to provide a final indication of the viability of the AR
technologies before proceeding to a full-scale demonstration. The tests were conducted in TF at
nominally 10x10° Btu/hr. The performance goals in the proof-of-concept tests were to: (1) reduce
NOy by up to 95% with net emissions less than 0.06 Ib NO,/10° Btu and (2) minimize other
pollutants (N,O and NHj3) to levels lower than reburning and SNCR. Several variants of AR were
studied, including AR-Lean, AR-Rich, reburning + SNCR, and MIAR. All variants were evaluated
both with and without promoters.

A high-sulfur, bituminous Illinois coal was used as the main fuel for all tests. An air-staging system
was applied to the primary burner to simulate a commercial LNB, thus providing initial NOy
concentrations similar to those obtained in full-scale boilers. Natural gas was used as the reburning
fuel. Reburning fuel transport media was nitrogen, which simulated an inert media such as steam.
Reburning fuel was injected at 1800 K, while OFA injection temperature varied from 1285 to 1380
K. The N-agent and promoter consisted of urea and sodium carbonate, respectively. Basic test
conditions were those found to be optimum in previous sub-scale experiments. Initial uncontrolled
amount of NOy resulting from coal combustion was 820 ppm. An air-staging resulted in reduction
of NOy to 340 ppm. Stoichiometric ratios in the main combustion and burnout zones were 1.1 and
1.15, respectively. The NSR varied from 1.3 to 1.6.

The following sections summarize results of AR tests in TF.

9.1 AR-Lean Tests

AR-Lean tests were conducted in which urea and promoter were injected along with the OFA at
1300 K. Flow rate of sodium carbonate was varied such that the concentration of sodium in the flue
gas varied from 0 to 150 ppm. Figure 9-1 shows results obtained at 6% and 10% reburning heat
input. Basic reburning provided 27% and 40% NOj reduction. These values increased to 65% and
66% for unpromoted AR-Lean. Addition of sodium carbonate caused performance to increase
significantly for 6% reburning and minimally for 10% reburning. Thus the promoter was
significantly more effective at 6% reburning than at 10% reburning.

9.2 AR-Rich Tests

AR-Rich tests were conducted in which urea and promoter were injected into the fuel-rich reburning
zone at 1450 K and OFA was injected at 1320 K. The concentration of sodium in the flue gas was
varied from 0 to 150 ppm. Reburning heat inputs of 6% and 10% were tested (Figure 9-2). NOy
reduction in unpromoted AR-Rich was 58% and 64% for 6% and 10% reburning, respectively.
Addition of sodium carbonate had minimal effect. Thus AR-Rich performance was worse than that
of AR-Lean, and the promoter had a lesser impact upon performance.
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Figure 9-1 AR-Lean performance vs. promoter concentration at 6% (squires) and 10 % (circles)
reburning. Open symbols represent basic reburning, filled symbols represent AR-Lean.
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Figure 9-2. AR-Rich performance vs. promoter concentration at 6% (squires) and 10 % (circles)
reburning. Open symbols represent basic reburning, filled symbols represent AR-Rich.
NSR =1.5.

9.Reburning SNCR Tests

Reburning + SNCR tests were conducted at 10% and 20% reburning, OFA was injected at 1560 K.
Two urea injection temperatures were tested, including 1285 K and 1380 K. Results of tests are
presented in Figure 9-3. The maximum achievable performance was better with urea injection at
1285 K than at 1380 K. Similar overall performance levels were obtained at 10% and 20%
reburning, although it is noted that at 10% reburning more urea is required and at 20% reburning
more natural gas is required. The promoter again had minimal impact on performance.
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Figure 9-3. Reburning + SNCR performance vs. promoter concentration at 10% and 20% reburning.
Open symbols represent 10% reburning, filled symbols represent 20% reburning. Circles represent
basic reburning. Urea is injected at 1285 K (squires) at NSR = 1.4 and at 1380 K (triangulars)
atNSR=1.6.

9.MIAR Test Results

Several MIAR variants were tested to optimize overall process performance. The first MIAR tests
involved AR-Rich + AR-Lean. The first N-agent was injected at 1480 K, the second N-agent and
promoter were injected with the OFA at 1370 K. Reburning heat input was 10%. As shown in
Figure 9-4, basic reburning provided 40% NOy control, AR-Rich NOy reduction was 58%. MIAR
NOx reduction was 78%. The sodium promoter had minimal impact on performance.
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Figure 9-4. MIAR: combined AR-Lean + AR-Rich performance vs. promoter concentration at 10%
reburning. Circle represents basic reburning, squire represents AR-Rich, triangulars represent AR-
Rich + AR-Lean. NSR; = 1.6, the second urea is injected at 1370 K at NSR, = 1.4.
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MIAR tests were then conducted involving AR-Lean + SNCR. The first N-agent was injected along
with the OFA at 1350 K, the second N-agent was injected at 1280 K. Two reburning heat inputs
were tested: 6% and 10%. At 10% reburning, sodium promoter was injected along with the second
N-agent. At 6% reburning, the sodium promoter was injected along with the first N-agent. As
shown in Figure 9-5, basic reburning provided 27% and 40% NOy control for 6% and 10%
reburning, respectively. AR-Lean NOy reductions were 64% for both inputs of the reburning fuel.
MIAR NOy reductions were 84% and were also independent of the amount of the reburning fuel.
With sodium promoter, NOy reductions increased to 91% at 6% reburning. The sodium promoter
had minimal impact on performance at 10% reburning.
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Figure 9-5. MIAR: combined AR-Lean + SNCR performance vs. promoter concentration at 6%
(open symbols) and 10% reburning (filled symbols). Circles represent basic reburning, squires
represent AR-Lean, triangulars represent AR-Lean + SNCR. NSR; = NSR, = 1.5.

9.5 Ammonia Slip and N,O Emissions Measurements

Table 9-1 shows results of ammonia slip measurements. Two conditions were tested: MIAR and
AR-lean. For MIAR, the first urea was injected at 1450 K and 1390 K, the second urea was injected
at 2000 K and 1920 K. For the MIAR tests, ammonia slip increased with decreasing temperature of
the coldest N-agent. For AR-lean ammonia was below the detection limit of about 1 ppm.

Tests also demonstrated that there were no hydrocarbon emissions in any of conducted tests. The
N,O emissions were 0 ppm for the basic reburning, 6 ppm for the basic SNCR and 11 ppm for the
MIAR tests.

9.6 ProofofConcept Tests: Summary

For the optimized MIAR condition, Figure 9-6 shows overall NOy reductions for each process
component, including the burner air staging system, which simulates a low-NOy burner. Staging
provided 57% NOy control. Basic reburning increased this to 70%. Adding SNCR increased
overall NOy reduction to 85%. Adding AR-Lean increased performance to 94%. Overall NOy
reduction for the complete MIAR process, including sodium promoter, was 96%. The complete
process caused NOy emissions to decrease from a baseline concentration of 820 ppm to 32 ppm.

9-4



g DOE Contract No. DE-AC22-95PC95251 Final Report

Proof-of-concept tests in 10x10° Btu/hr combustion facility provided a final indication of the
viability of the AR technology. The performance goal of Phase II to reduce NOy by up to 95% with
net emissions less than 0.06 1b/10° Btu has been met.

Table 9-1. Results of ammonia slip tests.

Technology AR-Lean| MIAR | MIAR
Reburn heat input (%) 6 6 6
OFA temperature (K) 1380 1450 1390
1*" N-agent temperature (K) 1380 1450 1390
1* N-agent NSR 1.60 1.35 1.48
2"! N-agent temperature (K) 1370 1320
2" N-agent NSR 1.35 1.44
Promoter temperature (K) 1380 1450 1390
Promoter concentration (ppm) 265 268 246
Overall NO, control (%) 67 91 91
Exhaust NO, (ppm @ 0% O,) 140 45 32
Exhaust NH; (ppm @ 0% O,) <1 6.1 36.2
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Figure 9-6. Overall MIAR NOy reduction under optimized conditions at 6% reburning. OFA is
injected at 1340 K. Urea is injected with OFA (NSR = 1.3) and in burnout zone (NSR =1.3, 1270
K). 1 — LNB, 2 — basic reburning, 3 — Reburning + SNCR, 4 — AR-Lean + SNCR, 5 — AR-Lean +

SNCR (250 ppm promoter).
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10. 0 Task 2.6 Design Methodology Validation

Goals of this task were to (1) provide a conduit for translation of the analytical and experimental
AR configurations into practical full-scale designs and (2) update AR economics and market
potential for U.S. utility boilers.

Section 10.1 discusses activities that were undertaken for full-scale implementation of SGRA.
These activities included Tower Furnace tests to determine efficiency of AR-Lean at higher than
optimum temperatures and implementation of AR at the Martinez Refining Company complex in
Martinez, CA. Section 11.2 presents update of AR economic and market analyses.

10.1 Full-Scale Implementation ofAR

10.1.1 Activities at MartineRefning Company Complex

GE-EER has undertaken in 1998-1999 a multi-phase program to identify and select a technology for
reducing NOy emissions from the CO boilers at the Martinez Refining Company complex in
Martinez, CA (MRC). The MRC CO boiler was characterized as a unit with a high level of complex
chemical kinetics and minimal slow stream mixing. The front wall fired unit burned a refinery fuel
gas, an off gas fed from the exhaust of a catalytic cracking unit, and a low BTU content flexigas.
These three fuel streams with varying characteristics (heating value, flow, density, temperature)
were burned simultaneously in the refractory lined horizontal firebox. The CO off gas mass flow
was so great compared to the other fuels that mixing between the CO off gas and those other fuel
and air streams was relatively slow. This slow mixing behavior was one of the parameters that were
believed to limit NOy reduction performance on the MRC CO boilers.

As a result of the initial phase of this project, CO boiler #3 was retrofitted with an AR NOy control
system consisting of air staging, gas injection, and SNCR. The technologies were selected to work
in conjunction to reach the project goals of reducing NOy emissions by 67.5% while maintaining
ammonia slip and carbon monoxide below regulatory levels.

Earlier design validation field trials simulating air staging and SNCR showed that NHj slip resulting
from air staging was being oxidized by the OFA jets, thus compromising some of the benefits of air
staging. One of the options that was considered during final stage of the project to reduce this
negative impact was injection of natural gas in the vertical section of the CO duct. Chemical kinetic
modeling predicted that the gas injection process might limit NHj slip at the stack to less that 50
ppm. The process works by injecting natural gas to create a slightly fuel rich reburning zone.

Tests were performed to investigate potential benefit of the gas injection on ammonia slip. The test
results, however, showed that gas injection into the CO gas resulted in a slight increase in NOx
emissions. Effectively, little difference was observed between the tests with air staging alone and air
staging with gas injection. It is believed that poor mixing between the CO gas and the refinery gas
flame was the primary cause of this negative result.

An alternative approach to reduce NOy emissions was considered. This approach includes an
improvement of the air/fSNCR concept by stoichiometric adjustments and Na promotion. Kinetic
modeling predicted that this approach could result in significant performance improvement, up to
70% NOy reduction. However, additional, more detailed modeling analysis suggested that the
furnace temperature was too highly stratified to obtain the full benefit of Na injection.
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While gas injection and Na promotion were not implemented in boiler #3 and project objectives
were met by using other available options (improving air staging and SNCR system), this work
provided additional insight into the AR methodology and demonstrated potential applications and
benefits of different aspects of AR technologies.

10.1.2 TF AR-Lean Tests

Tests conducted in the CTT, BSF and TF demonstrated that efficiency of NOy reduction in AR
could be up to 95%. This high efficiency of NOy reduction can be achieved if process parameters
including temperature of OFA injection are optimized. However, in many boilers that are equipped
with OFA injection system the injection occurs at higher than optimum temperatures. Utilization of
already existing ports for OFA injection would decrease cost of AR installation. However,
efficiency of NOy reduction in this case is expected to be lower than that at optimum conditions.

The objective of current tests was to determine efficiency of co-injection of N-agent with OFA (AR-
Lean) in large pilot-scale combustor at temperatures that are higher than optimum. Specifically, it
was of interest to demonstrate the effect of large N-agent droplets, the approach that was identified
as promising in the modeling studies (Section 7.5). Tests were conducted in the TF. Temperature
profile in TF was modified to match conditions in an industrial boiler that is currently being
considered for demonstration of the AR-Lean technology.

The test approach was to parametrically vary key process parameters in order to characterize
sensitivity and optimize performance. Test variables included:

e Urea atomization pressure

e Urea nitrogen stoichiometric ratio
e Urea solution strength

* OFA/Urea port configuration

* Nitrogen agent type

e OFA/Urea injection temperature
* Injector position

Each of these variables was evaluated as reburning heat input was varied from 10% to 20%. For
comparison, a series of basic SNCR tests was also performed.

The following subsections describe nozzle development studies, test facility configuration and the
impacts of each test variable upon performance.

Atomiation Noles

Prior to the test work, a series of nozzle development studies was performed. The objective was to
develop nozzles capable of providing controllable droplet mean diameters in the range of 200 to
1000 pm. The nozzles were of the twin-fluid type, with pressurized gas used to provide energy to
atomize the liquid. A total of 5 nozzle designs were developed, labeled A-1 through A-5. The
design had different orifice diameters for the liquid and gas streams. Design A-4 was selected for
the pilot scale tests.
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A total of five nozzles of the A-4 design were built and characterized as a function of atomization
gas pressure using a Malvern particle sizer. Figure 10-1 shows droplet mean diameter as a function
of atomization gas pressure. As pressure was increased from 10 to 40 psig, mean diameter
decreased from approximately 1000 to 100 pm. Results were similar for all nozzles. At gas
pressures of 5 psig and lower the atomizers began to fail, with the liquid spray sputtering and
becoming off-center.
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Figure 10-1. Atomization characteristics of test nozzle.

A series of qualitative flow visualization tests was also performed in which the nozzle was oriented
horizontally, simulating the configuration used in the pilot scale tests. Atomization pressure was
varied from 0 to 60 psig. The liquid spray was observed to extend horizontally outward by a
maximum of about 2 feet. Since the TF is 4 feet across, it was believed that the liquid spray would
not impinge upon the far wall unless it was carried there by the overfire air.

Test Facility Confguration

The tests were conducted in the TF. Natural gas was used as main and reburning fuels. For the
current tests the furnace was configured to nominally simulate the thermal conditions of the target
boiler. Figure 10-2 compares the TF temperature to that of the target boiler. The thermal quench rate
through the furnace agreed fairly well for the two units.

Urea was injected along with OFA at 1650 K. For comparison, tests were also conducted at OFA
injection temperature of 1520 K to demonstrate the effect of temperature on N-agent performance.
The injectors were designed with a central urea atomizer surrounded by an annular OFA port. Two
configurations were used for the OFA/urea injectors, one with four ports and the other with three
ports. These configurations were designed to provide different mixing and entrainment
characteristics. A brief series of tests was also conducted using axial injectors. This involved
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inserting two L-shaped injectors into the furnace such that urea was injected axially, co-current to
the furnace gas flow. The axial injectors were oriented to provide maximum flow field coverage.
Initial NOy concentration was 240 ppm.

2000

O Target Boiler

o TF

Furnace gas temperature (K)

800 LIS S B B IR B B B I NN S B B B B B B B B B B B R
0 1 2 3 4 5

Elapsed residence time (sec)
Figure 10-2. Temperature profiles for the target boiler and the TF.

Eé&ct ofAtomiation Pressure

Atomization pressure was varied from 5 to 20 psig. As shown in Fig. 10-3a, overall NOy reduction
improved with decreasing pressure, particularly at 10% reburning. However, the highest
incremental NOy reduction achieved by urea (Fig. 10-3b) for any condition was 9%. The
incremental reduction here is defined as NOy reduction by N-agent only.

Eéct ofUrea Nitrogen Stoichiometric Ratio

Urea NSR was varied from 1.0 to 1.5. As shown in Figure 10-4, performance was slightly better at
the higher NSR. However, the incremental NOy reduction provided by urea remained below 15% in
all cases.
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Figure 10-3. Impact of atomization pressure for 5% urea solution on overall (a) and incremental (b)
NOy reduction by urea solution co-injected with OFA. Dashed lines represent NOy reduction
without urea. NSR =1.0.
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Figure 10-4. Incremental NOj reduction for co-injection of 5% urea solution with OFA at 10%
reburning.
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Eéct ofUrea Solution Strength

The Malvern tests revealed that the atomization nozzles tended to produce larger droplets at higher
liquid flow rates. Therefore, as a means of further evaluating impacts of droplet size upon
performance, tests were conducted in which the urea solution strength was varied, with a
corresponding change in liquid flow rate. Figure 10-5 shows incremental performance of the urea at
solution strengths of 2.5%, 5%, and 10%. Performance was best with the most dilute solution,
corresponding to the highest liquid flow rate. This implies that better performance was achieved
with larger droplets.
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5
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o
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Figure 10-5. Incremental NOy reduction for co-injection of different urea solution strengths with
OFA. 10% reburning.

Eéct ofOFA Port Confguration

To evaluate mixing and thermal effects, two OFA configurations were tested, including one with
four ports and one with three ports. Figure 10-6 shows overall NOy reduction for each configuration
at 10% and 20% reburning. At 10% reburning, similar results were obtained for the two
configurations. At 20% reburning, performance was slightly better with the three-port configuration.

