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Disclaimer 
 
“This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof.” 
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Abstract 
 
This is the fifth Quarterly Technical Report for DOE Cooperative Agreement No: DE-FC26-
00NT40753. The goal of the project is to develop cost effective analysis tools and techniques for 
demonstrating and evaluating low NOx control strategies and their possible impact on boiler 
performance for firing US coals.  The Electric Power Research Institute (EPRI) is providing co-
funding for this program. This program contains multiple tasks and good progress is being made 
on all fronts. Field tests for NOx reduction in a cyclone fired utility boiler due to using Rich 
Reagent Injection (RRI) have been started. CFD modeling studies have been started to evaluate 
the use of RRI for NOx reduction in a corner fired utility boiler using pulverized coal. Field tests 
of a corrosion monitor to measure waterwall wastage in a utility boiler have been completed. 
Computational studies to evaluate a soot model within a boiler simulation program are 
continuing. Research to evaluate SCR catalyst performance has started. A literature survey was 
completed. Experiments have been outlined and two flow reactor systems have been designed 
and are under construction. Commercial catalyst vendors have been contacted about supplying 
catalyst samples. Several sets of new experiments have been performed to investigate ammonia 
removal processes and mechanisms for fly ash. Work has focused on a promising class of 
processes in which ammonia is destroyed by strong oxidizing agents at ambient temperature 
during semi-dry processing (the use of moisture amounts less than 5 wt-%).  Both ozone and an 
ozone/peroxide combination have been used to treat both basic and acidic ammonia-laden ashes.  
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Executive Summary 
 
The work to be conducted in this project received funding from the Department of Energy under 
Cooperative Agreement No: DE-FC26-00NT40753. This project has a period of performance 
that started February 14, 2000 and continues through September 30, 2002.  
 
Our program contains five major technical tasks: 

• evaluation of Rich Reagent Injection (RRI) for in-furnace NOx control 
• demonstration of RRI technologies in utility boiler scale field tests  
• impacts of  combustion modifications (including corrosion and soot) 
• ammonia adsorption / removal from fly ash 
• SCR catalyst testing 

To date good progress is being made on the overall program. We have seen considerable interest 
from industry in the program due to our initial successful field tests of the RRI technology and 
the corrosion monitor.   

During the last three months, our accomplishments include the following: 

Ø Field tests for NOx reduction in a cyclone fired utility boiler due to Rich Reagent Injection 
(RRI) have been started. This is the second cyclone boiler in which field tests of RRI have 
been conducted. Several difficulties were encountered in the present test set, including 
thermal damage to key reagent injectors. Preliminary review of the results indicates 15-20% 
NOx reduction was achieved. A second series of field tests in this boiler are scheduled for 
next quarter.  

Ø CFD modeling studies have been started to evaluate the use of RRI for NOx reduction in a 
corner fired utility boiler using pulverized coal. For units using overfire air, the furnace 
conditions should be appropriate to obtain good NOx reductions with RRI. Current work is 
focused on developing an injection strategy to deliver the reagent into the fuel rich regions 
where RRI will be the most effective. Preliminary results indicate NOx reductions of up to 
20% can be achieved. 

Ø Field tests have been completed for evaluating a corrosion monitor to measure waterwall 
wastage in utility boilers. The tests were performed in a wall fired utility boiler. Data analysis 
is in progress. 

Ø Model predictions have been performed for soot generation under low NOx firing conditions 
in a pilot scale test furnace. Comparison between model predictions and theoretical values 
have demonstrated qualitative agreement.  

Ø Work has commenced on our program task to study SCR catalyst deactivation. A literature 
survey has been completed on SCR catalyst deactivation which includes unpublished results 
from several institutions. Experiments for SCR catalyst testing have been designed and flow 
reactor systems to support these tests have been designed and are under construction. One of 
the reactors is a slipstream SCR reactor that will be used to evaluate catalysts under boiler 
flue gas conditions. Commercial catalyst vendors have been contacted about supplying 
catalyst samples.  
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Ø Research on the impact of NOx control strategies on fly ash has continued. Several sets of 
new experiments have been performed to investigate ammonia removal processes and 
mechanisms.  Work has focused on a promising class of processes in which ammonia is 
destroyed by strong oxidizing agents at ambient temperature during semi-dry processing (the 
use of moisture amounts less than 5 wt-%).  Both ozone and an ozone/peroxide combination 
were used to treat both basic and acidic ammonia-laden ashes.  The work to date confirms 
industrial reports that aqueous solution chemistry takes place upon the introduction of even 
very small amounts of water, while the ash remains in a semi-dry state for handling.   Ozone 
is capable of destroying ammonia on ash in the dry state, but is less effective under semi-dry 
conditions likely due to kinetic limitations on the aqueous phase reaction. Peroxone oxidation 
(the use of H2O2 and ozone as co-oxidants) showed only a modest effect for the pH levels 
examined in our experiments.  Theoretical considerations suggest that optimal Peroxone 
destruction of ammonia should occur at intermediate pH: low enough to keep most ammonia 
species in solution and available for attack, but high enough to produce a significant 
concentration of NH3, since NH4+ oxidation kinetics are believed to be slow.     
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Experimental Methods 
 