Eéct oflnjector Position

The baseline position for the urea injectors was flush with the inner wall of the furnace. A test series
was also conducted in which the injectors were recessed back into the OFA port by 5 inches. The
objective was to provide time for the velocity of the liquid stream to approach that of the OFA
stream, potentially allowing the OFA to better shield the droplets. However, as shown in Figure 10-
7, similar results were obtained for each injector position.
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Figure 10-6. Comparison of overall NOy reduction by urea solution for 3-port and 4-port
configurations of OFA injection. NSR = 1.0.
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Figure 10-7. Overall NOy reduction at different urea injector positions. NSR = 1.0.
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Eect ofN-Agent Type

Urea requires an extra step to decompose relative to ammonia. Thus it was believed that urea would
perform better under the subject test conditions that require a delay time. To validate this reasoning,
a series of tests was conducted in which aqueous ammonia was used as the N-agent. OFA and N-
agent were injected at 1650 K. Figure 10-8 shows performance of urea and aqueous ammonia as a
function of atomization pressure. While at 10% reburning performance was similar for the two
additives, at 20% reburning urea performed significantly better than aqueous ammonia.

80
] B 10%Reburn + Urea
704 0O 10%Reburn + Ammonia

® 20% Reburn + Urea

GOM .
7 —® O 20% Reburn + Ammonia

Overall NOx Reduction (%)
&
1

o
0 10 20 30 40

Atomization (psig)

Figure 10-8. Comparison of performance for urea and aqueous ammonia as a function of N-agent
atomizing air pressure. NSR = 1.0.

Eéct ofOFA Injection Temperature

To determine the impacts of injection temperature, a series of tests was performed in which the
OFA and urea were moved downstream in the furnace by 24”. This corresponded to a furnace gas
temperature of about 1520 K, as compared to 1650 K in previous tests. Figure 10-9 compares
performance at 10% and 20% reburning. In each case overall NOy reduction was about 10
percentage points higher at the lower temperature.

SNCR Test Results

Reburning generates CO concentrations that can impact performance of the N-agent. To
characterize these effects, a series of tests was performed involving basic SNCR without reburning.
In all cases OFA was injected to maintain the same furnace mixing patterns. Figure 10-10 shows
urea performance as a function of atomization pressure with and without reburning. Significantly
higher NOy reduction was obtained without reburning, indicating that under these conditions CO
had a negative impact on performance.
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Figure 10-9. Comparison of overall NOy reduction at different OFA/urea injection temperatures.
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Figure 10-10. SNCR performance as a function of atomization pressure with and without
reburning. NSR = 1.0.
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Axial Injector Tests

Near the end of the test program a series of tests was conducted using axial injectors. This involved
inserting two L-shaped injectors into the furnace such that urea was injected axially, co-current to
the furnace gas flow. The axial injectors were oriented to provide maximum flow field coverage.
The axial injector tests were intended to minimize potential ballistic and wall-impingement effects.
For these tests both the OFA and urea injectors were located at 1650 K. Reburning heat inputs of
6%, 10%, and 20% were tested with urea injection. One series of tests was also conducted using
ammonium sulfate as the N-agent, at 10% reburning. The objective of these tests was to determine
whether the ammonium sulfate would have different evaporation characteristics, and thus different
NOy control performance, than urea.

Figure 10-11 shows NOy reduction as a function of atomization pressure for the axial injector tests.
Incremental SNCR performance was better at lower reburning heat inputs, pointing to possible CO
effects. Urea performance improved with decreasing atomization pressure. At an atomization
pressure of zero, overall NOy reductions were 47% at 10% reburning and 37% at 6% reburning.
Incremental urea NOy reductions at these conditions were 25% at 10% reburning and 26% at 6%
reburning. This performance is significantly better than that achieved with the wall injectors. For
comparison, under similar conditions at 10% reburning the incremental NOy control achieved by
urea with the wall injection system was 8%.

Both urea and ammonium sulfate were tested with the axial injectors at 10% reburning. Figure 10-
12 shows performance as a function of atomization pressure. At low pressures, performance was
similar for the two additives. At higher pressures, urea performed significantly better, possibly
indicating that it was less prone to vaporizing prior to complete evaporation of the water droplet.
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Figure 10-11. Axial injector tests: impact of atomization pressure on overall NOy reduction at
different reburning heat inputs. NSR = 1.0.
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Figure 10-12. Axial injector tests: comparison of urea and ammonium sulfate impacts on NOx
reduction. NSR =1.0.

TF AR-Lean Tests: Summary

Tests in 10x10° Btu/hr TF demonstrated that efficiency of NOy reduction in AR-Lean at OFA/N-
agent injection temperature of 1520 K is about 60% and is significantly smaller than 96% achieved
in the same combustor under optimized conditions. The incremental NOy reduction provided by N-
agent only at this temperature did not exceed 15%. However, model of AR (Section 7.5) predicted
that up to 40% incremental NOy reduction could be achieved at urea injection temperature of 1520
K if droplet size of urea solution is optimized. Model predicted that optimized droplet size for the
TF conditions was 300 pm.

A three-dimensional CFD model of the TF was simulated in FLUENT (FLUENT, 1998) to gain an
understanding of the physical phenomena that could had resulted in smaller than predicted by
modeling NOy reduction efficiency. The FLUENT model predicted that droplets larger than 200 pum
do not easily make the turn into the superheater and sweep against the TF wall. Many of the larger
droplets that escape upper wall impingement were unable make the turn at the "nose" into the
convective pass. Results also showed that certain injection locations were better than others in
allowing the droplets to reach the convective pass. Optimized locations could be found for the
injectors to minimize the momentum from the OFA flow from sweeping the droplets into the walls.
However, even in locations that were considered optimized, some droplet sizes were still impinging
against the sidewalls. The CFD modeling predicted that higher than observed in the TF tests
efficiencies of NOy reduction could be achieved in a larger scale combustion facility since wall
impingement could be avoided for longer droplet penetration distances.

Thus, the importance of optimization of process conditions for achieving high efficiency of NOy
reduction in AR was demonstrated. Tests also indicated that moderate NOy control can be achieved
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in boilers with existing systems for OFA injection even if temperatures of the OFA injection are too
high for the gaseous N-agent to be effective. Since additional port for N-agent is not required in AR-
Lean, injection of an aqueous solution of N-agent presents an opportunity to provide moderate NOy
control at low cost in boilers already equipped with OFA ports.

10.2 AR Economic and Market Update

This section discusses the economics of NOy control via AR and the potential market for the AR
technologies in the U.S. for compliance under the 1990 CAAA. The following section, Section
10.2.1, discusses the market drivers and the nominal NOy control requirements to meet existing and
projected regulations (see also Section 2.1). Section 10.2.2 outlines an economic methodology for
comparing the cost effectiveness of conventional and AR technologies and defines case studies for a
typical cyclone-fired boiler and a typical wall-fired boiler. The methodology was used to compare
the costs of conventional NOy controls (SNCR, SCR and OFA) with the costs of reburning-based
technologies including basic reburning and the full range of AR technologies evaluated in this
project. Section 10.2.3 discusses the cost and performance of each NOy control technology and
Section 10.2.4 presents the results. The results show a considerable economic advantage for the AR
technologies particularly for deep NOx control with cost savings in the range of 50%. The resulting
market for these AR technologies is discussed in Section 10.2.5.

10.2.1 NOy Control Drivers

The Clean Air Act Amendments of 1990 (CAAA) established the framework for NOy emission
regulations to mitigate ozone non-attainment areas and acid rain. Over the last decade, the U.S. EPA
has developed most of the specific NOx regulations authorized by the CAAA. The most stringent
NOx controls are required in ozone non-attainment areas or areas which transport pollutants into
ozone non-attainment areas. In the Northeastern portion of the country, the EPA has defined the
NEOTR which consists of Pennsylvania and the States North and East of that state. In the NEOTR,
NOy reductions of up to 75% are required by the year 2003 with the potential for even deeper
controls depending on the results of dispersion modeling over the next few years. The EPA is
considering the potential to expand the NEOTR to include Texas and all states north and East of this
state. In this thirty-seven-state region, it is projected that NOy emissions may need to be reduced by
as much as 85%.

As these regulations have developed, the trend has been towards permitting industry to comply by
implementation of cost-effective emission controls. Rather than setting specific limits for each plant,
the regulations in many areas provide the flexibility to over-control on some units and under-control
on others if that approach is cost effective. This “cap and trade” approach can be of considerable
advantage since the cost of NOy control for some units (particularly smaller units) may be much
higher than for others, on a $/ton basis. This bubbling approach depends on the availability of NOy
control technologies that can achieve NOy reductions greater than the nominal control levels (75-
85%) with low costs.

The NOy control requirements developed by the EPA to date have been based on attaining the
current NAAQS. However, the EPA has issued revised NAAQS for ozone and fine particulate that
are substantially lower than the current standards. Since NOy is a precursor of both pollutants,
achieving the new NAAQS will require even greater reductions in NOy emissions.
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The goal that was established by DOE for this project was to achieve 95% NOy control or emissions
rates of 0.06 1b/10° Btu. This goal assumes that future regulations will continue to require
substantial reductions in NOx emissions. NOy control technologies that can meet this goal will be
employed if their costs are competitive with conventional controls on a $/ton basis. At present, the
only commercial NOy control technology capable of achieving such deep NOy control is SCR. The
advantage of the AR technologies being developed on this project is that they can provide the deep
NOy control of SCR at a considerable cost reduction.

10.2.2 Economic Methodology and Case Studies

To evaluate the cost effectiveness of the AR technologies, an economic analysis was conducted
using the EPRI Technology Assessment Guide (TAG) methodology, which is widely used in the
utility industry to evaluate advanced emission control technologies. The TAG methodology
calculates the total levelized annual costs including capital and operating cost components. The
resulting levelized annual cost and emissions reduction can be expressed in terms of $/ton of
NOy controlled. In the TAG methodology, the total installed cost (capital cost) of the control
technology is estimated and distributed over the operating life in a series of uniform annual costs
by applying a Capital Recovery Factor (CRF). The CRF depends on the operating life, time
value of money, depreciation, etc. In this analysis, a CRF of 0.131 was utilized. This is
equivalent to simple amortization at an annual interest rate of 10% over a 15 year operating life.
The annual operating costs for the technology are calculated for the first year and then levelized
over the life of the technology by applying an annual levelization factor. In this analysis, a
constant dollar approach was utilized so that the levelization factor was 1.0.

AR technologies can be applied to all types of combustion systems including the three most
common utility boiler firing systems (wall, tangential and cyclone fired). Two applications were
selected for the economic evaluation: a cyclone-fired boiler and a dry-bottom wall-fired unit
equipped with low-NOy burners.

Reburning applications on cyclones are particularly attractive for several reasons:

1. The baseline NOy levels are high. Since NOy is a reactant in the reburning reactions,
high baseline NOy increases the rate of NOy reduction. Thus, the cost of NOy control for
units with high baseline NOy is low for reburning-based technologies.

2. Furnace temperatures are high. High furnace temperatures improve reburning NOy
control since the reduction reactions are kinetically controlled.

3. Low-NOy burners cannot be used with cyclones. This makes reburning based controls
SNCR, and SCR the only alternatives.

In contrast to the cyclone application, dry-bottom wall-fired units can be equipped with low-NOy
burners and OFA. In fact, Title 4 of the CAAA mandates that “Low-NOy Burner Technology” be
applied to all dry-bottom wall-fired units by the year 2000 with a NOy emissions limit of 0.46 1b/10°
Btu.

The assumptions utilized in the analysis and those specific to the two applications (cyclone and
wall-fired) are summarized in Table 10-1.
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Table 10-1. Economic data.

Parameter Units Value
Unit Specifications
Unit Capacity MW 200
Capacity Factor % 65
Heat Rate Btu/KWH 10,000
Fuels data
Coal Sulfur 1b/10° Btu 1.2
Coal Heating Value Btu/lb 12,000
Coal Cost $/10° Btu 1.5
Gas Cost $/10° Btu 25-45
Coal Ash Content % 10
Unit costs
Value of SO, Reduction $/ton 125
Ash Disposal Cost $/ton 10
Economic Factors
Capital Recovery Factor 0.131
Escalation Constant dollar
Boiler Data
Firing Configuration Cyclone Wall-Fired
Baseline NO, controls None Low-NO, Burners
Baseline NO, $/10° Btu 1.2 0.46

10.2.3T'echnology Speciic Inputs

The NOy control technologies selected for evaluation are presented in Table 10-2 along with the
assumed control performance. The reburning-based technologies were evaluated using both gas and
coal as reburning fuels. The key technology specific assumptions are presented in Table 10-3 and
are discussed further below.

The performance of SNCR is highly site specific. A typical performance in full-scale applications
with modest ammonia slip is in the range of 25-35% NOy reduction with injection of a reagent (such
as urea or ammonia) at a nitrogen stoichiometric ratio (NSR) of 1.5. For this analysis, the lower
performance level was used for the wall-fired boiler and the higher performance level was used for
the cyclone-fired boiler. The capital cost was based on discussions with SNCR vendors. The SNCR
reagent was assumed to be Fuel Tech’s NO,Out A, a commercially available aqueous urea solution.

Costs and performance for SCR were initially obtained from an EPA report (Phase 11 NOy Control,
1996) which presented DOE estimates for a high-sulfur coal-fired unit of 200 MW capacity with
initial NO, of 1.0 1b/10° Btu and 80% NO, reduction. Current information indicates that the cost for
SCR technology is somewhat lower than that presented in the EPA report (~35% lower). Therefore,
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the EPA cost data were scaled to the conditions of the model plants and reduced to account for
lower cost SCR systems.

Table 10-2. NOy control technologies and expected performance.

Technology NO, Reduction (%) |NO, Emissions (Ib/MMBtu)
Cyclone Wall Cyclone Wall
Conventional NO, Controls
Overfire Air 25 0.35
Selective Non-Catalytic Reduction (SNCR) 35 25 0.78 0.35
Selective Catalytic Reduction (SCR) 80 80 0.24 0.09
Selective Catalytic Reduction (SCR) 90 90 0.12 0.05
Reburning NO, Controls
Basic Reburning 60 50 0.48 0.23
Advanced Reburning—Rich (AR-Rich) 80 80 0.24 0.09
Advanced Reburning—Lean (AR-Lean) 80 80 0.24 0.09
Promoted Advanced Reburning—Lean (PAR-Lean) 90 90 0.12 0.05
Promoted Advanced Reburning—Rich (PAR-Rich) 90 90 0.12 0.05
Multiple Injection Advanced Reburning (MIAR) 95 95 0.06 0.02

Table 10-3. NOy control technology economics.

Parameter Units OFA SNCR Basic AR PAR MIAR SCR SCR
Reburn R/L R/L 80% 95%
Capital Cost
Conventional $/kw 10 5 52 71
Gas Reburning $/kw 15 20 20 25
Coal Reburning $/kw 25 30 30 35
Reburning Fuel Firing
Gas Reburning % 18 12 12 12
Coal Reburning % 25 20 20 20
Catalyst Life Years 4 4
SO, Control (via gas) % 0 0 18 12 12 12 0 0

Reburning costs and performance were based on EER’s extensive database and the experimentally
determined effectiveness of the AR technologies developed in this project. For the coal reburning
systems, costs were included for addition of pulverizers to produce the fine-grind (micronized) coal
necessary to minimize carbon loss. Pulverizers are required for the cyclone-fired boiler, but are not
necessarily required for the wall-fired boiler. For wall-fired boilers, the capital cost for a coal
reburning system can be significantly reduced by using one of the existing mills for the reburning
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system. There is no incremental fuel cost for the coal reburning system (except for an efficiency
penalty due to potential for increased carbon loss) since the normal plant coal is used for reburning.
For gas reburning systems, no pulverizers are required, but the gas cost is greater than coal. A price
differential ranging between 1.00 to 3.00 $/10° Btu was assumed. Although the cost of natural has
significantly increased in recent years, it is expected that significant price differentials cannot be
sustained in the future. It is assumed that coal and gas reburning technologies can achieve
comparable NOy reduction.

10.2.4Economic Results

Figures 10-13 and 10-14 show the results of the economic comparison as plots of the total annual
cost of NOy reduction versus percentage NOy reduction. Lines of constant unit cost of NOy control
($/ton of NOy reduced) are also shown on the plots. As discussed above, the unit cost of NOy
control is the appropriate figure of merit since utilities will apply controls to a number of units,
bubbling to achieve the lowest total cost.
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Figure 10-13. Comparison of cyclone-fired boiler NOy control technology economics.

Figure 10-13 shows the results for the cyclone-fired boiler. The technologies with the highest unit
cost of NOy control are SNCR, gas reburning, and high-performance SCR with costs in the range of
700-1,000 $/ton. The reburning-based technologies are considerably lower in cost. The unit cost of
NOy control for gas-based reburning technologies is comparable to low-performance SCR. Coal-
based reburning technologies are the most cost effective since they have the lowest unit cost of NOy
control.
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Figure 10-14 shows the results for the wall-fired boiler. Since the baseline NOy is lower than for the
cyclone application (0.46 versus 1.2 1b/10° Btu), the unit cost of NOy control is higher. As with the
cyclone-fired boiler results, the reburning technologies have a considerable cost advantage. OFA
has been included for this application. While the total annual cost of OFA is low, the low NOy
reduction (25%) results in a relatively high unit cost of NOy control.
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Figure 10-14. Comparison of wall-fired boiler NOy control technology economics.

The cost effectiveness of gas-based reburning technologies depends upon the price differential
between coal and natural gas. The impacts that this parameter has on the cost effectiveness of
gas-reburning technologies are shown in Figures 10-15 and 10-16. In these plots, the cost
effectiveness of reburning and MIAR technologies is compared to that for SNCR and SCR. For
the cyclone-fired boiler application, basic gas reburning is more cost effective than SCR for fuel
price differentials less than approximately $1.2 while MIAR is more cost effective for
differentials less approximately $2.2. Based on the assumptions used for this study, the costs for
coal as the reburning fuel are lower than for gas. However, it should be noted that site specific
considerations might favor gas in some situations. Factors favoring gas include a low gas-coal
cost differential, problems related to carbon loss which are more significant with coal as the
reburning fuel, and space limitations which make pulverizer installation expensive, difficult or
impossible.
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Figure 10-15. Impact of fuel differential on cyclone-fired boiler NOy control economics.
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Figure 10-16. Impact of fuel differential on wall-fired boiler NOy control economics.

These results show the significant economic advantage of the technologies developed on this project
for the projected NOy control market characterized by deep NOy control and the potential for
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bubbling. For example, in the cyclone application, the total annual cost of SNCR is comparable to
MIAR using coal, but MIAR provides more than twice the NOy reduction.

Table 10-4 compares the economics of technologies capable of achieving deep NOy control
(between 80 to 95% reduction). This comparison shows that coal reburning based AR technologies
have are 44% to 56% more cost effective than SCR. As discussed above, the cost effectiveness of
gas reburning based AR technologies depends upon the price of natural gas.

Table 10-4. Comparing the cost effectiveness for deep NOy control.

Cyclone, Bascline NO, 1.2 1b/10° Btu Wall, Baseline NO, 0.46 1b/10° Btu
NO, Control 80% 95% 80% 95%
AR Technology AR-Rich MIAR AR-Rich MIAR
106 $/yr $/ton NO, 106 $/yr $/ton NO, 106 $/yr $/ton NO, 106 $/yr $/ton NO,
Costs

SCR 3.27 592 4.82 728 291 1,374 4.39 1,729
AR (gas reburning) 3.31 600 3.74 569 3.04 1,438 3.41 1,346
AR (coal reburning) 1.83 332 2.28 347 1.57 740 1.95 767

Cost Reduction
AR (gas reburning) -1 22 -5 22
AR (coal reburning) 44 53 46 56

10.2.5 Market Assessment

The size of the market for AR technologies has been estimated and presented in Phase I Report
by considering the existing and projected CAAA regulations, the power plants affected by the
regulations, and industry projections for the mix of NOy control technologies necessary for cost
effective compliance with these regulations. In 2000, H&W Management Science Consultants
(H&W Management Science Consultants, 2000) analyzed the U.S. air pollution control market
through 2003. The total NOy control markets in 2001, 2002 and 2003 were projected to be
$1,570 million, $1,480 million, and $1,380 million, respectively. The reburning/SNCR share of
this market was estimated to be $82 million, $101 million, and $134 million, respectively, of
which share of AR was 35%. Thus, total market share of AR technologies by 2003 was projected
to be $110 million. It is expected that the size of the AR market will increase as result of utilities
SIP Call compliance in 2004. Since the EPA is considering the expansion of the NEOTR to
include Texas and all states north and East of this state, it will further increase the market share
of AR technologies.

10.2.6 Economic and Market Analysis: Conclusions

Economic analysis demonstrates a considerable economic advantage of AR technologies in
comparison with existing commercial NOy control techniques, such as basic reburning, SNCR, and
SCR. Particularly for deep NOy control, coal-based AR technologies are 50% less expansive than
SCR for the same level of NOy control. The market for AR technologies is estimated to be above
$110 million.
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10.3 Design Methodology and Application Conclusions

A design methodology, which consists of various computational and analytical models, was
generalized for use with AR technologies. This methodology was then applied to develop
conceptual designs for application of three AR concepts—AR-Lean, AR-Rich, and MIAR to a
typical 100 MW tangentially fired utility boiler, and to predict the impacts of the AR systems on
boiler performance and NOy emissions.

The design methodology uses various experimental and analytical tools to develop the injector
specifications and operating characteristics of the AR system with the objective of meeting
specific process requirements for optimum emissions control performance while maintaining
boiler operation and performance at normal levels.

Thermal performance models were used to evaluate the impacts of implementing AR processes on
the thermal performance of a nominally 100 MW tangentially fired boiler. For implementation of
AR-Lean, AR-Rich, or MIAR processes on this boiler, the reburning fuel would be injected into the
lower furnace and the overfire air would be injected into the upper furnace in a cavity between the
first two tube banks of the convective pass. The model results indicate that this configuration is
expected to increase carbon loss and reduce main and reheat steam temperatures in comparison to
baseline or gas reburning operation. Changes in the operating settings of the AR process can be used
to mitigate some of the increase in carbon loss. However, the overall boiler efficiency for operation
with an AR system is similar to that for operation with a basic gas reburning system. Changes in the
operating settings of the AR process or in the boiler operating settings can be used to mitigate the
impacts of AR on main and reheat steam temperatures. It should be noted that the results of this
analysis are specific to the boiler configuration evaluated and should not be generalized to other
boiler designs. The results of injection system analysis indicate that good mixing of the process
streams necessary to implement advanced reburning (AR-Lean, AR-Rich, and MIAR) on the case
study boiler can be achieved. Natural gas can be injected from each wall in a pattern that achieves
good distribution of the reburning fuel. Overfire air injection into a cavity in the convective pass,
which is needed for implementation of each of the AR processes under consideration, can be
achieved using high-pressure wall jets. For the AR-Lean and MIAR processes, these ports can also
be used to inject the reagent. Injection of reagent into the upper furnace, needed for the AR-Rich
and MIAR processes, can be achieved using a lance-based system. The overall boiler efficiency for
operation with AR systems is similar to that for operation with a basic gas reburning system. Full
scale NOy reduction level is predicted to be about 80% and can be additionally increased with the
use of promoters.

The original work scope was based on applying the design methodology to a hypothetical case
study; however, it was hoped that an initial AR demonstration could be developed outside the scope
of this DOE project to allow application to a real unit and evaluation of some of the AR elements.
EER was successful in developing an AR demonstration project. In 1995, EER installed AR-Lean
on the Greenidge 105 MW tangentially fired boiler. AR testing was conducted in 1996-98. This unit
was used as the basis for extending the design methodology. AR-Lean tests on the boiler showed
that stratification within the reburning zone could adversely affect the performance. Regions of
inadequate CO in the reburning zone reduced the N-agent NOy control and caused NHj slip. While
modifications were successful in reducing stratification, this experience showed the importance of
mixing and scale up. In addition to these AR-Lean tests, opportunity was taken to obtain
preliminary larger scale data on several of the AR components, including N-agent injection into the
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reburning zone, N-agent injection downstream of the reburning zone in an SNCR mode, and N-
agent injection into the reburning zone and with the overfire air.
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11.0 Experimental Facilities

Most of experimental work in Phase II was conducted at the GE-EER test site in Irvine, California.
Three combustion facilities were used in experiments, including the 0.1x10° Btu/hr Controlled
Temperature Tower (CTT), the 1.0x10° Btu/hr Boiler Simulator Facility (BSF), and the 10x10°
Btu/hr Tower Furnace (TF). Utilization of combustion facilities ranging in firing rate by two orders
of magnitude allowed to study AR processes at different mixing and thermo conditions and to
determine effect of scaling on the AR performance. The following sections describe process
performance characterization and combustion facilities.

11.1 Process Perbrmance Characteriation

Process performance was characterized by continuous emissions monitors (CEMs), which provided
an online analysis of flue gas composition. Identical CEMs systems were used at each of the three
test facilities. Each system consisted of a water cooled sample probe, sample conditioning system
(to remove water and particulate), and gas analyzers. Species analyzed, detection principles, and
detection limits were as follows:

. O,: paramagnetism, 0.1%

. NOy: chemiluminescence, 1 ppm

. CO: nondispersive infrared, 1 ppm

. CO;: nondispersive infrared, 0.1%

. SO,: nondispersive ultraviolet, 1 ppm
. N,O: nondispersive infrared, 1 ppm

. NHj;: SCAQMD Method 207 (sampling, Nessler reagent, colorimetry), 1 ppm
. HCN: sampling, ion-specific electrode, 1 ppm

High purity dry nitrogen was used to zero the analyzers. Certified span gases were used to calibrate
and check linearity of the analyzers. A chart recorder was used to obtain a hard copy of analyzer
outputs. A personal computer based data acquisition system (LabTech Notebook) was used for
storage and analysis of test data. Furnace gas temperatures were periodically measured using a
calibrated suction pyrometer.

Process equipment included gas reburning and additive delivery systems. Reburning natural gas
and burnout air flow rates were measured using calibrated rotameters at each facility. Bottled
nitrogen were premixed with the natural gas to ensure good penetration and entrainment with
furnace gases. The natural gas and OFA injectors consisted of water cooled elbow probes aligned
along the centerline of each facility. N-Agents and promoters were dissolved to form aqueous
solutions. Solution flow rates were monitored by measuring mass loss (via a load cell) as a function
of time.

Figure 11-1 shows axial temperature profiles for all three combustion facilities. Temperature
gradients were adjusted to simulate environment in large-scale boilers.
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Figure 11-1. Axial temperature profiles measured in CTT, BSF and TF. Elapsed time corresponds to
the time after injection of the reburning fuel.

11.2 Controlled Temperature Toer CTT)

The Controlled Temperature Tower (CTT) is a downfired tunnel furnace with a nominal firing
capacity of 0.1x10° Btu/hr. A schematic of the CTT is presented as Figure 11-2. The facility has an
inside diameter of 8 inches and a furnace length of 96 inches. Furnace walls consist of layers of
high temperature castable refractory. The furnace is equipped with numerous axial ports to allow
introduction of additive injectors and sample probes. The furnace entry consists of an 18 inch long
conical quarl that diverges from 2 inches to 8 inches. The quarl stabilizes the flame in the center of
the furnace. The CTT is equipped with a variable swirl diffusion burner that is capable of firing
coal, oil, or natural gas. Burner swirl number can be varied to control flame characteristics and
initial NOy concentrations. The CTT is designed to provide precise control of furnace thermal
characteristics. Backfired heating channels run along the outside of the refractory in the upper and
lower furnace. Rate of furnace heat extraction can be varied by varying the heat input to these
backfired channels. Additional control over furnace temperatures can be obtained by inserting
circulating water cooling coils along the furnace axis. Because of its relatively small scale, bottled
gases can be used to control furnace gas composition. Specifically, a metered amount of NH; can
be added to the flame, oxidizing to provide control over initial NO,. The CTT's versatility and
ability to provide precise control of test conditions make it an ideal facility for conducting
parametric screening studies.



Q

DOE Contract No. DE-AC22-95PC95251 Final Report

Stack

E=—3

Backfired /

Heating

Channels \

Sl

</l

Main Fuel and air
and NH3 doping

24

:> Port plugs with

— | injector access
g

=

Flue Gas
Sampling

Figure 11-2. Controlled Temperature Tower (CTT).

Because of its small scale, temperature profile in CTT is affected by the injection of the reburning
fuel and additives. Figure 11-3 shows effects of 10% reburning and water injection (to simulate
injection of N-agent) on axial temperature profile in CTT.
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11.8Boiler Simulator Facility

The Boiler Simulator Facility (BSF) is a down-fired combustion research facility with a nominal
firing rate of 1.0x10° Btu/hr. It is designed to simulate the thermal characteristics of a utility boiler.
As shown in Figure 11-4, the BSF consists of a burner, vertical radiant furnace, and horizontal
convective pass. The facility's variable swirl diffusion burner is equipped to fire coal, oil, or natural
gas. The furnace is constructed of eight modular refractory lined spool sections with access ports.
The furnace has an inside diameter of 22 inches and a height of 18 feet. The radiant is equipped
with adjustable heat removal panels. Configuration of these panels is usually adjusted such that the
BSF matches the residence time-temperature profile and furnace exit gas temperature of a specific
full scale boiler. The convective pass is equipped with air-cooled tube bundles designed to simulate
the superheater and economizer sections of a coal fired boiler. The facility has a baghouse at the
end of the convective pass to control fly ash emissions. Because it accurately simulates the thermal
environment of a full scale boiler, the BSF is ideally suited to process optimization studies leading
to utility boiler application.

Furnace

T~

6
¢

Sampling

Figure 11-4. Boiler Simulator Facility (BSF).

11.4oer Furnace

The Tower Furnace (TF) is a downfired pilot plant combustor with a nominal firing rate of 10x10°
Btu/hr. The facility is designed to provide a large-scale simulation of the flame properties,
temperatures, gas compositions, and characteristic mixing times of a coal-fired boiler. As shown in
Fig. 11-5, the TF consists of a burner section, radiant furnace, convective pass, and set of air
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pollution control devices. The burner section can be configured with a single burner or an array of
four burners to simulate different types of flames. The facility is equipped with a video camera at
the bottom of the furnace, allowing direct monitoring of flame characteristics. The furnace is a
refractory lined, water-cooled steel shell. It is square, having dimensions of four feet across and 30
feet in height. It has numerous axial ports, allowing access for injectors and sample probes. The
furnace has a turbulent flow field, allowing the impacts of furnace gas mixing and additive
entrainment upon process performance to be evaluated. The transition between the furnace and
convective pass is a nose section, having geometry and gas flow field characteristics similar to those
of a coal fired boiler. Facility air pollution control equipment, which includes a cyclone, baghouse,
ESP, and wet scrubber, can be used in varying configurations depending upon test requirements.
Because the TF provides an accurate simulation of the temperatures, gas compositions, and flow
field characteristics of a coal fired boiler, it provides a means of directly applying results to full-

scale systems.
Main Fuel:
Four-Burner Array
<
Stack N

@ Reburn Fuel
o Injectors
>/ J

Overfire Air
Injectors

Furnace
Camera

Scrubber
Combustion Air
Heat Exchanger

Cyclone

Figure 11-5. Schematic diagram of the Tower Furnace (TF).
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12.0 Conclusions

This project develops a family of novel Second Generation Advanced Reburning NOy control
technologies, which have been demonstrated to achieve up to 95% NOy control in coal fired boilers.
AR systems integrate basic reburning and injection of an N-agent which can be injected with or
without promoters at one or two boiler locations. The work included a combination of analytical
and experimental studies to confirm the process mechanisms, identify optimum process
configurations, and develop a design methodology for full-scale applications. The overall objective
of the project was to demonstrate the effectiveness of the AR technologies at bench and pilot scale
over a sufficiently broad range of conditions, optimize AR with natural gas and coal firing, and
develop modeling tools required for scaling and optimization of AR at full scale. The information
from Phase I and Phase II provides all the information needed for a process design evaluation of AR
for a full-scale installation. All project objectives and technical performance goals have been met or
exceeded, and it was demonstrated that AR technologies could achieve high efficiency and low cost
NOx control. The following conclusions can be drawn from results of the work:

1. Tests in combustion facilities ranging in firing rate from 0.1x10° to 10x10° Btu/hr
demonstrated that AR provided up to 95% NOy reduction. Among different AR variants
AR-Lean + SNCR and Reburning + SNCR were found to be the most effective
configurations, followed by AR-Lean and AR-Rich. Under optimized conditions these
technologies reduce NOy by up to 95% with net emissions less than 0.06 1b/10° Btu and
minimize other pollutants (N,O and NHj3) to about the same levels achieved by reburning
and SNCR.

2. Four different coals were evaluated as reburning fuel for basic reburning and AR. The
results of the experiments indicated that the four tested bituminous coals were capable of
providing reasonably high NOyx control in basic reburning at the full-scale boiler
conditions evaluated. Over 90% NOy reduction could be achieved in AR using coal as a
reburning fuel. The most effective variant of AR with coal firing was reburning + SNCR
followed by AR-Lean and AR-Rich. Tests showed that injection of promoters could
significantly improve the NOy reduction efficiency of coal serving as the reburning fuel
in AR.

3. Tests showed that promoters could increase the efficiency of NOy reduction in several AR
variants. Promoters are most effective with small relative quantities of reburning fuel (6-
10% of total fuel heat input). The use of promoters provides the means to improve NOy
reduction and simultaneously decrease the amount of reburning fuel required, relative to
basic reburning.

4. Different metal-containing compounds were evaluated as AR promoters. Tests showed that
co-injection of Na, Li and K compounds with N-agent resulted in 17-25 percentage points
improvement compared to the NOy reduction level provided by N-agent injection alone.
Compounds of Mg, Ca, Ba, and Zn provided a relatively small promotional effect. When
injected with the N-agent, they reduced NO by an additional 6-9 percentage points
compared to unpromoted AR.

5. Tests demonstrated that metal-containing compounds could be effective reburning
promoters without injection of N-agent. Fe-containing compounds were the most effective
in reduction of NOy emissions, followed by Na-, K-, and Ca-containing compounds. Co-
injection of these compounds with the main fuel in the absence of reburning resulted in 16-

12-1



DOE Contract No. DE-AC22-95PC95251 Final Report

Q

10.

30% NOy reduction. Co-injection of metal compounds with the main fuel in the presence of
reburning provided an additional 4-25% percentage points of NOy reduction above the
baseline reburning level. Co-injection of these additives with reburning fuel and into the
reburning zone had smaller effect than co-injection with the main fuel.

The kinetics of Na,COs, one of the most effective AR promoters, was studied in a flow
reactor. The study revealed that the primary gas-phase decomposition products of Na,COs
are Na atoms, NaOH and CO,. Extrapolating the results to higher temperatures showed that
Na,CO; decomposition at temperatures over 1400 K produced NaOH and CO, very quickly.
The NaOH product then decomposed more slowly. These findings were used in the
development of the kinetic mechanism of AR promotion.