Within this section we present in order, brief discussions on the different tasks that are contained 
within this program. For simplicity, the discussion items are presented in the order of the Tasks 
as outlined in our original proposal.   
 
Task 1 - Program Management 
A sub-contract has been finalized with Brigham Young University (BYU) that will provide 
funding for the involvement of Prof. Larry Baxter and other faculty members at BYU. As 
described in the section below entitled Task 4, the focus of the BYU efforts will be on the impact 
of biomass co-firing on SCR catalyst performance. 
 
On September 12, 2001 an informal project review meeting was held at the Pittsburgh campus of 
NETL. The purpose of the meeting was to provide the new DOE Project Manager for this 
contract with an overview of the current status and future plans for this project.  
 
Industry Involvement 
Several informal meetings have been held with collaborators from EPRI, utilities and equipment 
vendors. Within the last performance period, field tests have been performed at power plants to 
evaluate (1) a corrosion probe for measuring waterwall wastage and (2) NOx reduction achieved 
using Rich Reagent Injection (RRI). Discussions are continuing with NOx control equipment 
vendors interested in the RRI technology. In support of our program task focused on SCR 
catalyst deactivation, several discussions have been held with: utilities that are potential host 
sites for the field tests; catalyst vendors that will provide the catalyst used in this study; and 
research groups that are performing slip stream testing of SCR catalysts.  
 
Results from portions of this research program have been reported to industry through technical 
presentations at two recent engineering conferences.  
 

• A paper was presented at the U.S. EPA/DOE/EPRI MegaSymposium 2001 (August, 
2001) that described the field measurements and CFD modeling that was performed for 
the RRI tests performed at the Connectiv BL England Station during Summer/Fall 2000 
[Cremer et al, 2001a].  

 
• Papers were presented at the 2001 Joint International Combustion Symposium sponsored 

by the American Flame Research Committee (AFRC) (September, 2001) that 
highlighted (a) laboratory experiments and field tests conducted by REI to evaluate a 
corrosion monitor that can be used to measure corrosion in utility boilers [Davis et al, 
2001] and (b) the use of CFD simulations based on reduced chemistry models to predict 
NOx reduction for SNCR and FLGR systems in utility boilers [Cremer et al, 2001b].  
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Task 2  -  NOx Control – LNFS/SNCR/Reburning 
 
Task 2.3 Evaluation of Rich Reagent Injection for PC Furnace Applications  
During the last quarter we began to investigate the application of RRI to a 500 MWe corner fired 
coal fired utility boiler equipped with a low NOx firing system with 5 burner levels and 
advanced overfire air.  This unit had been previously modeled by REI and thus is a unit that is 
familiar to us. The baseline CFD modeling of this unit has indicated that when the lower furnace 
is operated under substoichiometric conditions (SR = 0.82), a fuel rich region exists within the 
central fireball.  Based on the baseline CFD model, potential exists to reduce NOx emissions 
through RRI if reagent can be released into this fuel rich core.  
 
In burner reagent injection as well as theoretical "reagent seeding" were evaluated.  In both 
cases, an NSR = 2.0 was assumed based on a furnace exit NOx emission rate of 0.25 lb/MMBtu.  
In the in-burner injection simulation, equal quantity of reagent was injected through the primary 
zone of each of the 20 burners. The simulation indicated that this was a very poor design 
resulting in a 3% net increase in NOx emissions.  
 