The model of AR processes was developed. This model combined a detailed reaction
mechanism with a simplified description of the mixing process. Modeling results
demonstrated that the model correctly described a wide range of experimental data obtained
in five bench- and pilot-scale combustion facilities. Mixing and thermal parameters in the
model can be adjusted depending on the characteristics of the combustion facility. Kinetic
modeling provided insight into the controlling factors of the process and predicted that the
efficiency of AR systems are primarily determined by the following factors: equivalence
ratio in the reburning zone, injection temperatures of process streams (reburning fuel, N-
agents, promoters, and OFA), concentrations of N-agents and promoters, delay times for
injection of N-agents into the reburning and burnout zones, and characteristic mixing times
of the injection streams with flue gas.

The applicability of the model to the optimization of AR-Lean has been demonstrated.
Modeling identified the following AR-Lean parameters as being most important: amounts of
the reburning fuel and N-agent, temperature of flue gas at the point of OFA/N-agent
injection, and evaporation time of the N-agent. Modeling predictions, supported by
experiments, show that CO formed in the reburning zone increases the efficiency of N-agent
when the temperature of furnace gases at the point of OFA/N-agent injection is lower than
1200 K, and reduces its efficiency at higher injection temperatures. To reduce the negative
effect of CO on NOy reduction at higher OFA/N-agent injection temperatures encountered
in typical utility boiler installations, the average droplet size in the spray of injected N-agent
solution must be optimized to allow for CO oxidation in the burnout zone before a
significant amount of N-agent evaporates.

Pilot-scale tests were conducted to determine the optimum AR conditions at mixing and
thermal characteristics of the Greenidge 105 MW tangentially fired boiler. Tests focused on
simulating this boiler’s AR-Lean and reburning + SNCR performance, considered to be the
most promising for deep NOy control for the unit. The results of the pilot-scale simulation
tests demonstrated that high CO concentrations typical for upper furnace of the Greenidge
boiler had negative effects on AR-Lean performance at the OFA/NH; injection location in
the Greenidge boiler. The results predicted that about 70-80% NOy reduction could be
achieved under Greenidge conditions using an optimized reburning + SNCR regime.

The AR design methodology was created using experiments and analytical models to
characterize the process elements of AR. This work took advantage of a full-scale
demonstration of the original AR configuration on a 105 MW tangentially fired boiler,
conducted outside the scope of this project. The AR methodology was used to prepare
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process designs for implementation of three of the AR concepts on the 105 MW boiler, and
to predict the impacts of each AR system on boiler performance and NOy emissions.

Economic analysis demonstrates a considerable economic advantage of AR technologies in
comparison with existing commercial NOy control techniques, such as basic reburning,
SNCR, and SCR. Particularly for deep NOyx control, coal-based AR technologies are 50%
less expansive than SCR for the same level of NOy control. The market for AR technologies
is estimated to be above $110 million.
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Appendix A Phase | Report

Appendix A includes description of Phase I work which started in October, 1995 and was finished
in September, 1997. Phase I Final Report was submitted to U.S. DOE in July, 1997.
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ABSTRACT

This project develops novel Advanced Reburning (AR) concepts for high efficiency and low cost
NOy control from coal fired utility boilers. AR technologies are based on combination of basic
reburning and N-agent/promoter injections. Phase I demonstrated that AR technologies are able to
provide effective NOy control for coal fired combustors. Three technologies were originally
envisioned for development: AR-Lean, AR-Rich, and Multiple Injection AR (MIAR). Along
with these, three additional technologies were identified during the project: reburning plus
promoted SNCR, AR-Lean plus promoted SNCR, and AR-Rich plus promoted SNCR. The
promoters are sodium salts, in particular sodium carbonate. These AR technologies have different
optimum reburn heat input levels and furnace temperature requirements. For full scale
application, an optimum technology can be selected on a boiler-specific basis depending on
furnace temperature profile and regions of injector access.

The experimental program included combustion tests in 20 and 200 kW facilities. Pilot scale
studies in the 200 kW combustor demonstrated the ability of the AR technologies to achieve NOy
reductions of 95+% during gas firing and 90+% during coal firing. Byproduct emissions were
found to be lower than those generated by commercial reburning and SNCR technologies.

A detailed reaction mechanism was developed to model the AR chemical processes. The
mechanism (355 reactions of 65 species) includes the following submechanisms: GRI-Mech-2.11,
SNCR chemistry, sodium chemistry with Na,CO3 decomposition reactions, SO,/SO3 reactions,
and interaction of HCI] with flue gas components. Modeling provided insight into the controlling
factors of the process and qualitatively described the observed reaction trends. Modeling
predicted and explained the effect of sodium promotion under both fuel-rich and fuel-lean
conditions. The sensitivity analysis revealed the most significant elementary reactions affecting
formation and destruction of NO and other N-containing compounds in the reburning and
burnout zones.

The AR design methodology was updated by using experiments and analytical models to include
the second generation improvements. This methodology was then used for application of the
novel AR concepts to a 100 MW tangentially fired utility boiler, and to predict the impacts of
the AR systems on boiler performance and NOy emissions. A parallel AR-Lean demonstration

(outside the scope of this project) provided an opportunity to test several novel AR components
in the field.

Economic analysis demonstrates a considerable economic advantage of AR technologies in
comparison with existing commercial NOy control techniques, such as basic reburning, SNCR,
and SCR. Particularly for deep NOy control, AR results in 2-3 times lower costs (in $/ton of NOy
removed) than SCR for the same level of NOy control. The market for AR technologies is
estimated to be above $1.5 billion.

i
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1.0 EXECUTIVE SUMMARY

In this project EER is developing second generation enhancements to Advanced Reburning (AR).
AR is an NOy control technology which integrates reburning with injection of a nitrogen reducing
agent (N-agent), two well known commercial NOy control technologies. Reburning involves
injection of a hydrocarbon fuel above the burners to produce a fuel rich zone where NOy is
reduced to elemental nitrogen. Overfire air is added to burn out combustibles. Reburning can
typically achieve about 60% NOy reduction in full scale applications. N-agent injection involves
the injection of an N-agent such as ammonia or urea into high temperature gases in the convective
pass of a boiler where is reduces NOy to elemental nitrogen. The commercial version of this
system is termed Selective Non-Catalytic Reduction (SNCR) and typically achieves 20-40%
NOy reduction in full scale applications.

EER's original configuration of AR (now termed AR-Lean) was developed prior to this project
and is currently being demonstrated at full scale. AR-Lean is expected to achieve NOy reduction
in the range of 75-85% in compatible boiler designs. This project is developing second generation
AR (SGAR) systems which increase the NOy reduction to over 95% and broaden applicability
to a wide range of boiler designs. This family of SGAR technologies includes various
combinations of the following elements:

. Injection of a reburning fuel to produce slightly fuel-rich conditions in the reburn zone
where a portion of the NOy reduction occurs.

. Injection of overfire at a lower temperature range than conventional reburning, typically
(1250-1420°K).

. N-agent injection at one or multiple locations: in the reburning zone, with overfire air, and
downstream of the overfire air injection to provide the remainder of the NOy reduction.

. Addition of water soluble promoter additives which enhance the effectiveness of the

N-agent NOy reduction.

By selecting various combinations of these elements, the SGAR systems can be tailored to site
specific boiler characteristics to achieve NOy control ranging from about 60% for reburning alone
to as high as 95% for the most complex SGAR system. These SGAR systems can meet the most
stringent NOy control requirements of Title 1 of the Clean Air Act Amendment at considerably
less cost than Selective Catalytic Reduction, the only commercial NOy control technology which
can achieve comparable NOy reduction. In addition, SGAR avoids the massive duct
modifications and catalyst replacement/disposal problems of SCR.

At the beginning of the project, EER proposed the development of three SGAR systems differing
in the way in which the N-agent injection is integrated with reburning:

. Promoted Advanced Reburning - Lean (AR-Lean) -- This is the original AR configuration
but with a promoter added to the N-agent. The N-agent and promoter are injected with
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the overfire air.

. Advanced Reburning - Rich (AR-Rich) -- Here, the N-agent is injected into the reburning
zone with or without a promoter. This provides increased flexibility in locating the
overfire air ports to match the boiler convective pass configuration.

. Multiple Injection Advanced Reburning (MIAR) -- This involves two stages of N- agent
injection with promoters: in the reburning zone and with the overfire air. NOx reduction

as high as 95% is achieved by three stages: reburning, rich injection of the N-agent and
lean injection o the N-agent.

During the project, the family of SGAR systems was expanded with three additional
configurations:

. AR-Lean + SNCR -- This is the integration of the AR-Lean with conventional SNCR
where the N-agent is injected downstream of the overfire air with a promoter.

. AR-Rich + SNCR -- This is the integration of AR-Rich with conventional SNCR where
the N-agent is injected downstream of the overfire air with a promoter.

. Reburning + Promoted SNCR -- This is basic reburning followed by the promoted SNCR
process.

This family of six SGAR configurations allows the NOy control system to be tailored to site
specific requirements. Also, components can be added in building block fashion to increase NOy
reduction as the NOy regulations become more stringent over time.

This project is being conducted in two phases: Phase I -- Development of a Design
Methodology, and Phase II -- Process Optimization and Scale-up.

Phase I consists of the following six tasks:

Task 1.1 Project Coordination and Reporting/Deliverables

Task 1.2 Kinetics of Na,CO3 Reactions with Flue Gas Components
Task 1.3 0.1 x 106 Btu/hr Optimization Studies

Task 1.4 1.0 x 106 Btu/hr Process Development Tests

Task 1.5 Mechanism Development and Modeling
Task 1.6 Design Methodology and Application

This report presents the results of Phase I which was conducted over a period of two years.
The objectives of Phase I were as follows:

1-2



1. Develop an understanding of the mechanisms through which promoter additives improve
N-agent effectiveness.

2. Develop a kinetic analytical model of the Promoted and Multiple Injection AR
technologies.
3. Optimize the SGAR processes using the analytical model and bench and pilot scale

experiments under controlled mixing conditions.
4. Upgrade EER's AR design methodology to include the second generation advances.

The following Phase I technical performance goals were established in the Project Management
Plan:

. NOy emissions from the 1.0 x 106 Btu coal fired Boiler Simulator Facility should be
controlled to less than the requirements for post-RACT NOy control in the Northeast
Ozone Transport Region for the year 2003.

. The total estimated cost of controlling NOy emissions based on the 1.0 x 106 Btu/yr coal
fired tests should be less than that currently projected for SCR NOy control systems.

. SGAR should not cause a significant reduction in boiler efficiency or significant adverse
environmental impacts compared to basic reburning and SNCR technologies.

All Phase I objectives and technical performance goals have been met or exceeded, and it was
demonstrated that AR technologies can achieve high efficiency and low cost NOy control.

Initial parametric screening tests were conducted in a bench scale facility, followed by pilot scale
developmental studies. Experimental work was paralleled by kinetic modeling which provided a
scientific understanding of the process, including the activity of N-agent promoters.
Simultaneously, an experimental study was conducted to define the high-temperature chemistry
of sodium carbonate under simulated flue gas conditions. The results were used for updating the
kinetic model. The modeling used experimental data to define key process parameters,
culminating in a design methodology for the eventual scale-up and implementation of the
technologies.

A kinetic study on thermal decomposition of Na,CO3 was conducted in Task 1.2 using a flow
system with Gas Chromatography (GC) and Mass-Spectrometry (MS) analysis of products. It
was found that significant decomposition of Na,CO3 occurs on a one second time scale at
temperatures between 900 and 1300 K. The main decomposition products were identified as
CO,, Na atoms, and NayO. The rate of Na,CO3; decomposition was measured as functions of
temperature, residence time, and initial Na,CO3 concentration. The decomposition of Na,COj3

1-3



from 900 to 1190 K was described kinetically in terms of two irreversible and one reversible
reactions: Na,CO; - Na,0+CO,; Na,0+CO, - Na,COj5; and Na,O+H,0<=>2NaOH.

In Task 1.3, 0.1 x 106 Btu/hr combustion tests were conducted with natural gas as main and
reburning fuel. The promoted AR-Lean process achieved about 86% NOy reduction at 10%
reburning fuel heat input and only 15 ppm Na,COs in flue gas. The promoted AR-Rich process
achieved 88% NOy reduction at 10% reburning fuel and 15 ppm Na;COj3. Thus, the presence of
Na,CO3 promotes the effect of both "lean" and "rich" N-agent injection. Several sodium
compounds (Nap;COj3, NaHCO3, and NaOH) were tested and achieved comparable promotion
effectiveness. In AR-Rich, NOy reduction was enhanced when the N-agent was injected into the
reburning zone with a delay time after injection of the reburning fuel. The MIAR process
achieved 90-91% NOy reduction in these bench scale tests and was expected to improve at larger
scales since the injectors adversely affected the temperature profile in these small scale tests.

Task 1.4 involved 1.0 x 106 Btu/hr tests in a Boiler Simulator Facility (BSF). Initial experiments
were performed with natural gas firing. In AR-Lean, injection of urea or ammonia with OFA
provided 45-82% NO reduction depending on the injection temperature. This was consistent
with previous EER research. Addition of 15 ppm of Na,CO3; promoter to the N-agent greatly
improved NOy reduction. Performance was about equal for ammonia and urea with maximum of
89-94%. In AR-Rich, similar NOy reduction was obtained for injection of ammonia and urea, 70-
77%. However, addition of 15-25 ppm Na,COs significantly improved NOy reduction, up to
94- 95%. Two N-agent injections (MIAR) demonstrated 78-82% NOy reduction without sodium
and up to 98% NOy reduction, with 15 ppm NayCOs3. This was the maximum NOy reduction
achieved by AR systems.

Experiments were also conducted with coal firing. The results showed that the AR technologies
can provide up to 95% NOy control for a high-sulfur coal-fired combustor. The NOy reduction
due to N-agent injection was higher, but the effect of sodium promotion was lower in comparison
with gas firing. Na;CO3; was found to promote performance only by 5-8 percentage points when
added at 75 ppm. Maximum NOy reductions achieved by the promoted AR technologies with
coal firing were 90% for AR-Lean, 93% for AR-Rich, and 95% for MIAR. Three other AR
modifications: AR-LeantPromoted SNCR, AR-Rich+Promoted SNCR, and
Reburning+Promoted SNCR, provided up to 95, 92, and 93% NOy reduction, respectively.

A separate study was then conducted to evaluate byproducts emissions from different AR
variants in comparison with basic reburning and SNCR. The following emissions were
characterized: NOy, CO, CO,, O,, SO,, N,O, total hydrocarbons, NH3, HCN, SOj3, fly ash mass
loading, size distribution, PM10, PM2.5, and carbon in ash. The results showed that in most
configurations AR technologies have less byproduct emissions than basic reburning and SNCR
processes under similar operating conditions.
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In Task 1.5, a reaction mechanism, including 355 reactions of 65 chemical species, was developed
to characterize the chemical processes of reburning and AR. The mechanism consists of
C-H-O-N submechanism (GRI-Mech-2.11, no variation of rate constants) and submechanisms
describing SNCR chemistry, and reactions of sodium, sulfur, and chlorine. Modeling was
performed using three kinetic programs: Chemkin-2, Senkin (developed by Sandia National
Laboratories) and EER's One Dimensional Flame code (ODF). Modeling was capable of
predicting major reaction trend, qualitatively describing AR processes, and, in some cases, was
close to quantitative process description. Modeling explained why the delayed ammonia
injection into the reburning zone is capable of reducing NO concentration and why certain
additives, such as oxygen and active radicals, can promote the NO-NHj3 interaction in the
reburning zone. Modeling also described the NO-NHj interaction in the burnout zone. A
sensitivity analysis was conducted which revealed the most significant elementary reactions
affecting formation and destruction of fuel-N compounds in the reburning zone under various
conditions. Modeling with different mixing times demonstrated the importance of delayed mixing
modes for efficient NOy reduction. Modeling explained the effect of sodium promoters under
both fuel-rich and fuel-lean conditions. Sodium reactions can affect NOy control by decreasing or
increasing the radical pool when it is needed. The radicals in turn can react with NH3 to form
NH, species which reduce NO to molecular nitrogen. The effect of promoters is most
pronounced in systems with long characteristic mixing times, as is typical in full-scale industrial
applications.

In Task 1.6, EER's reburning design methodology was expanded to SGAR and an economic and
market assessment was conducted. To demonstrate the applicability of the methodology, it was
applied to a typical 100 MW coal-fired utility boiler with tangentially firing burners, resulting in
development of conceptual designs for several second generation AR systems, and predictions of
their impacts on boiler NOy emissions and operating performance. Thermal performance models
were used to evaluate the impacts of implementing AR processes on the thermal performance of
the boiler. For implementation of AR-Lean, AR-Rich, or MIAR processes, the reburning fuel
would be injected into the lower furnace and the overfire air would be injected into the upper
furnace in a cavity between the first two tube banks of the convective pass. The overall boiler
efficiency for operation with an AR system is similar to that for operation with a basic gas
reburning system. The results of the analysis are specific to the boiler configuration evaluated and
should not be generalized to other boiler designs. The results of injection system analysis
indicate that good mixing of the process streams necessary to implement advanced reburning
(AR-Lean, AR-Rich, and MIAR) on the case study boiler can be achieved. Natural gas can be
injected from each wall in a pattern which achieves good distribution of the reburning fuel.
Overfire air injection into a cavity in the convective pass, needed for implementation of each of
the AR processes under consideration, can be achieved using high pressure wall jets. For the
AR-Lean and MIAR processes, these ports can also be used to inject the reagent. Injection of
reagent into the upper furnace, needed for the AR-Rich and MIAR processes, can be achieved
using a lance-based system. Full scale NOy reduction level is predicted to be above 90% and can
be additionally increased with the use of promoters.
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The original work scope for this task was based on applying the design methodology to a
hypothetical case study; however, it was hoped that an initial AR demonstration could be
developed in parallel with Phase I (outside the scope of this DOE project) to allow application to
a real unit and evaluation of some of the SGAR elements. EER was successful in developing an
initial AR demonstration project. In 1995 EER installed AR-Lean on a 105 MW tangentially
fired boiler. Initial AR testing was conducted in 1996 and will continue through 1998. This unit
was used as the basis for extending the design methodology. AR-Lean tests on the boiler showed
that stratification within the reburn zone could adversely affect the performance. Regions of
inadequate CO in the reburning zone reduced the N-agent NOy control and caused NHj slip.
While modifications were successful in reducing stratification, this experience shows the
importance of mixing and scale up, two factors to be evaluated in Phase II. In addition to these
AR-Lean tests, opportunity was taken to obtain preliminary larger scale data on several of the
SGAR components including N-agent injection into the reburning zone, N-agent injection
downstream of the reburning zone in an SNCR mode, and N-agent injection into the reburning
zone and with the overfire air.

An economic analysis was conducted comparing SGAR technologies using gas and coal as
reburning fuels with SCR for two representative Title 1 CAAA applications: a cyclone fired
boiler and a wall fired boiler equipped with low NOy burners. The analysis was based on the
EPRI Technology Assessment Guide (TAG) methodology which evaluates the total annual
levelized cost including capital and operating cost components ($/ton). The unit cost of NOy
control ($/ton) is also calculated. Depending on the specific application, SGAR offers total cost
reductions of 48 to 69% over SCR. The market for AR technologies is estimated to be above
$1.5 billion.

Additional work is needed in Phase II to move the technology to a demonstration stage. In
particular, the following steps are necessary to optimize and scale up the SGAR technologies:

. Identify alternative promoters based on the promotion mechanisms developed in Phase 1.

. Identify and test coal mineral compounds responsible for the increased NOy reduction in
AR-Rich and MIAR with coal firing (about 10% higher than for gas firing).

. Optimize mixing (reburn fuel, N-agents, OFA) via combined chemistry/mixing models.

. Optimize N-agent injection to maximize NOy reduction with negligible ammonia slip.

. Evaluate the effect of N-agent/promoter mixing times representative of full scale.

. Optimize SGAR with new promoters and mixing regimes at 1 x 106 Btu/hr scale.

. Scale up and confirm the design methodology via 10 x 106 Btu/hr Proof-of- Concept tests
and limited component tests during the ongoing boiler AR tests.

. Update the economic and market analysis to confirm the advantages of SGAR.

1-6



2.0 INTRODUCTION

This project develops a family of novel Advanced Reburning (AR) NOy control technologies, which

have the potential to achieve 95% NOy control in coal fired boilers at a significantly lower cost than

Selective Catalytic Reduction (SCR). AR systems integrate basic reburning and N-agent injection

(typically ammonia or urea). Specific features of the new AR systems in comparison with basic

reburning include:

. Low heat input of reburn fuel to provide slightly fuel-rich conditions in the

reburning zone.

. N-agent injection at one or two locations, including in the reburning zone, along

with overfire air, and/or downstream of the overfire air injection.

. Low temperature of overfire air injection (1250-1400 K).

. Injection of promoter additives which enhance the effectiveness of the N-agent.

Phase I consists of six tasks:

Task 1.1
Task 1.2
Task 1.3
Task 1.4
Task 1.5
Task 1.6

Project Coordination and Reporting/Deliverables

Kinetics of Na;CO3 Reactions with Flue Gas Components
0.1 x 106 Btu/hr Optimization Studies

1.0 x 106 Btu/hr Process Development Tests

Mechanism Development and Modeling

Design Methodology and Application

The project is currently in schedule, about 94% of the planned activities are completed, and all

project objectives and technical performance goals have been met or exceeded. The project work

under Tasks 1.2 and 1.6 is underway, however, these results will not change the main conclusions.
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Figure 2.1 summarizes the nomenclature for the various regions of the Second Generation Advanced
Reburning (SGAR) process. The region upstream of the reburning fuel injection is referred to as
the “primary zone” or the main combustion zone. The primary zone Stoichiometric Ratio (SR;)
was maintained at SRy=1.1 for all tests and the initial NO concentration in this zone is referred to
by a subscript “i”. The region between the reburning fuel and overfire air (OFA) injection is referred
to as the “reburning zone” or reburn zone and is maintained at stoichiometry SR;. The reburning
fuel is injected at a temperature of T;. An N-agent (A1) can be introduced into the reburn zone at T,
with a Nitrogen Stoichiometric molar Ratio NSR;=A/NO. The NO concentration for NSR
calculations is the local amount at the point of N-agent injection. All N-agents can be injected with
or without promoters. The rich side N-agent and promoter (Pr;) are injected with a t; delay time
after reburn fuel injection. Overfire air is injected at T3. OFA can serve as a carrier gas for
injecting an N-agent (Aj) and promoter Pry. A; is injected with NSR,=A,/NO. The downstream
region of OFA injection is referred to as the “burnout zone”. Stoichiometric ratio in this zone is
SR3. An N-agent (A3) can also be injected (with or without promoter Pr3) downstream of the OFA
injection location (t; delay time, NSR3=A3/NO) into the burnout zone under conditions of the

Selective Non-Catalytic Reduction process (SNCR).

Primary
Fuel air
y y
A
Fuel lean
SR1 Primary
NOi zone
Reburning T A\
fuel r i
Fuel rich
t1 SR2
N-Agent (A1)L ________ T2 _______ Reburning
Promoter (Prq) NSR1=A1/NO zone
Fuel rich
SRs3
Overfire air Ts \j
N-Agent (A,)A NSR2=A2/NO A
Promoter (Prz)
to Fuel lean
______ SR3 o Burnout
N-Agent (As) Zone
Promoter (Pr3) '

Figure 2.1 SGAR schematic - definitions.
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3.0 BACKGROUND

3.1 High Efficiency NO,_ Control under Title 1 of the CAAA

Title 1 of the Clean Air Act Amendment (CAAA) of 1990 requires NO, controls in ozone non-

attainment areas. The initial Title 1 regulations, implemented over the last few years, required

Reasonably Available Control Technologies (RACT). In most areas, the NO, levels for RACT
are based on Low NO, Burners (LNB) and are in the range of 0.4 to 0.5 Ib/ 10 Btu. As a result,
there has been little industry demand for higher efficiency and more expensive NO, controls such
as reburning, SNCR, and SCR. However, the current RACT requirements are not the end of NO,
regulations. Much more stringent NO, control will be required to bring many of the ozone non-

attainment areas into compliance, particularly in the Northeast. The post-RACT requirements

are based, to alarge extent, on SCR, the commercial technology with the highest NO, control

efficiency.

With SCR, NO, is reduced to N, by reactions with N-agents on the surface of a catalyst. The

SCR process effectively uses the N-agent. Injection at a NSR of 1.0 typically achieves about

80% NO, reduction (i.e., 80% N-agent utilization). SCR is fully commercial in Europe and Japan
and there are a few US installations. This is the reason for its extensive use as the basis of NO,

control requirements for post-RACT.

Since the post-RACT NO, control requirements are largely based on SCR, achieving the required
NO, levels with SCR is relatively easy. However, SCR is far from an ideal utility solution.

There are several important problems, and cost leads the list. SCR requires a catalyst in the flue
gas exhaust stream. This large catalyst, and its related installation and boiler modifications, are
expensive. As SCR technology has advanced over the last decade, the cost has decreased;

however, at present, the initial cost of an 80% NO, control SCR system for a coal fired boiler is
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still about a factor of four greater than that of LNB. Increasing the NO, control to 95%

approximately doubles the SCR system cost.

In addition, the SCR catalyst life is limited. Catalyst deactivation, through a number of
mechanisms, typically limits catalyst life to about 4 years for coal fired applications. SCR
catalysts are also toxic and, therefore, pose disposal problems. Since the catalyst is the major
cost element in the SCR system, catalyst replacement and disposal contributes heavily to the

total cost of NO, control.

Thus, there is a need for a high efficiency, low cost NO, control which utilities could apply to
meet post-RACT NO, control requirements without the problems of SCR discussed above.

Ideally, such a technology would meet the following requirements:

1. NO, control comparable or greater than SCR;

2. Low capital cost compared to SCR;
3. Total cost of NO, control ($/ton) low compared to SCR and ideally comparable to LNB;

4. Compatible with all types of coal fired units (wall, tangential and cyclone fired);

5. Minimal plant modifications and no requirement to re-route and treat the entire flue gas
stream;

6. No major components with limited life (such as the SCR catalyst);

7. No additional emissions of air toxics, criteria pollutants, or toxic solid or liquid waste
materials;

8. Ability to integrate with technologies for controlling other pollutants, such as SO,, air
toxics and with projected CO, control strategies;

9. Minimal impact on boiler efficiency and operations; and
10. Flexibility to achieve the required level of control with potential to readily implement

add-on controls to reach more stringent control levels if required.
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3.2 Limitations of Available NO, Control Technologies for Post-RACT Applications

The suitability of AR for post-RACT applications can best be appreciated by comparing it with

the currently available NO, control technologies. Table 3.1 shows the typical performance for a
range of conventional NO_ controls applied to a pulverized coal fired boiler with baseline
emissions of 1.0 1b/10° Btu. Both the applicability of specific NO, controls and their

performance depend heavily on site specific factors. While the values in the table are generally

representative of state of the art performance, each installation will be different.

Table 3.1. Performance of NOy control technologies.

Technology Nominal Performance
For Baseline NO, 1.0 1b/10° Btu
NO, Reduction (%) NO,, Emission (1b/106

Btu)
Low NO, Burners 30-50 0.5-0.7
Low NO, Burners + Overfire Air 50-60 0.4-0.5
Reburning 50-70 0.3-0.5
Selective Non-Catalytic Reduction 40-70 0.3-0.6

(SNCR)
Selective Catalytic Reduction (SCR) 80 0.2

AR systems (projected) 80-95 0.05-0.2

Low NO, burners and overfire air (OFA) provide only modest NO, control. However, their

capital costs are low and, since no reagents are required, their operating costs are near zero. This

has made them the technologies of choice for the modest NO, control required under Title 4 and
the initial RACT under Title 1 of the CAAA. However, alone, they cannot approach the NO,

control required for post-RACT or the 90-95% NO, control goal of the near future.

For deeper NO, control, reburning, SNCR or SCR can be added to low NO, burners and OFA, or
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installed as stand alone systems. Reburning controls NO, via fuel staging. The main portion of

the fuel is fired through the conventional burners with a small portion of the fuel injected into the

furnace above the burners. The result is a fuel rich "reburning zone" where NO, is reduced by

reactions with active radicals formed during interaction of the reburn fuel and oxygen from the

main combustion zone. Reburning, alone, can achieve only 50-70% NO, control and, hence, may

not be a candidate for most post-RACT applications.

The reaction of N-agents with NO, can proceed without a catalyst at high temperatures. This is

the SNCR process. It is effective over a narrow "temperature window" centered about 1250 K

where the N-agent forms NH, radicals which react with NO. The NH, radicals are formed from

the N-agent via interaction with radicals, e.g.

NH,+ OH - NH,+ H,0 and NH;+H - NH,+ H,

The NH, species can reduce NO to molecular nitrogen

NH, +NO - N,+H,0

Under ideal laboratory conditions, deep NO, control can be achieved; however, in practical, full

scale installations, the non-uniformity of the temperature profile, difficulties of mixing the
N-agent across the full boiler cross section, limited residence time for reactions, and ammonia
slip, limit SNCR's effectiveness to about 40%. For typical SNCR conditions with a NSR of 1.5
and 40% NO, control, the N-agent utilization is only 27%. Thus, while SNCR does not require a

catalyst, and, therefore, has a low capital cost compared to SCR, it requires about four times as

much N-agent resulting in higher operating costs.

In summary, the NO, control technologies listed above all have limitations which may prevent
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them from successfully achieving cost effective post-RACT compliance.

3.3 Advanced Reburning

The conventional AR process is an EER patented (Seeker et al., 1992) synergetic integration of
basic reburning and N-agent injection. In this process, an N-agent is injected along with the OFA

and the reburning system is adjusted to optimize the NO, reduction due to the N-agent. By

adjusting the reburning fuel injection rate to achieve near stoichiometric conditions (instead of the
fuel rich conditions normally used for reburning), the CO level is controlled and the temperature

window for selective NO, reduction is broadened and deepened. The reburning fuel is reduced

from about 20 to about 10% which has considerable economic benefits (the incremental cost of
gas for gas reburning and the cost of the coal pulverization equipment for coal reburning). With

AR, the NO, control due to reburning is somewhat reduced, however, this reduction is offset by

the significant enhancement of the N-agent NO, control.

The AR process was developed by EER as part of a DOE program (Chen et al., 1989) focusing
on the optimization of basic reburning. Tests were conducted over a range of scales (up to 10 x

10° Btu/hr) and achieved above 80% NO, control. An AR design methodology was developed by

extending EER's reburning design methodology. Conventional AR is now being demonstrated at

the NYSEG 105 MW Greenidge Station.

3.4 Second Generation Advanced Reburning (SGAR)

Improved versions of the conventional AR process are under development at EER since 1993.
They were first predicted by kinetic modeling and then confirmed by 300 kW combustion tests
via EER in-house R&D funds. The SGAR systems have the potential to achieve 95% NO,

control on all types of coal fired boilers without massive hardware changes, without increasing air

toxic and toxic waste problems, and at a cost for NO, control on the order of half that of SCR.
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These systems will provide flexible installations that allow NO, levels to be lowered as new

elements of the technology become available. The SGAR systems incorporate several

improvements over conventional AR, such as:

» N-agent injection into the reburning zone;
* Promoter additives which enhance the effectiveness of the N-agent; and

* Injection of N-agents with or without promoters at two locations.

Sodium salts, in particular sodium carbonate (Na,CO,) were identified as effective AR
promoters. By integrating these improvements with conventional AR, NO, control can be
increased to 90-95% for cyclone units and even higher for pulverized coal fired units (wall and
tangentially fired) where AR can be further integrated with low NO, burners and overfire air.

This family of AR technologies is intended for post-RACT applications in ozone non-attainment

areas where NO, control in excess of 80% is required.

Three SGAR systems were originally proposed to DOE under the 1994 PRDA solicitation.
They include:

* Promoted Advanced Reburning - Lean (AR-Lean) - conventional AR (N-agent injected
with the OFA) which can be used with a promoter added to the agent.

* Advanced Reburning - Rich (AR-Rich) - N-agent injection with or without a promoter
into the reburning zone.

» Multiple Injection Advanced Reburning (MIAR) - N-agents with promoters injected in

two locations: within the reburning zone and with the OFA.
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4.0 PHASE I PROGRAM OBJECTIVES

The overall objective of Phase I was to demonstrate the effectiveness of the SGAR technologies at
bench and pilot scale over a sufficiently broad range of conditions to provide all of the information
needed for process optimization and scale up. The Phase I program is conducted over a two year

period. Specific program objectives were as follows:

1. Develop an understanding of the mechanisms through which promoter additives improve

N-agent effectiveness;

2. Develop a kinetic analytical model of the Promoted and Multiple Injection AR technolo-

gies;
3. Optimize the SGAR processes using the analytical model and bench and pilot scale
experiments under controlled mixing conditions; and

4. Upgrade EER’s AR design methodology to include the second generation advances.

Phase I project determines the ability of the SGAR technologies to meet the following technical

performance goals:

* NO_emissions from the 1 x 18tu/hr coal fired Boiler Simulator Facility controlled to
less than the requirements for post-RACT NGntrol in the NESCAUM area for the
year 2003;

 Total estimated cost of controlling N®missions based on the 1 X Bdu/hr coal fired
tests less than that currently projected for SCR diftrol systems; and

* No significant reduction in boiler efficiency or significant adverse environmental impacts

when compared to current reburning and SNCR technologies.

Figure 4.1 shows the task structure and the major milestones for the program. Task 1.1, Project
Coordination and Reporting/Deliverables, coordinates the efforts of the Key Personnel involved
with the project so that the objectives of this project are met: on time, on specification, and on
budget. Phase I experimental work started from parametric screening tests at a bench scale facility
(Task 1.3), followed by pilot scale developmental studies (Task 1.4). The Phase I program utilized
two EER test facilities providing nominal thermal capacities of 0.1 and 1 x 106 Btu/hr. The
experimental work was paralleled by kinetic modeling (Task 1.5) which provided a scientific
understanding of the process, including the activity of N-agent promoters. A detailed reaction
mechanism of the SGAR processes was developed based on available combustion chemistry data.

Simultaneously, an experimental study (Task 1.2) was conducted at the University of Texas to

4-1



define high-temperature chemistry of sodium carbonate under simulated flue gas conditions. The
results were used for updating the kinetic model. The modeling used experimental data to define
key process parameters, culminating in upgrading EER’s existing design methodology for

conventional AR to include the second generation improvements (Task 1.6).