In the "reagent seeding" simulation, urea reagent was assumed to be released into the gas phase 
in a circular area corresponding to the central "fireball" at each of the five burner levels.  In this 
case, the NOx emissions were predicted to be reduced 24% from the 0.25 lb/MMBtu baseline 
level.  This result indicates that if reagent release could be effectively targeted in this unit, RRI 
could reduce NOx emissions in excess of 20% with less than 1 ppm NH3 slip. 
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Task 3 – Minimization of Impacts 
 
Task 3.1 Waterwall Wastage 

In this quarter, work on the corrosion probe focused on finalization of probe development for 
full-scale testing and subsequent testing in a FirstEnergy power plant at Eastlake Station, near 
Cleveland, Ohio.   Much of this work was funded through a complementary grant from the Ohio 
Coal Development Office. However, technology development that played a critical role in 
making this field test possible relied heavily upon this DOE supported task and is therefore 
discussed herein. To help facilitate technology transfer and more rapidly disseminate the 
knowledge and experience gained from this project, portions of the work described below  were 
presented at a recent American Flame Research Conference (AFRC) [Davis, 2001]. 
 
Probe Development For Full-Scale Testing 
In preparation for full-scale tests at a power plant, it became obvious that there would need to be 
some modifications to the existing probe before it could be effectively used in a power station 
boiler. Modifications were made to both the probe and its electronics to meet the field 
requirements. These modifications included: 

• Improved hardware for the mounting  of the six corrosion sensor plates 
• Improved control of the cooling air flow 
• All cables, cooling, temperature measurements, etc. now connect at the very end of the 

probe, nothing exits or enter from the side of the probe allowing the probe to be inserted 
in ports of any depth 

• Spool pieces will be needed for the probe as some measurements will have to be made 
with the probe passing through a 9-foot duct. 

• Computer software enhancements 
 
The design changes to the probe hardware proposed in the previous quarter were implemented. 
Work on modifying the electronics of the probe to include a rugged equipment case has been 
completed in this quarter. The signal processing and conditioning electronics have been modified 
and consists of modular units which are more robust than computer cards. The noise modules are 
particularly well suited for field work. In the modified probe design, the back end of the probe 
has been fabricated in a manner that permits all cables and cooling circuits to enter/exit.  Figure 
3.1.1 shows the new probe. Figure 3.1.2 is a picture of the new probe electronics mounted in a 
robust enclosure for field work. 
 
The computer software was upgraded to include the capability to monitor a multi-probe system. 
 
Corrosion Measurements At Eastlake Station 
The corrosion probe was installed at the Eastlake Power Station in mid-July. The tests were 
performed in two phases. In Phase I the probe was located on Level 5 of the boiler, or 
approximately 10 feet above the top burner row. These tests were performed during July-August, 
2001. Phase II of the tests was performed in September, 2001 and was conducted with the probe 
located at Level 7 of the boiler, or about 35 feet above the top burner row. To assist in calibrating 
the predicted corrosion rates, at the completion of each Phase of testing the sensor elements in 
the probe face were replaced with new elements to allow a surface profilometry analysis to be 
performed on the corroded elements. At both elevations, tests were performed to evaluate the 
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sensitivity of the predicted corrosion rates to changes in boiler excess O2 levels and boiler load. 
All testing was completed by the end of September, 2001. 

 

 

Figure 3.1.1. Modified corrosion probe for use at Eastlake Station. 

 

 

Figure 3.1.2. Modified signal processing and conditioning electronics enclosed in a rugged case 
for field applications. 
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Probe Modifications at the Plant: To start the field tests, the probe was inserted at a level just 
above the top row of burners (5th floor, NW corner) in an alcove that penetrates the windbox. 
Figure 3.1.3 shows the probe installed in the unit. The first couple of days were spent installing 
the probe and electronics and calibrating the sensors. Towards the end of the week, the probe 
face temperature could not be controlled with the existing bypass and control valve. These were 
modified and the probe face could be maintained at 460ºC. However at low load, the probe face 
temperature dropped to about 330ºC. 
  

 
 

Figure 3.1.3. Probe installation at Eastlake station. The glow comes from the open furnace door 
before probe installation. The insert shows the probe after installation into the furnace door. 
 
The probe was installed so that the probe face extends through the port to the location of the 
waterwall tubes. After initial probe installation, the major focus was on resolving the issue of 
temperature control of the corrosion probe face at all boiler load conditions. Two approaches 
were followed: (i) a heat transfer analysis of the probe was completed, and (ii) an extensive 
troubleshooting of the cooling air control valve and temperature controller at the plant site was 
made. Based on the heat transfer analysis and given the conditions of the cooling air, it was 
determined that the existing plant air source would be adequate if the minimum pipe diameter is 
½ inch throughout (based on choked flow calculations). As a result of this analysis all piping and 
tubing was replaced in the air supply line to be at least ½ inch inside diameter. 
 