Project Initiation: 10/01/95
Detailed Work Plan
Kick-off Meeting at FETC, 12/95

Sodium Kinetics
Task 1.2

Optimization Tests
Task 1.3

Kinetic Modeling
Task 1.5

i i i Development Tests
Project Review Meeting Task 1.4
at FETC, 7/96 -

Design/Applications

Task 1.6
Project Review Meeting
at FETC, 7/97
7131197 9/30/97
7131197
Phase II Ei':';tl Apl'__"irn°a"led
Proposal Report Report

Figure 4.1. Phase I task structure and major milestones.
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5.0 KINETICS OF Na,CO; REACTIONS WITH FLUE GAS

5.1 Literature Review

Although salts of alkali metals have long been used as flame inhibitors (Mitani and Nioka, 1984;
Jensen and Jones, 1982), the chemical mechanism of their decomposition at high temperatures is

not well known. On the other hand, decomposition of sodium bicarbonate NaHCO,, (Wu and
Shih, 1993; Heda et al., 1995) sodium carbonate perhydrate Na,CO,1.5H,0, (Galwey and
Hood, 1979) and double salts which occur in the Na,CO,NaHCO;H,O system (Ball et al.,

1992) at low temperatures has been studied intensively, primarily because thermal

decomposition of these salts can produce a highly porous Na,CO, product which can be used for
SO, removal from waste gases. It was found that decomposition of these salts starts at around

350 K; by 500 K they are practically completely converted into Na,CO, and H,O

NaHCO, - 0.5Na,CO; + 0.5CO, + 0.5H,0 (5.1)
Na,CO0;1.5H,0, - Na,CO, + 1.5H,0 + 0.750, (5.2)
6(Na,CO,NaHCO,2H,0) - 9Na,CO, + 3CO, + 15H,0 (5.3)

Decomposition of Na,CO, thus determines rate of decomposition of other salts of Na and

carbonic acid at still higher temperatures, and very little is known about the decomposition

mechanism of Na,CO,. It was found that the time scale for flame inhibition by Na,CO, is about

10 ms at 1200 K and 0.5 ms at 1800 K, which is thought to correspond to the decomposition
time of Na,CO,. (Mitani and Nioka, 1984) The inhibiting effect of salts on flame was attributed

(Jensen and Jones, 1982) to catalytic removal of H atoms and OH radicals in the chain

NaOH +H - Na+H,0 (5.4)
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Na+OH+M - NaOH + M (5.5)

While Na atoms in flames have been studied for years, (Carabetta and Kaskan, 1968; Hynes et
al., 1984; Srinivasachar et al., 1990; Schofield and Steinberg, 1992) their reaction mechanisms are
not well understood, and the rate coefficients of some important reactions are not known.

Apparently Na, NaO, NaO,, and NaOH are coupled to one another in flames by fast reactions

which rapidly interconvert one species to another as conditions vary. (Hynes et al., 1984;

Schofield and Steinberg, 1992) Analysis of Na influences on H,-O,-N, flames led to the

conclusion that the Na chemistry is largely controlled by

Na + H,0 - NaOH + H (5.6)
Na+O,+M - NaO, + M (5.7
NaO, + H - NaO + OH (5.8)
NaOH + OH - NaO + H,O (5.9)

At temperatures above 2300 K the main channel for Na disappearance is reaction (5.6). As

temperature decreases, however, the importance of NaO, increases and the predominant

depletion of sodium is via reaction (5.7). Kaskan (1971) concluded that reaction (5.7) is the

dominant Na oxidation process in lean H,—O,~N, flames at temperatures from 1400 to 1700 K.
Other observations also support NaO, as an important intermediate species at temperatures

below 1900 K. (McEwan and Phillips, 1966) However, contradictory values of the rate
coefficient for the reaction (5.7) have been reported. (Kaskan, 1971; McEwan and Phillips, 1966;
Husain and Plane, 1982)

Ho et al. (1993) and Chen et al. (1993) considered the feasibility of using sodium (a

representative alkali metal) salts to control N,O emissions from combustion sources. Perry and

Miller (1996) investigated this process by dynamic modeling and concluded that the key reaction
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Na +N,O - NaO + N, (5.10)

where sodium atoms are produced by the reverse of reaction (5.6). This explanation, however, is

not the only possible one. The same effect of N,O removal could be explained by the reaction

N,O0+OH - N, + HO 5.11
2 2 2

since sodium hydroxide additive enhances production of active species like OH (reaction (5.5))

already present in exhaust gases.

The literature review thus shows that practically no information is available about the rate of

Na,CO, decomposition at high temperatures. The active species formed during decomposition
are not well defined either, and as a result the mechanism of Na,CO, influences on high

temperature chemistry is essentially unknown.
5.2 Thermodynamics of Sodium in Combustion Flue Gas
5.2.1 The Solid to Gas-Phase Transition
Sodium carbonate melts at 1120 K and is relatively stable at still more elevated
temperatures—according to a textbook of inorganic chemistry (Bailar et al. 1973) it does not

decompose until 1220 K. Thermodynamic calculations based on the EER thermochemical data

base show that ArG" for the reaction

Na,CO; « Na,O + CO, (5.12)
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changes sign from positive to negative in the temperature range 2400-2500 K (Figure 5.2.1),
making reaction (5.12) “spontaneous’ only at temperatures above 2400 K. Since the most

common way to supply Na,CO, is as an aqueous solution, one also has to consider the

spontaneity of

Na,CO, + H,0 « 2NaOH + CO, (5.13)

Figure 5.2.1 shows that reaction (5.13) becomes spontaneous (in the sense that P, is greater
than Py, ) at temperatures above 2000 K. Thermodynamic calculations thus show that reactions

(5.12) and (5.13) for all species in their standard states are not spontaneous at temperatures
normally achieved in the flow system, i.e., less than 1400 K. This statement does not mean,

however, that at low Na,CO, concentrations significant conversion of Na,CO; to products can
not be achieved. The equilibrium partial pressure of CO, in reaction (5.12) over the surface of
liquid or solid Na,COj, calculated using values of ArG° from Figure 5.2.1 is equal to 0.01 Torr at
1400 K. The statement “reaction (5.12) is not spontaneous at 1400 K” means that Na,CO,
decomposes at that temperature only until the partial pressure of CO, reaches 0.01 Torr. Thus if
the amount of Na,CO, is very small, all of it might decompose and the partial pressure of CO,
still be less than 0.01 Torr. Figure 5.2.2 illustrates this idea by showing how Na,CO; to CO,

conversion (based on equation (5.13)) at chemical and phase equilibrium at a total pressure of 1

atmosphere depends on temperature at initial Na,CO, concentrations of 100, 300 and 500 ppm,

typical concentrations used in our flow system experiments and proposed for pollution control

in flue gas. The assumed amount of H,O in the mixture is 20%, the rest is N,. Conversion in
Figure 5.2.2 is defined as the concentration ratio [CO,]/[Na,CO,],, where [Na,CO,], is the

initial concentration of sodium carbonate. The calculations were performed using the EER
thermochemistry data base and the NASA program CETS89 (Feitelberg, 1994), which calculates
chemical equilibrium compositions taking into account both gaseous and condensed-phase

reactants and products. It is clear from Figure 5.2.2 that significant decomposition of Na,CO,
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occurs in the temperature range from 1000 to 1500 K even though reaction (5.12) is not
spontaneous at these temperatures in the ordinary thermochemical sense. The dependence of

conversion on the initial amount of Na,CO, is evident—as the initial concentration decreases,

fractional conversion of Na,CO, to CO, is more complete.

120 |

100 |
E
= 80}
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\
\
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Figure 5.2.1. Dependence of A,G" (EER thermochemistry) for Na,CO; « Na,O + CO, (solid)

and Na,CO;3 + H,O « 2NaOH + CO, (dashed) on temperature. The break in the dashed line
corresponds to the melting temperature of NaOH.
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Figure 5.2.2. Dependence of Nay,COj3 to CO, conversion according to equation (5.13). Solid line
corresponds to an initial Na,CO3 concentration of 500 ppm in the gas phase, the dashed line to
300 ppm, and the dotted line to 100 ppm.

These simple one-reaction calculations for conditions typical of the experiments thus confirm

that significant fractional decomposition of Na,COj; in the presence of water is thermochemically

favored beginning at temperatures slightly above 1000 K.

Our flow system experiments, however, show significant Na,CO, decomposition also at

temperatures below 1000 K. Figure 5.2.3 shows a comparison between calculated equilibrium
conversions and those derived from experimental profiles at long residence times. It indicates that

at the conditions of our experiments the Na,CO, decomposition reaction is not equilibrated as

predicted by the thermochemistry used. Because we felt that the thermochemical model was

uncertain, particularly for its gas-phase Na,CO, component, and could not explain the

experimental decomposition profile, and because reaction (5.13) oversimplifies a complex process

that involves many chemical reactions, we composed a dynamic model to fit the data. For the
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conditions of our experiments Na,CO, decomposition can be described as consisting of two

opposed irreversible steps

Na,CO; + H,0 - 2NaOH + CO, (5.14)

2NaOH + CO, - Na,CO, + H,0 (5.15)

occurring in the directions indicated. An alternative model of Na,CO, decomposition is

Na,CO; « Na,O + CO, (5.12)

that can also proceed in irreversible steps

Na,CO; - Na,0 + CO, (5.16)

Na,O + CO, - Na,CO, (5.17)

which in presence of water can be followed by NaOH formation

Na,0 + H,0 - 2 NaOH (5.18)

making the ultimate effect of model (5.12) identical to model (5.13).
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Figure. 5.2.3. Comparison between experimental and calculated (Feitelberg, 1994) equilibrium
conversions of Na,CO3 to CO,. The initial concentration of Na,CO3 was 300 ppm.

5.2.2 Available Thermodynamic Data on Sodium in the Gas-Phase

The documented gas-phase thermochemistry of sodium compounds is sparse. The 1985 JANAF
table provides for non-halogen neutral compounds the information shown in Table 5.2.1. The
tabulated enthalpy of formation values for 1500 K can be combined with the 1500 K values for
the radicals H, O, OH and CN and the stable molecules HCN, H,, H,O and H,SO, to derive the
bond strengths of the sodium bonds in these molecules and the enthalpy changes of reaction for
the key atom exchange reactions that establish the equilibrium composition of high temperature

systems containing sodium. The JANAF values for these species at 1500 K are summarized in

Table 5.2.2.
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Table 5.2.1. JANAF standard enthalpies of formation at 298 and 1500 K.

Species
Aszgg AsH{ 500 Error Source
(kJ) (kJ) @ 298 K

Na 107.3 0 + 0.7 | Vapor pressure data at 298 K;
reference state above 1170.5 K.

Na, 142.07 -75.2 + 1.2 | Spectroscopic bond dissociation
energy value.

NaO 83.68 -23.7 + 41.8 | Estimated bond dissociation energy
from ker.D°= constant and
spectroscopic D° for LiO.

Na,SO, —1033.6 —1294.5 + 25.1 | Thermo of solid and average of
various vapor measurements.

NaH 124.26 15.6 + 19.2 | Spectroscopic measurement of D°.

NaOH -197.76 -303.7 + 12.6 | Complex but secure
thermochemical cycles

(NaOH), —607.5 —822.5 + 25.1 | Mass-spectrometric study of
vapor-phase dissociation equilibria

NaCN 94.27 -12.8 + 2.1 | Vapor pressure and composition
measurements, thermo of crystal

(NaCN), -8.8 -213.2 + 13 ] 1200 K vapor composition.
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Table 5.2.2. JANAF standard enthalpies of formation at 298 and 1500 K.

Species AH 500 (KJ) Species AH 500 (KJ)
224.8 H, 0
254.2 H,O -250.3
OH 124.8 H,SO, —788.8
CN 259.7 HCN 132.1

The dissociation reactions breaking off the Na atom can then be compared with one another and

with the corresponding reactions for breaking off a hydrogen atom at 1500 K as shown in Table

5.2.3.

Table 5.2.3. Thermochemistry for breaking Na—X bonds at 1500 K.

Reaction AHys500 AHy500 Difference

(k) | (k) for Na = 1 | Petveen Hand

Na, —» Na + Na 75.2

NaH - Na+H 208.2 449.6 2414

NaCN - Na+CN 272.5 352.4 79.9

NaO - Na+O 277.9 354.2 75.3

NaOH - Na+ OH 428.5 599.9 171.4

NaOH - NaO +H 504.8 599.9 95.1

The sense of the results is not surprizing: The strength of the Na—X bond increases with
increasing electronegativity difference between Na and X, and Na bonds to other atoms and
radicals less strongly than does H. The numerical comparisons shown in the fourth column are
disappointing, however, in that there is neither consistency nor an understandable trend in the

comparison to be seen in the compounds for which there is data to analyze this way.
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Another way to compare sodium bonding with hydrogen bonding is through an isodesmic
reaction series, in which sodium trades partners with hydrogen in a reaction that conserves the
number and type of chemical bonds. The following linearly independent reactions illustrate the

results of this alternative analysis style for HCN as the trading partner.

NaOH + HCN - NaCN +H,0 —91.5k]
NaO + HCN — NaCN + OH 3.6k
Na,SO, +2 HCN — 2NaCN+H,S0, 100.7 kJ

In all three cases an Na atom (2 of them in the third reaction) trades bonding to an O for bonding
to CN. The trade is exothermic if the O is a hydroxyl O atom, essentially thermoneutral for a lone

O atom, and endothermic for a sulfate O atom.

Two conclusions emerge from the foregoing overview of gas-phase sodium thermochemistry.

The first is an assessment of the available high temperature thermochemical data base: It is too
small, and has too-large error bounds, to permit reliable estimation of the energetics of other
sodium-containing species by an analog of the group additivity methods that have proved to be
successful in correlating the thermochemistry of gas-phase molecules (Cohen, 1996) and radicals
(Lay et al., 1995). Neither the bond dissociation energies nor the isodesmic reaction series that

can be constructed from the available information suffice for extrapolation purposes.

The second is that while sodium bonding is characteristically weaker than bonding of its Group I
fellow hydrogen in all gas phase species, this bonding is not so weak that only the most stable
sodium species need be considered for modeling purposes. As example, formation of the O—H
bond in NaOH provides 505 kJ/mol, implying that NaO is readily able to abstract H atoms from
most of the H-containing species present in flue gas. It is thus necessary to estimate

thermochemical and kinetic parameters for many more sodium-containing species than the

5-11



JANAF set if one is to hope for adequate dynamic modeling of sodium chemistry under flue gas

conditions.

Mention should be made of two other gas phase sodium species that have been discussed. The

first is the sodium analog of water, Na,O, for which thermochemical data have been generated

based on the experiments of Hildenbrand and Murad (1970). As shown below, the binding of the
second Na atom is sufficiently weak that very small amounts of it are formed at low total sodium

concentrations. The second species is the superoxide NaO,, which has been invoked to explain

Na concentration measurements in flames, Knudsen cells and flow reactors. The thermochemical
inferences show disappointingly large scatter, i.e., dissociation energy values in kJ/mol of <115,
>145, 163+ 21, <184, <195, >202, 234+13, 230+5, and 243 +21. (Marshall et al., 1990 and
references cited therein.) Theoretical values of 150, 151, 156, 185, 196 and 199 kJ/mol have been
reported for various levels of theory (Partridge et al., 1992 and references cited therein). The

experimental and theoretical values are consistently large enough to demonstrate that NaO, has to

be considered as an intermediate in high-temperature sodium chemistry, but its thermochemistry

is clearly as much or more a problem as that of NaO.

Taking the available thermochemical data all together permits one to generate more complete
overviews of the species expected to be present at chemical equilibrium than is seen in the

foregoing more narrowly targeted discussion. Leaving out the uncertain NaO, and solving the

equilibrium at 1 atm pressure over the temperature range of interest here provides the overviews
shown below. Figure 5.2.4 shows an equilibrium composition chart for the conditions of our

laboratory experiments, in which the only source of CO, was the small addition of Na,CO;, and

Figure 5.2.5 shows the corresponding distribution for conditions that can be encountered at flue

gas compositions, when there is an exogenous source of CO, corresponding to an equivalence

ratio of 1 for a fuel containing equimolar amounts of C and H.
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Figure 5.2.4. Equilibrium distribution of sodium-containing species at 1 atm pressure in 80% N»,
20% H»0 and 300 ppm Na;COs3. The only condensed phase stable for these conditions is solid
Na,;COj3 below 1100 K.
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Figure 5.2.5. Equilibrium distribution of sodium-containing species at 1 atm pressure in a
flue-gas-like mixture with 300 ppm of added Na,COs3. The assumed fuel had C:H and equivalence
ratios of 1. The high concentration of CO, forces the condensed phase to be solid or liquid
sodium carbonate rather than the intrinsically more stable hydroxide. Aside from this difference
the composition is quite similar to that of the CO,-free case, especially at higher temperatures.
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Based upon the JANAF species and NaO,, one can start to model flue gas conditions to examine

the basic flow of sodium chemistry. Such models have been composed for example by Plane
(1991) and Schofield and Steinberg (1992). In these mechanisms additional species are advanced,

with provision of estimated, if any, thermochemical data. The additional species include NaOs,,
NaHCO,, and NaCOj in the Plane (1991) model, designed to describe sodium chemistry in the
mesosphere, and NaS, NaSH, NaS,, NaOS and NaSO, in the Schofield and Steinberg (1992)

model, designed to describe sodium-sulfur interactions in flames; the latter authors describe
structural and thermochemical estimation procedures in detail. Calculations using the Chemkin

program and these reactions are in progress.

It is clear that the JANAF species and NaO, do not suffice to give a complete picture of the

interactions of sodium species with the advanced reburning process. The strength of sodium
bonds to other prominent radicals (as we have calculated, but not reported here) at the
6-31G(d)++/MP2 level with isodesmic series) is sufficient to enable many such species to
interact with not only the common flame radicals but also with the ones that are specific to the
AR chemistry, such as the NH; species. Translating our molecular electronic structure results for
these species into temperature-dependent thermodynamics for these species is in progress. We
assume that the results of simulations that include these species will support the basic conclusion
of our Phase I research—that the sodium enhancement effect arises from general increased radical
availability—but until the main candidate sodium species relevant to the advanced reburning
environment are tested in simulations, as Plane and coworkers did for the atmospheric case and

Schofield and coworkers did for the sulfur-interactions, this conclusion must remain tentative.

5.3 Experimental Methods

Most of our experiments on Na,CO, decomposition were done in a flow system over the
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temperature range from 900 to 1300 K. These experiments provided information about the rate of

Na,CO; decomposition and reactions of Na,CO; with components of flue gas. In place of our

early intention to identify gas-phase species by shock tube experiments, we decided to substitute
mass spectrometric ones in order to get a broader range of information about the product

distribution resulting from high temperature Na,CO, decomposition.

The following sections give descriptions of the experimental apparatus used in our work.

5.3.1 Flow System

The flow system used for our experiments is shown in Figure 5.3.1. Our efforts began with the
construction of the flow and gas handling systems for our gas chromatograph (GC). The gas
handling system was made with a combination of glass and metal components so as to enable
both high and low pressure operation. A new reactor for the flow system was constructed that
took advantage of an ultrasonic atomizing nozzle system supplied by EER, which provided a

reliable way to spray aqueous Na,CO, solution with salt concentrations up to 15% by weight.

The reactor was initially horizontal and later rearranged in a vertical orientation to suppress

deposition of Na,CO; on the walls. The second design also included preheating the carrier gas to

temperatures in the range 300400 ‘C and use of a ceramic adapter between the nozzle system
and the reactor. The adapter allowed mixing hot carrier gas with the spray from the nozzle
without overheating the nozzle itself. (The specified working temperature range of the nozzle is
up to 200 ‘C). The original GC columns were replaced with new ones packed with molecular

sieve and HAYESEP Q to enable measurements of CO, and surrogate components of flue gas.
The sensitivity of the GC to CO, was enhanced by use of high-sensitivity thermal conductivity

filaments and by prolonged pretreatment of the columns at 200 ‘C. These modifications resulted

in a sensitivity level of 50 ppm of CO, and permitted us to work with the flow system at

Na,CO;, levels close to those used by EER in their field experiments.
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Preliminary experiments showed that temperature measurements taken inside of the reactor were
significantly different from measurements taken in the furnace area that originally were used for
temperature determinations. To enable correct temperature measurements, the construction of
the flow reactor was changed to enable a thermocouple to be inserted directly into the gas flow.
Measurements showed that by adjusting the current through each of three segments of the
furnace a uniform temperature distribution inside of the reactor can be created with temperature

variations within +10 degrees.

Nitrogen Additive Sodium carbonate
solution
Flowmeters Gas preheat
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Cadlibration mixtures
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cGyalliSn der |:| Pump aceton and ice Vent

Figure 5.3.1 Flow system diagram.

Two drying systems were installed to dry gas after passing through the reactor. The first system
was used to separate most of the water so as to prevent condensation in communication lines.

The second system used acetone and dry ice to dry gas before taking a sample for GC analysis.
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The second system protected the sensitive GC columns from being destroyed by the basic

solution formed from Na,CO; decomposition.

5.3.2 Mass Spectrometric Analysis

The products of Na,CO, thermal decomposition were identified using a Finnigan MAT TSQ 70

mass spectrometer in thermal, electron bombardment and chemical ionization modes. Small

amounts of aqueous Na,COj; solution were heated on a Nichrome wire until the water evaporated
and the solid or liquid Na,CO, started to decompose. In electron ionization mode, used in most

experiments, the gas phase was bombarded at electron ionization (EI) energies of 70, 25, 12 volts.
In chemical ionization mode (CI), the gas pressure in the ion source was increased to typically
1073 mbar of CH 4> the dominant initial CH 4+ ions collide with molecules M and transfer a proton
to give MH™ ions with little excess initial energy and therefore little tendency to fragment. Thus,
whereas the EI spectra contained peaks corresponding to both molecular and fragment ions, the
CI spectra were simpler, mostly having predominantly parent ion peaks. Both EI and CI modes
were used in our experiments. In auxiliary experiments the Nichrome wire was replaced by
lower-melting metals in order to identify, by the melting temperature, the effective temperatures

where changes in the ion patterns appeared.

5.4 Rate of Sodium Carbonate Decomposition

5.4.1 Sodium Carbonate Decomposition in Nitrogen

Experiments on Na,CO, decomposition were done in quartz and stainless steel reactors. It was

found that reactors made from different materials produced similar results. It is known, however,

that sodium carbonate reacts with silicon oxide, the main component of quartz, to form silicates

Na,CO, + Si0, - Na,SiO, + CO, (5.19)
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Reaction (5.19) becomes spontaneous in the temperature range 500—-600 K (Chase et al., 1985).
That reaction (5.19) does occur for the conditions of our experiments is supported by the

observation that after passing Na,CO,-containing test gas through the quartz reactor for 18 to 20

hours the surface of the reactor roughened, and after running for still longer times the reactor was

virtually destroyed. The observed rate of Na,CO, decomposition was the same in a fresh reactor
and in a reactor with surface exposed to Na,CO, for several hours, which suggests that reaction
(5.19) does not contribute significantly to CO, production on the time scale of our experiments.

This observation is supported by a study of reaction (5.19) undertaken by Terai et al. (1968).
Using thermogravimetry, x-ray diffraction, and radioactive tracing they studied the sodium
carbonate-silica reaction in the temperature range from 1000 to 1100 K and reported that the

reaction is not controlled by diffusion of Na in silica. The diffusion coefficient calculated from the
penetration rate of Na into fused silica was determined to be D = 5.0x10~!! cm?/s. This value of

D actually shows how fast the reaction between sodium carbonate and silica is and can be used to
estimate the rate of reaction (5.19), which then can be compared with rate of the reaction in the

gas phase as follows. Since the gas volume in the reactor is ¥ = 100 cm3 and typical

concentrations of CO, were about 1x10~7 mol/cm?3, the total amount of CO, produced is 1x1073

mol per second. For a reactor with diameter 2.5 cm, length 40 cm and wall thickness 0.1 cm the

total amount of silica in the reactor is 0.5 mol. From this data, the time required to produce

1x107> mol of CO, in reaction (5.19) can be computed and compared with typical residence time
0.5 second. Production of 1x10 mol of CO, results in consumption of 1x1073/0.5 = 2x107>

volume of silica. For our reactor it gives penetration distance / = 0.1x (2x107°) = 2x1076 cm.

Values of / and diffusion coefficient D give a simple estimation of reaction time ¢ in the solid

phase through the Einstein equation

t=12/D (5.4.1)
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Using / = 2x107° cm and the value of D measured by Terai et al. (1968), formula (5.4.1) gives ¢ =

8 s, much larger than the 0.5 s characteristic times of our experiments.

An alternate line of reasoning leading to the same result is this. The entire reactor contains about
0.5 mol of silica; as the observed production rate of CO, is about 10~ mol/s, the entire reactor

would be lost to form sodium silicate in only 5x10% seconds (14 hours) if all of the CO, would

originate in heterogeneous reaction (5.19) to form sodium silicate. Our observations show
however that the lifetime of the quartz reactor is at least 30 hours. Thus reaction (5.19) does not

contribute significantly to CO, production on the time scale of our experiments.

Experimental study of Na,CO, decomposition at temperatures from 900 to 1300 K and pressure

1 atm was done in the flow system. Details of the experimental procedure are given below. An

aqueous solution of Na,CO, was sprayed into preheated flow of N,; the mixture then passed

through the quartz reactor and cooled. Sample taken from exhaust gases passed through additional

cooling system to get rid of water traces and then analyzed by GC. The flow rate of N, and the

rate of solution consumption were measured and used to calculate the residence time of the

mixture in the reactor. These calculations were done assuming ideal behavior of N, and H,O
vapor formed upon evaporation of water in the reactor. Initial concentrations of Na,COj; in the

mixture were varied in the range from 300 to 1000 ppm. Since both reactions (5.12) and (5.13)

give stoichiometric ratio CO,/Na,CO, = 1, this ratio can be used to determine degree of Na,CO,
decomposition. Concentrations of CO, measured in samples taken from the outlet of the reactor
were used to compute the degree of Na,CO, decomposition (Figure 5.4.1). Experiments in the
flow system show that at temperatures above 900 K significant amounts of CO, are formed. The

scatter of the data is significant, especially at short residence times, probably due to
insufficiently controlled mixing. At residence times longer that 0.1 s a distinct temperature

influence on CO, production can be observed. At temperatures around 900 K the maximum

conversion of Na,CO, to products is about 0.5 even at the longest residence times. As
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temperature increases the reaction becomes faster and at 1190 K it takes only about 0.12 s for

complete decomposition of Na,CO,. The observations show a rate of reaction proportional to
[Na2C03]1'5, indicating that reaction does not occur in one step but rather in a complex

mechanism. Assuming that the rate of the total reaction has Arrhenius dependence on
temperature, an effective energy of activation can be determined as follows. For fixed degree of

Na,CO, decomposition the time required for decomposition is a measure of the rate of the

reaction, and effective energy of activation can be determined from the slope of the plot that
shows dependence of this time on inverse temperature. Figure 5.4.2 shows the dependence of
the time required for 30% decomposition on the reactor temperature. The effective energy of

activation determined from this plot is 86 kJ/mol.

0.1 0.3 0.5 0.7
Time/s

Figure 5.4.1 Comparison of experimental (symbols) and calculated (lines) Na,CO3 conversion
profiles. Mixture 0.03% Na,CO3 + 20.00% H,0 + 79.97% N, at P = 1 atm.
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Figure 5.4.2 Temperature dependence of the decadic logarithm of time required for
decomposition of 30% of the initial amount of Na,COs.

To model irreversible (see section 5.2) Na,COj; conversion, we used reactions (5.16, 5.17) and

Na,O + H,0 - 2NaOH (5.20)

with reactions (5.16) and (5.17) being irreversible and reaction (5.20) being possible in both

directions. The rate coefficient of reaction (5.20) was estimated as that of

CaO + H,0 « Ca(OH),, (5.21)

measured by Cotton and Jenkins (1971) to be 9.18x10!2exp(-3120/RT). Estimates show that the
characteristic lifetime of CaO in the reaction (5.21) at 1000 K, 1 atm and 20% H,O is less than 1

us, much less than the characteristic time of our experiments. This suggests that for the

conditions of our experiments Na,O is practically instantaneously converted to NaOH, and thus
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the value of the rate coefficient of reaction (5.20) is not really important. All calculations were
made using the Chemkin-II modeling program (Kee et al., 1992) under constant pressure and
temperature constraints. Thermochemical data for all species but Na,O were taken from

Zamansky and Maly (January 1997); thermochemical data for Na,O were taken from the NASA

database (McBride et al., 1993).

Sensitivity calculations (Figure 5.4.3) show that the rate coefficient of reaction (5.16) affects both
initial and equilibrium conversions of Na,CO; to CO,, while that of reaction (5.17) mainly
affects the equilibrium value. The rate coefficients of reactions (5.16) and (5.17) were adjusted for
the conditions of our experiments (0.03% Na,CO, + 20.00% H,O + 79.97% N, at 1 atm). The
rate coefficient of reaction (5.16) was varied to match the initial part of the profiles at 900, 940,
1040, 1100 and 1190 K, while the rate coefficient of reaction (5.17) was changed until the final
calculated conversion was equal to the experimental value. Figures 5.4.4 and 5.4.5 show the
dependence of rate coefficient of reactions (5.16) and (5.17) on temperature as derived from
matching the experimental conversion profiles. The rate coefficient of reaction (5.16) follows a
simple Arrhenius dependence, while that of reaction (5.17) decreases with temperature, possibly

due to limitation of the reaction rate by CO, transport. Least square fits to all data give next

expressions for kg and k

k; s = 2.54x10%xp(—13040/T) (5.4.1)

k,,=1.11x10%exp(7580/T) (5.4.11)
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Figure 5.4.3 Sensitivity spectrum for decomposition of Na,CO3. The dashed line represents
calculations with a doubled rate coefficient of reaction (5.16), the dotted line a doubled rate
coefficient of the reaction (5.17).
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Figure 5.4.4 Rate coefficient inferred for Na,CO3; — Na,O + CO, (5.16).
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Figure 5.4.5 Rate coefficient inferred for Na,O + CO, — Na,CO; (5.17).

The total uncertainties (TU) in rate coefficient of reactions (5.16) and (5.17) were determined

through the formula
TUi — ((aierxp)2 + Ufi2)0.5

where Uexp is the uncertainty of the experimental data (20%), a, is the sensitivity of the rate
coefficient of the reaction (i) to the experimental data, and Ufi is the uncertainty associated with

the least square fit to all data points for the rate coefficient of reaction (1). Sensitivity coefficients

a; were defined as a, = 1.4In(C/C,), where C and C, are computed conversions for doubled and

for reference values of the rate coefficient of the reaction (i), and are equal to 0.46 for reaction
(5.16) and 0.1 for reaction (5.17). The values ofoi were found to be 10 and 25% for k,; and k.

Based on these data, values of TU . and TU,, were calculated to be 14 and 25 %.

Figure 5.4.1 shows a comparison between experimental and calculated conversion profiles based
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on the above expressions. At higher temperatures complete decomposition of Na,CO, occurs

within 0.2 s, while at low temperatures conversion at long times reaches a maximum value and
then stays constant. Taking into account the significant scatter of the experimental data, the

agreement between measured and calculated profiles is good.

These results for the rate of Na,CO, decomposition thus show that at temperatures higher than
1400 K Na,CO; decomposes relatively quickly to produce NaOH and CO,, suggesting that

Na,CO, and NaOH should have practically the same efficiencies as NO, control agents.

5.4.2 Reactions of Sodium Carbonate with Components of Flue Gas

The flow system was used to measure the rate of reaction between the decomposition products
of Na,CO; and CH,, H,, CO, and NO. These experiments were done at 1150 K and a residence
time of 2 s in mixtures containing 0.5%Na,CO; + 1.7%H,0 + N, with 0.5% additive. In each
case the concentration of additive in the mixture after passing through the reactor was measured;
measurements were done by GC for CH,, H,, CO, and O, additive and with the

chemiluminescence analyzer for NO. In the first set of experiments pure water was sprayed
through the nozzle while a mixture of additive and nitrogen passed through the reactor and the
concentration of additive in the outlet gas was measured. In the second set of experiments the gas
and liquid flow conditions were the same as in the first one except that the water was replaced

with a solution containing 5% Na,CO, by mass. Comparison of two runs showed no detectable

changes in additive concentrations. We conclude that there is no chemical reaction with

observable rate between the decomposition products of Na,CO, and CH,, H,, CO, and NO
under the conditions studied. It was also observed that the concentration of NO stayed constant

when O, and Na,CO, were injected into the mixture at the same time.

Experiments with ammonia injection to evaluate the reactions of NO and NH, in the presence of
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Na are under way.

5.5 Mass Spectrometry of Decomposition Products

Mass spectrometric analysis was used to identify the species formed during decomposition of

Na,CO,. Figure 5.5.1 shows time histories of ions with mass/charge (m/z) ratios 44 (mostly
CO,") and 106 (Na,CO;") and total ion current for EI= 70 eV. The temperature during the run

rises from room temperature (0 on the x-axis) to the final temperature, which corresponds to red
hot nichrome. The first peak on the total ion current curve corresponds to the temperature at
which all water evaporates. Peak heights are on a relative scale assuming the height of the largest
one (in this case m/z = 44) to be 100. Figure 5.5.2 shows all detected ions for the moment when

m/z = 44 reaches its maximum value (62 on the x-axis). It reveals the presence of H,0" (18), Na*
(23), CO," (44), very small amounts of NaOH" (40) and Na,CO," (106). The peak with m/z =
28 corresponds to CO™ and N, present as residual gas; the other peaks are difficult to identify.

As the EI energy decreases (Figure 5.5.3) the contribution of Na* becomes more prominent
compared to other ions because of its very low ionization energy: Figure 5.5.4 show a mass

spectrometric analysis with EI = 0, i.e., with all ions arising from thermal ionization of Na,CO,
on the wire. This mass spectrum shows Na* (23) and a species with m/z = 129 (Na,CO;"). (The

species with m/z = 39 corresponds a background peak, probably K* (39), and always appear in

analyses with low EI).
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Figure 5.5.1 Time histories of ion currents at m/z = 44 and 106 and total ion current. EI =70 eV,
nichrome wire. The x-axis gives the heating time in seconds.
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Figure 5.5.2 Mass spectrum at 62 s on the x-axis of Figure 5.5.1. m/z = 18 corresponds to H,O+,
28 COt to 44 CO,* to 62 Na,Ot to 106 Nay,CO3t and 128 to NazCO5*.
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Figure 5.5.3 Mass spectrum at the time m/z = 23 reaches its maximum. EI =12 eV.
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Figure 5.5.4 Mass spectrum at the time m/z = 23 reaches its maximum in thermal ionization
mode.
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Figure 5.5.5 shows results of mass spectrometric analysis of an Na,CO; sample in chemical
ionization mode. The product distribution (Na*, CO,", Na,CO;") is the same as in electron

ionization mode with a few new species; among them m/z = 53 in greatest amount.
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Figure 5.5.5 Time histories of ions with m/z = 23 (Nat), 44 (CO;*), 53 (NayCO3*+), 106
(NapyCOst), 129 (NazCOst), and total ion current. Chemical ionization mode, Nichrome wire.