A flow control valve that had been used in previous testing was installed to replace the pressure 
control valve that was being used in the system. After carefully installing the control valve and 
initial tuning of the control valve electronics, it is now possible to control the probe face 
temperature at all load conditions. 
 



8 

 

Phase I Tests: After the air control issue was resolved, testing began in the unit. Note that in 
Phase I testing at Eastlake, the corrosion probe was located at the 5th floor elevation, one level 
above the top row of burners and on the front wall.  Due to boiler load demand, the unit 
generally reduces load at night and on the weekends. Therefore, testing was generally conducted 
at three different excess air biases: +1.0%, +0.5% and +0%.  A second set of data was collected 
at air levels 0.5% higher than normal for all load ranges and a final set was gathered at normal 
excess air levels. 
 
Figure 3.1.4 shows some of the data gathered after temperature control was achieved. These data 
show the measured corrosion rate as a function of load. As can be seen there is a noticeable 
reduction in measured corrosion rate as the load is decreased from about 580 MW to 350 MW.  
The typical boiler relationship between load and excess O2 also leads to an increase in O2 from 
about 3% to 5.25% oxygen.  As load is decreased the near wall gas temperature, concentration of 
fuel rich/corrosive gases, heat flux, and the deposition of unreacted material will decrease - all of 
which will result in the decrease observed.  However, the change is not dramatic and, as 
indicated by the relatively low corrosion rate at this location during this period, the corrosive 
conditions at this location in the boiler are only mildly affected by the large change in load. 

Figure 3.1.4. Corrosion probe response as a function of load and excess oxygen level. Probe 
located on Level 5 of boiler. 

Phase II Tests: Phase II testing at Eastlake began at the end of the first week of September when 
the probe was relocated to level 7. The probe port is inclined at about 45 degrees facing down. 
The incline in the probe port is due to the fact that the furnace door was originally designed as an 
observation door to view the burners. The port at level 7 is approximately 35 ft above the top 
row of burners. At level 5, the observation door is estimated to be about 10 ft above the top row 
of burners. Because of the difference in proximity to the burners between the two probe 
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locations, it was thought that this difference would be reflected in the corrosion rates observed 
and thus provide a valuable comparison. Another notable difference between the two probe 
locations is that the combustion gases are hotter at level 5 while the inside tube temperatures are 
hotter at level 7. 
 
After the probe was removed from level 5, the sensor plates were recovered for surface profile 
measurements. A fresh set of plates was installed and the probe was positioned in the port such 
that its face was flush with the inner wall of the observation port. It may be noted that the probe 
installation at level 7 is located above the windbox and as such the probe control box has 
experienced much higher temperatures than at level 5. However, the control electronics worked 
well and the system did not experience any troubles due to the higher temperatures. In addition, 
there is a lot of dust settling above the windbox. This did not affect the probe electronics since 
these are placed in a covered box. As a precaution, however, the cooling-air control valve 
opening and closing mechanism was covered with a clear plastic shield to prevent dust collecting 
on the moving parts and interfering with the smooth operation of the valve.  
 
In the last week of September, corrosion monitoring at level 7 was completed. On the last day of 
testing, the boiler excess O2 concentration was varied from 3.5 to 2.4% at time steps of 2 hours 
while the boiler was maintained at a constant load of 600MW (full load). Table 3.1.1 shows the 
test scheme and observed corrosion rates. Table 3.1.1 also shows reproducibility of the tests at an 
O2 bias of 0.5%. It is noted that the lowest excess O2 concentration was set at 2.4%. Under the 
prevailing operating conditions, this could not be lowered any further due to opacity problems. In 
addition, plant safety operation guidelines require the lower level of excess O2 be limited to 2.0% 
at top load. At lower excess O2 unburned carbon and soot can be problematic.  Further, explosive 
conditions could exist in the boiler if the O2 level rose abruptly. 
 
 

Table 3.1.1. Effect of changing excess O2 at a constant boiler load of 600 MWe. 
 

O2 Bias Excess O2 (%) Corrosion Rate mils/yr (mm/yr) 
  Min Max Average 

1.0 3.5 4.4 (0.11) 8.4 (0.21) 6.8 (0.17) 
0.5 3.0 4.8 (0.12) 6.8 (0.17) 5.6 (0.14) 
0.0 2.4 3.6 (0.09) 8.8 (0.22) 5.6 (0.14) 
0.5 2.9 4.8 (0.12) 6.8 (0.17) 5.6 (0.14) 
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Figure 3.1.5 shows the probe face after it was withdrawn from level 7. An ash layer deposit was 
formed on the probe face. The ash appeared friable and could certainly have an impact on the 
transport of corrosive gas to the sensor plate exposed surface.  
 

 
Figure 3.1.5. Probe face showing ash deposition after removal from level 7 

 
Figure 3.1.6 shows the effect of boiler load on probe response at Level 7 from the period of 
September 10 – 26, 2001. Over the test period, corrosion rate averaged at 5.3 mils/yr (0.13 
mm/yr) while reaching a maximum rate of 59.2 mils/yr (1.48 mm/yr) albeit for a brief period 
only. Figure 3.1.7 is a graph of the relationship between corrosion rate and excess O2 
concentration in the same period. From Figures 3.1.6 and 3.1.7 it is instructive that corrosion rate 
is high at high boiler loads and low excess O2 levels.  With regard to O2 sensitivity tests, the 
range of oxygen concentration explored is very limited due to the operational constraints 
discussed previously. However, the results of these tests, plotted in Figure 3.1.8, indicate that in 
the O2 concentration window of 2.4% the corrosion rate rose from a value of about 3.6 mils/yr 
(0.09 mm/yr) to over 8.8 mils/yr (0.22 mm/yr).  There are not strong correlations between O2 and 
corrosion under these conditions and in this location.  However, currently, efforts are underway 
to compare boiler data and corrosion rate information to identify other possible correlations. 
 
Surface Profilometry: Comparisons between corrosion rates predicted by the probe and measured 
by performing surface profilometry of the sensor elements is in progress (see [REI, 2001] or 
[Davis, 2001] for further details on procedures). Preliminary results from level 5 comparing the 
probe signal corrosion rate with the surface profiler data show a corrosion depth of 5.2 µm 
obtained by the probe, while the corrosion depth obtained from the profilometer measurements is 
in the range of 4 to 10 µm. Although the cementitious nature of deposits on the sensor elements 
have required modifications to our analysis software to correct for their presence, the preliminary 
comparison is very encouraging. 
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Figure 3.1.6. Effect of boiler load on probe response. Probe located on Level 7 of boiler. 

 
 

Figure 3.1.7. Relationship between corrosion rate and boiler excess O2. Probe located on Level 7 
of boiler. 
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Figure 3.1.8. Probe response to changes in excess O2 level at constant load. Probe located on 
Level 7 of boiler. 
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Task 3.2 Soot 

During this quarter, progress was made on the computational simulation of a pilot scale test 
furnace with the purpose of better understanding the impact of the location of staged air injection 
on soot oxidation.  The residence time from fuel injection time to overfire air injection in a utility 
boiler can vary depending upon a number of factors including the relative importance of NOx 
reduction vs. fuel conversion efficiency (as determined by CO emissions or carbon-in-flyash) 
and structural constraints (such as boiler size, the location of buckstays, and the location of 
division- or wing- walls).  This modeling effort is targeted at quantifying that impact, which can 
then by validated experimentally. 
 
Simulation of the L1500 (4.5 MMBtu) pilot scale test furnace at the University of Utah 
Combustion Research Laboratory was performed using a soot model originally developed by 
Fletcher [Fletcher et al, 1992],  [Brown & Fletcher, 1998] which was implemented into REI’s 
two phase combustion CFD code GLACIER.  To better simulate low NOx firing conditions, 
staging air is introduced further downstream from the burner than has been used in previous 
simulations reported for this project. For this study, the air injection is now performed at the 
ninth furnace section (10.5 meter from a burner exit).  Operating conditions and coal properties 
(Illinois #5) are shown in the following Table 3.2.1. 
 

Table 3.2.1 Pilot-scale Test Furnace Operating Conditions and Coal Properties 
Operating Conditions      As Received [%] 

Burner S.R. 0.85 C 65.99 
Overall S.R. 1.15 H 3.97 
Primary air flow rate [lb/hr] 473.2 O 8.47 
Secondary air flow rate [lb/hr] 699.6 N 1.29 
Tertiary air flow rate [lb/hr] 1392.2 S 3.49 
Staging air flow rate [lb/hr] 929.1 Ash 9.87 
Coal feeding rate [lb/hr] 345.0 Moisture 6.92 

 
 
Illustrated in Figure 3.2.1 is soot volume fraction at the various cross-sections of the furnace.  As 
shown, there is a biased distribution of the soot level across each plane with more soot particles 
at the top half of the furnace.  Soot particles are convected by the gas stream rotating clockwise 
(when seen from the furnace exit) as they flow toward the furnace exit.  Additional air from the 
staging ports at 10.5 m reduces soot concentration by oxidation. Further analysis of the results is 
needed to understand the asymmetric flow patterns that can be seen in Figure 3.2.1. 
 