A general disadvantage of mass spectrometric measurements is that they do not provide
continuous recording of the sample temperature. It is therefore not possible to correlate mass
spectra closely with the temperature at which active species are formed and/or decomposition of

Na,COj; occurs. It is possible, however, to correlate some moments on the time scale with

corresponding temperatures when in place of standard nichrome wire, which melts at very high
temperature, wire made from a metal with lower melting temperature is used. The moment when
such a wire melts is detected as a maximum in the total ion current and corresponds to the melting
temperature of the metal. Since Ag has melting point of 1235 K, within the temperature range of
our interest, we conducted some experiments using Ag wire instead of nichrome. These were

done in EI mode with an ionization energy of 70 eV and in thermal ionization mode (EI = 0). The
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time of Ag occurrence in the mass spectrum (Figure 5.5.6) (which also corresponds to the
maximum in total current) corresponds to the moment of time when temperature of the wire is

1235 K (39 ). The mass spectrum (Figure 5.5.7) at this temperature shows CO," (44), NaOH"
(40), Na,CO;" (106) and many other species. Some of them are easily identifiable (H,O" and
N, "), while secure identification of others requires additional (i.e., high-resolution) analysis.

Figure 5.5.7 does not indicate the presence of Na atoms. To find out if Na atoms are present in
the system at 1235 K we repeated experiments with an Ag wire in thermal ionization mode (Figs.
5.5.8 and 5.5.9). Figure 5.5.8 shows that one of the maximums in Ag* (109) concentration
corresponds to the maximum in total ion current (22 s on x-axis) at the temperature 1235 K. The

mass spectrum (Figure 5.5.9) at this temperature shows Na™ (23) and species with m/z = 39 and
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Figure 5.5.6 Time histories of Ag+ (109) and total ion current for experiments with Ag wire. EI =
70 eV. Time 39 s corresponds to 1235 K.
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Figure 5.5.7 Mass spectrum at 1235 K. EI =70 eV.
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Figure 5.5.8 Time histories of ions with m/z =23 (Nat) and 109 (Ag*), and total ion current
through the detector for thermal ionization mode.
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Figure 5.5.9 Mass spectrum corresponding to the moment of burnout of Ag wire for thermal
ionization mode.

Mass spectrometric analysis of products of Na,CO, decomposition thus confirms that the
primary gas-phase decomposition products are Na, NaOH and CO,. Experiments with

temperature control show formation of Na atoms at 1235 K.

5.6 Kinetics of Na,CO; Reactions: Conclusions

1. Decomposition of Na,CO, was studied in a flow system over the temperature range from 900
to 1190 K. An aqueous solution of sodium carbonate was sprayed into a flow of N, such that the
concentration of Na,COj; injected into the test gas ranged from 100 to 500 ppm. The observed

decomposition rate of Na,CO, can be described kinetically in terms of two irreversible Na,CO,

- Na,O + CO, (5.16) and Na,O + CO, - Na,CO, (5.17) and one reversible Na,O + H,0
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2NaOH (5.20) chemical reactions. The corresponding rate coefficients k,, and k,, were adjusted
to describe the measured rate of Na,CO, decomposition, while the rate coefficient of reaction

(5.20) was estimated from kinetic data for the similar reaction of CaO. Least square fits to all data

gave ks =2.54x10%xp(—13040/T), k;, = 1.11x10%exp(7580/T) cm’mol-!s"!.

2. Mass spectrometric analysis of products of Na,CO, decomposition confirms that the
primary gas-phase products of decomposition are Na, NaOH and CO,. Experiments with

temperature control show formation of Na atoms at temperature 1235 K.

3. Extrapolating the results of our flow system experiments to higher temperatures shows that

Na,CO; decomposition at temperatures over 1400 K produces NaOH and CO, very quickly .

NaOH then decomposes more slowly. According to Westley et al. (1994), the characteristic time
of NaOH decomposition at 1500 K to produce Na and OH is 160 ms; extrapolation of our data

for Na,CO, decomposition to that temperature gives an Na,CO, decomposition time of 2.3 ms.
These observations suggest that Na,CO, and NaOH should have practically the same efficiencies

as pollution control agents.

4.  Flow system experiments at 1150 K show no chemical reaction between Na,CO,
decomposition products and H,, CO, CH, or NO. This experiment indicates that the effect of
NO removal by Na,CO, is mainly due to promotional effect that Na,CO, additive has on the

concentrations of atoms and radicals already present in flue gas at high temperature, in particular

OH and H. Enhancement of radical concentrations in the presence of Na,CO; can occur through

NaOH thermal decomposition

NaOH+M - Na+OH+M

and in further reactions of Na atoms, which were observed among the products of Na,CO,
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decomposition in mass spectrometric analysis. H-atoms, for example, are produced by

Na + H,0 - NaOH + H

These two reactions provide for continuous flow of radicals into the system and thus account for

high efficiency of Na,CO,. Radicals then react with NH; which is injected to flue gas in SNCR

process

NH, + OH — NH, + H,0

NH; +H - NH, +H,

such that the efficiency of NH,; as NO removing agent through the reaction

NH, +NO - N, + H,0

in the conventional AR process is significantly enhanced in presence of Na,CO,.

Our experiments indicate that other additives that have decomposition times similar to NaOH
and produce active species that enhance production of OH and H radicals in flue gas should also

be considered as potential NO control agents.

5. Completion of the Phase I research will include the following, as mentioned in the preceding
sections. (a) Flow system experiments including ammonia and NO additives; (b) Translation of
molecular electronic structure results into NASA-style thermochemical polynomials; and (c)

Chemkin simulations with the expanded set of sodium species.
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6.0 BENCH SCALE PROCESS OPTIMIZATION STUDIES

The Second Generation Advanced Reburning (SGAR) process includes different combinations of
reburning, N-agent injection into the reburn zone, N-agent injection downstream of the reburn
zone, and promoter injection. Bench scale tests were conducted at EER’s Controlled Temperature
Tower (CTT) to optimize each component of the technology individually and then to optimize
overall performance of the combined process. Several nitrogen agents were tested. Sodium was
used as the main promoter because its performance had been successfully demonstrated in previous

tests. Specific test series included:

. Reburning alone

. Promoted AR-Lean

. Promoted AR-Rich

. Multiple injection advanced reburning

All tests were conducted in the CTT while firing natural gas at 20 kW (70,000 Btu/hr). The test

facility and results of each test series are described in the following sections.
6.1 Controlled Temperature Tower

As shown in Figure 6.1, the CTT is a refractory lined, vertically down-fired combustion test facility
designed to provide precise control of furnace temperature and gas composition. It consists of a
variable swirl diffusion burner and a refractory furnace which is equipped with backfired heating
channels. The furnace has an inside diameter of 8 inches. The backfired channels provide external
heating to the refractory walls, allowing the rate of temperature decay to be controlled. Because of
the relatively small size of the CTT, it is possible to use bottled gases (e.g. O,, N2, SO;) to control
furnace gas composition. In addition, characteristic mixing times in the CTT furnace are on the

order of 100 ms, making it straightforward to separate zones and characterize individual processes.
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Figure 6.1 Controlled Temperature Tower (CTT).

Specific test equipment for the SGAR tests included injectors for the reburn fuel, N-agent/promoters,
and overfire air. The reburn fuel and OFA were injected through radial injectors aligned upwards,
1.e. countercurrent to the gas flow. The N-agents and promoters were injected through axial injectors
aligned downwards. Delavan twin fluid nozzles were used for additive atomization, with bottled
nitrogen as the atomization medium. Prior to the experiments, system temperature profiles were
measured under various test configurations using a suction pyrometer. These profiles are presented

in Figure 6.2.
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Proper operation of system instrumentation was verified before the tests began, including
thermocouples, pressure gauges, and the flue gas sample system. A continuous emissions monitoring
system (CEMS) was used for on-line analysis of flue gas composition. The CEMS consisted of a
heated sample line, sample conditioning system (to remove moisture and particulate), and gas

analyzers. Species analyzed, detection principles, and detection limits were as follows:

. O,: paramagnetism, 0.1%

. NOy: chemiluminescence, 1 ppm

. CO: nondispersive infrared, 1 ppm
. COz,: nondispersive infrared, 0.1%

. N2O: nondispersive infrared, 1 ppm

Certified zero and span gases were used to calibrate the analyzers. A chart recorder was used to

provide a hard copy of analyzer outputs.
6.2 Reburning Alone
The first series of tests was designed to define the nominal performance of gas reburning without

additives. Test variables included reburn heat input (i.e. SRj), reburn zone residence time, and

reburn fuel transport medium (air or nitrogen). Baseline conditions were as follows:

. Reburn fuel injection temperature=1670 K
. SR;=1.10, SR3=1.15

. Overfire air injection temperature=1530 K
. Reburn zone residence time=350 msec

. NO;=600 ppm as measured

Figure 6.3 shows the impact of varying reburn fuel heat input upon NO reduction. For both air and
nitrogen transport, performance increased with increasing reburn heat input. Maximum NO
reductions were 42% and 59% with air and nitrogen transport, respectively. On the basis of reburn
heat input nitrogen transport gave greater NO reduction than air transport. However, this is primarily
because nitrogen transport gives lower reburn zone stoichiometry than air. When compared on the

basis of SRy, results are nearly identical.
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Figure 6.3 NO reduction vs. reburn heat input for CTT gas reburn: No additives or promoters.

Reburn zone residence time was varied by moving the OFA injector to different axial furnace
positions. Reburn zone residence time was varied from 200 to 1600 msec at 10% reburn heat input.
This corresponds to an overfire air injection temperature range of 1140 to 1590 K. As shown in
Figure 6.4, with nitrogen transport NO control increased from 35 to 58% as reburn zone residence

time increased from 200 to 1600 msec. With air transport NO control was not dependent upon

residence time.
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Figure 6.4 NO reduction vs. reburn zone residence time for gas reburn: No additives or promoters.
6.3 Promoted AR-Lean

In the AR-Lean tests, reburning was coupled with the injection of a single nitrogen agent, both with
and without promoters. N-agent was injected with the overfire air. Reburn heat input was 10%.
Figure 6.5 shows AR-Lean test results. The overfire air plus additive injection temperature was
varied. This changed the reburn zone residence time, causing reburn performance to vary. Aqueous
ammonia, urea, and ammonium sulfate were tested, each with and without 15 ppm of sodium
carbonate promoter. The listed promoter concentration assumes complete conversion to the gas
phase. Aqueous ammonia and urea performed somewhat better than ammonium sulfate. Sodium
carbonate both expanded the optimum temperature window to the right (i.e. to higher temperatures)
and increased maximum NO control. The highest NO reduction achieved was 87% with both

promoted aqueous ammonia and promoted urea at an injection temperature of 1300 K.
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Figure 6.5 AR-Lean performance.
6.4 Promoted AR-Rich

In the AR-Rich tests aqueous ammonia and urea were injected into the fuel rich reburn zone. Overfire
air was added at 1160 K. As shown in Figure 6.6, the impact of the promoter was pronounced for
this test system. Sodium carbonate shifted the optimum temperature to the right and significantly
widened the temperature window. Maximum NO reduction was 88%, obtained with both promoted

aqueous ammonia and promoted urea at an injection temperature of 1470 K.
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Figure 6.6 AR-Rich performance.

A series of screening tests was then conducted with different sodium promoter compounds. The
promoters were injected along with aqueous ammonia into the reburn zone at 1460 K. Six different
sodium compounds were characterized including Na;CO3, NaHCO3, trona (a mineral product
consisting of Na,CO3 and NaHCO3), NaCl, NaNOj3, and NaOH. As shown in Figure 6.7, reburning
alone provided 47% NO control, which was increased to 57% by the addition of ammonia. All six
sodium compounds significantly enhanced performance, although NaCl and NaNO3 were somewhat
less effective than the other four. Na,CO3 is effective, non-toxic, readily soluble in water, and is the
least expensive compound on a unit-sodium basis, and thus was selected as the primary promoter

compound for subsequent tests.
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Figure 6.7 Alternative promoter screening test results.

Parametric studies were then conducted to evaluate the impact of three process variables: sodium
concentration, initial NO concentration, and N-agent to NO stoichiometric ratio. Sodium
concentration was varied during injection of aqueous ammonia and urea into the fuel rich zone with
10% reburning. As shown in Figure 6.8, NO control increased as sodium concentration increased
from 0 to 30 ppm, and then levelled off as sodium concentration was further increased to over 100
ppm. Even 10 ppm Na (i.e. 5 ppm NayCO3) reduced the remaining NO fraction by 21 percentage
points, from 42 to 21%.
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Figure 6.8 NO control vs. Na promoter concentration.

Initial NO concentration was varied from 150 to 950 ppm during tests with reburn alone and reburn
plus injection of aqueous ammonia and sodium carbonate. As shown in Figure 6.9, NO reduction
increased with increasing NO;. For reburn plus injection of aqueous ammonia and sodium carbonate
over 90% NO control was obtained at NO;=950 ppm.
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Figure 6.9 NO reduction vs. NO; for rich side injection of NH4OH + Na,COs.

Nitrogen agent to NO;j stoichiometric ratio (NSR) was then varied from 0 to 2.0. As shown in
Figure 6.10, NO reduction increased with increasing NSR. NO reduction was 93% at NSR=2.0.
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Figure 6.10 NO reduction vs. NSR for rich side injection of NH4OH + Na,COs.
6.5 Multiple Injection AR (MIAR)

In the MIAR process N-agents and promoters are injected both in the reburn zone and with the
overfire air. CTT tests were conducted in which various combinations of rich and lean side additives
were injected. Figure 6.11 shows MIAR results obtained with promoter added to the fuel rich zone.
A maximum of 50% NO control was obtained by reburning alone. AR-Rich provided up to 67%
NO control. Reburning plus both rich and lean side injection of aqueous ammonia with no promoter
gave a maximum of 86% NO control. The best performance was obtained with reburning with rich
side injection of N-agent plus promoter and lean side injection of N-agent alone. This system reduced
NO emissions by over 90%. Reburning with rich side N-agent injection and lean side N-agent plus
promoter injection also gave up to 90% NO control. Moreover, these systems were largely insensitive
to injection temperature, with approximately 90% NO control obtained over the entire test range of
1380 to 1590 K.
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Figure 6.11 MIAR: NO reduction vs. additive injection temperature for reburn with both rich and

lean side additives.

6.6 Bench Scale Combustion Tests: Conclusions

Under the closely-controlled process conditions obtained at the 20 kW combustion test facility, the

following results were obtained:

1. Reburning alone achieved 50-60% NO reduction wittrF8R9-0.90 and high OFA injection

temperature.
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2. Promoted AR-Lean provided up to 86% NO reduction at 10% reburning heat input and 15
ppm NaCQ, in the flue gas.

3. Promoted AR-Rich provided up to 88% NO reduction at 10% reburning heat input and 15 ppm
Na,CQ, in the flue gas.

4. MIAR provided up to 91% NO removal, which is expected to increase at larger scale since the
injectors will not affect the temperature profile.
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7.0 PILOT SCALE DEVELOPMENT TESTS

Pilot scale tests were performed to build upon the bench scale results in a test facility more closely
simulating the combustion conditions found in a full scale boiler. The test facility was first configured
to match the residence time-temperature profile of a typical boiler, and then SGAR performance
tests were conducted with both natural gas and coal as primary fuels. A series of sampling test runs
was also performed to determine if the SGAR technologies caused concentrations of any byproduct

species to increase.

7.1 Preparation of Pilot Scale Combustion Facility

The pilot scale test work was conducted in EER’s Boiler Simulation Facility (BSF), which has a
full load firing capacity of 300 kW (1 MMBtu/hr). The BSF is designed to provide an accurate
subscale simulation of the flue gas temperatures and composition found in a full scale boiler. Prior
to the tests the BSF was configured to provide access for all required reburn, additive, and overfire

air injectors.

7.1.1 Boiler Simulator Facility

A schematic of the BSF is shown in Figure 7.1. The furnace is designed with a high degree of
flexibility to produce combustion conditions typical of full scale utility boilers. The BSF consists

of a burner, vertically down—fired radiant furnace, horizontal convective pass, and baghouse. A
variable swirl diffusion burner with an axial fuel injector is used to simulate the approximate
temperature and gas composition of a commercial burner in a full scale boiler. Primary air is injected
axially, while the secondary air stream is injected radially through the swirl vanes to provide controlled
fuel/air mixing. The swirl number can be controlled by adjusting the angle of the swirl vanes.
Numerous ports located along the axis of the facility allow supplementary equipment such as reburn
injectors, additive injectors, overfire air injectors, and sampling probes to be placed in the furnace.
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Figure 7.1 Boiler Simulator Facility (BSF).

The cylindrical furnace section is constructed of eight modular refractory lined sections with an
inside diameter of 22 inches. The convective pass is also refractory lined, and contains air cooled
tube bundles to simulate the superheater and reheater sections of a utility boiler. Heat extraction in
the radiant furnace and convective pass can be controlled such that the residence time-temperature
profile matches that of a typical full scale boiler. A suction pyrometer is used to measure furnace
temperatu