Figure 3.2.2 shows the average soot volume fraction and oxygen concentration at each plane as a 
function of distance from burner exit. From this plot the competing processes of soot production 
and destruction (due to oxidation) can be clearly seen. Near the burner, there is significant soot 
formation from the coal off-gas. After reaching a peak, the soot volume decreases due to 
oxidation (destruction) of the soot. However, as the available oxygen is consumed, the net 
destruction of soot slows. Eventually, there is no available oxygen and the net production of soot 
again increases. Downstream of the air staging port, the model predicts a rapid oxidation of soot. 
Based on theoretical calculations, the average soot volume fraction should be about 3x10-7, 
which is in reasonable agreement with the predicted values shown in Figure 3.2.2. The dip in 
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soot oxidation that is observed near the burner could have several potential explanations; this 
behavior will be studied in more detail during the coming quarter. In addition, experimental 
measurements of soot generation in the L1500 facility are scheduled for next quarter. 
 
 

 
Figure 3.2.1 Calculated Soot Volume Fraction in Pilot-scale Test Facility. 
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Figure 3.2.2 Calculated Average Soot Volume Fraction and Oxygen Concentration at each 
plane as a Function of Distance from Burner Exit. 
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Task 4 - SCR Catalyst Performance under Biomass Co-Firing 
 
The cost and effectiveness of NOx control strategies for coal-fired boilers has received 
considerable attention over the last two decades and a number of successful approaches have 
been applied. Utilities must weigh a number of issues when determining the best strategy for 
their specific units.  Comparisons routinely include cost and the amount of NOx reduction, with 
selective catalytic reduction (SCR) often used as a standard for comparison.  However, in order 
to make this comparison meaningful, the total cost of combustion modifications must be 
considered (carbon-in ash levels, waterwall wastage, etc.).  Industry is developing experience 
evaluating many of these costs and it is one of the tasks of this program to better understand two 
such areas – waterwall corrosion and soot formation.  For SCR, the “real” cost for coal-fired 
boilers using US coals and a coal/biomass blend is very uncertain. 
 
Within this task there are four principal sub-tasks: 
 
Task 4.1: Technology assessment on fundamental analysis of chemical poisoning of  

     SCR catalysts by alkali and alkaline earth materials 
The focus of this sub-task is to supplement the largely complete existing literature 
analysis of deactivation with laboratory analyses under careful, well-controlled 
conditions.  These will be carried out at Brigham Young University (BYU) under the 
direction of Professors Larry Baxter and Calvin Bartholomew.  Samples of commercial 
SCR catalysts as well as catalysts made at BYU will be tested for activity in a lab scale 
flow reactor with and without the addition of representative compounds of alkali and 
alkaline earth elements.  The result of this task will be a mathematical model capable of 
describing rates and mechanisms of deactivation. 

 
Task 4.2: Evaluation of commercial catalysts in a continuous flow system that simulates  

  commercial operation 
The focus of this sub-task task is to simulate a commercial SCR system by circulating 
vitiated gases and particles through a flow system containing samples of up to four 
commercial vanadium-based catalysts and to monitor deactivation.  The experiment is to 
operate continuously for up to six months simulating flue gas from each of two different 
fuels. Design and construction of the slipstream reactor will be under the direction of 
Professor Eric Eddings and Dr. Kevin Whitty at the University of Utah. REI will be 
responsible for operation of the slipstream flow reactor.  Periodically, catalyst samples 
will be withdrawn and the activity will be tested at BYU under well-controlled 
conditions. 

 
Task 4.3: Evaluation of the effectiveness of catalyst regeneration 

The focus of this sub-task is to evaluate the effectiveness of commercially viable catalyst 
regeneration techniques.  Regeneration of catalysts used in Subtask 2 will be investigated 
at BYU using water and solvent washing techniques.  At a minimum, two regeneration 
techniques will be used:  water and sulfuric acid washing.  Additional regeneration 
techniques may be attempted, depending on the success of these two.  Catalyst activity 
before and after each rinsing will be reported. 
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Task 4.4: Develop a model of deactivation of SCR catalysts suitable for use in a CFD code  
The focus of this sub-task, to be carried out by REI, is to develop a public-domain sub-
model that describes SCR deactivation by low-rank coals and biomass.  This sub-model 
will be based on existing data and on data and mathematical algorithms generated under 
this project by BYU and will be sensitive to alkali and alkaline earth content, gas-phase 
moisture content, catalyst type and physical construction, ammonia concentration and 
operating temperature, among other things.  The model will be developed such that it can 
be interfaced with CFD tools and applied to solve utility industry problems. 

 
Sub-tasks 1 and 3 are being principally performed at Brigham Young University under the 
direction of Prof. Larry Baxter. The work effort for sub-tasks 2 and 4 is being performed by REI, 
under the supervision of Dr. Constance Senior, with assistance from the University of Utah  on 
sub-task 2.  
 
The work effort on SCR catalysts was started only within the last performance period. This task 
will be a major thrust in our project for the remainder of the DOE contract period.  As such, 
described below are many details of the outlined program to be performed and current status.   
 
Task 4.1 Technology Assessment 
Deactivation of SCR-based catalysts can occur by chemical poisoning, fouling of catalyst by 
deposition of inorganic (or organic) material on its surface, or surface area decreases associated 
with plugging pores on the catalyst surface. All of these mechanisms are observed to some extent 
in commercial installations, but catalysts deployed in high-dust applications using high-rank 
coals have established commercial success for long lifetimes. Low-rank coals and biomass pose 
potentially greater deactivation threats because they contain relatively high amounts of alkali and 
alkaline earth materials that are more active in all of the above-cited deactivation mechanisms. 
During this quarter, a relatively exhaustive literature review was completed that summarizes the 
past fundamental and commercial experience with SCR deactivation.  
 
Based on this literature, a series of experiments were designed to delineate the mechanisms and 
rates of SCR catalyst deactivation. These experiments include two general types: flow-reactor 
investigations and in-situ analyses of reactions on pellet surfaces. The former are conducted in 
temperature-programmed test cells that operated as differential reactors exposed to controlled 
concentrations of reactants. The data from these experiments include NOx conversion, ammonia 
conversion, SO2 and SO3 conversion as a function of temperature, catalyst type and composition, 
and time. The latter include spectroscopic surface analyses of reacting and adsorbed species on 
surfaces during SCR reactions. The combination of experiments allows mechanisms and rates of 
NOx formation to be definitively determined under a variety of conditions. During the past 
quarter, the designs of these reactors were finalized and all parts were ordered. Construction is 
ongoing as parts arrive. 
 
The catalysts will be characterized both before and after exposure in both laboratory and field 
settings using temperature-programmed desorption kinetics, detailed surface area analysis, 
detailed surface composition and structure analysis, and other similar measurements. All 
measurements except mercury porosimetry will be performed at BYU. Mercury porosimetry, if 
needed, will be done commercially elsewhere. On-line, continuous analyses of NO, NO2, SO2, 
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NH3, and O2 will be provided during testing. All of the equipment required for such 
measurements has been either ordered or refurbished at BYU during the past quarter. 
 
Task 4.2 Evaluation of Commercial Catalysts for Power Plant Conditions  
Design of the flow reactor was carried out during this quarter.  As input for this activity, we 
reviewed the more recent literature that was not available at the time of the original proposal and 
held conversations with EPRI, University of North Dakota EERC, Southern Company and 
catalyst manufacturers that have previously done slipstream testing of catalysts.  This had led to 
a clearer definition of the design of the reactor as well as the best approach to take for the testing.  
Some of the relevant background information will be summarized here, followed by suggestions 
for how best to conduct the testing. 
 
There are three mechanisms for deactivation of SCR catalyst in coal-fired power plants that have 
been identified as discussed above: 
 

1. Fouling (surface deposition) 
2. Pore condensation (and/or pore blockage) 
3. Poisoning 
 

For a given situation one or more of these mechanisms may be occurring.  We should not expect 
that a test on a single type of coal (e.g., PRB) would give us information on all of these 
mechanisms.   
 
For PRB coals, there is a widely held belief that fouling by calcium sulfate deposits is the 
primary mechanism for catalyst deactivation [Siemens, 2000].  In some cases, sodium and 
potassium may be important.  This may be due to poisoning (and perhaps pore-filling) when ash 
particles containing alkali sulfate come in contact with water if the catalyst drops below the dew 
point of the gas.  This might be poisoning from the alkali or pore condensation.  Either way, 
water washing should regenerate the active sites.  (This is in contrast to arsenic poisoning, which 
is irreversible.) 
 
The fouling phenomenon in SCR catalysts exposed to PRB coals is thought to occur via the 
following steps: 
1. Deposition of ash particles containing CaO 
2, Reaction of CaO in the ash with SO3 in the gas phase.   
 
It has been noted that the deactivation and observed particle deposition occur in regions of higher 
turbulence at the inlet to the catalyst layer.  The limiting step may be the deposition of submicron 
CaO particles on the catalyst surface.  Free calcium in the ash, particularly in the finer 
(submicron) ash fractions will therefore be very important.  The SO3 and water contents of the 
gas are also important, both for production of calcium sulfate and in determining the acid dew 
point.  The latter is more likely to be important for the sodium/potassium routes to deactivation.   
 
Limited information is available from Europe on the effect of biomass co-firing on SCR catalyst 
deactivation.  A Danish study was conducted on a 150 MWe pc-fired boiler firing up to 20% 
straw (on an energy basis) [Wieck-Hansen et al, 2000].  Three different catalyst samples (70 cm 
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in length) were exposed to both high-dust and low-dust conditions.  Catalyst activity was 
measured as a function of time.  Electron microscopy and element profiling were done on the 
exposed coupons to quantify the composition of deposits on the catalyst surface as a function of 
depth. 
 
The activity of the catalyst was reduced by about 8% per thousand hours for the high dust 
exposure for all three commercial catalysts.  The authors judged this to be much higher than on a 
purely coal-fired unit.  There was a layer of ash on the catalyst surface that contained primarily 
sulfur, silicon and aluminum, with smaller amounts of calcium, phosphorous, and potassium.  
The deactivation under high dust conditions was therefore presumed to be due to deposition of 
ash on the catalyst surface.  The authors speculated that a minor amount of the deactivation 
might have been due to poisoning of active sites by potassium.  
 
Experience was also gained in Sweden from firing 100% wood in both a pc-fired boiler and a 
circulating fluidized bed (CFB) boiler [Odenbrand et al, 2000].  Four commercial catalysts were 
evaluated.  Deactivation of catalyst was faster in the CFB boiler as compared to the pc-boiler.  
Because of the amount of potassium found on the surface of the catalyst, the authors speculated 
that potassium played a role in deactivation and that only certain forms of potassium in the ash 
were important for deactivation.   
 
With biomass, care must be taken to avoid being too general.  The composition of biomass ash 
varies greatly with the type of plant material burned; there is much more variation in ash 
composition than found in different ranks of coal, for example.  But, preliminary information 
suggests that masking seems to be the primary mechanism for deactivation of catalysts exposed 
to high-dust flue gas in plants firing biomass.  Potassium has been implicated as an important 
element in certain cases, but it is not yet clear whether this is from pore condensation or blockage 
or from poisoning.   
 
This brief review of the literature suggests the following: 
 

• Characterization of the ash particles, particularly submicron ash particles, will be 
needed to generalize the results of the PRB field test to other PRB coals.   

• Although limited data exist on biomass co-firing from Europe, there has heretofore 
been no information on the behavior of catalysts under conditions representative of 
US utility practice. 

• Characterization of ash from biomass co-firing will also be important, since there is a 
much smaller pool of information on this ash in the literature.  Testing with and 
without co-firing will also be needed. 

• Collection of an in-flight ash sample is the best way to accomplish this.  A hopper 
sample may not accurately reflect the composition or amount of fine particles. 

• Measurement of the CaO surface area on the ash would be enormously valuable; the 
measurement is made difficult by the tendency to form a surface layer of calcium 
sulfate on the ash in the flue gas. 

• Characterization of the deposits on the catalyst surface will be important.  Scanning 
Electron Microscopy Energy Dispersive X-Ray (SEM/EDX ) analysis should be 
done; handling the sample so as not to damage the deposit will be important. 
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• Measurement of the temperature history of the catalyst during testing will be 
required.   

 
 
Based on these considerations, the slipstream reactor must meet the following requirements: 
 

• Withdraw flue gas from the duct (at a point between the economizer exit and the air 
preheater inlet) with a temperature of approximately 350 C (660 F); 

• Provide a reasonably accurate representation of the fly ash at the inlet to the slipstream 
reactor, particularly of the submicron fly ash (which has been implicated in masking of 
catalyst exposed to PRB ash); 

• Inject anhydrous ammonia at the inlet to the catalysts based on the inlet NOx 
concentration; 

• Provide for measurement of NO, at the inlet to the reactor and at the outlet of each 
individual catalyst chamber; 

• Maintain constant gas velocity across the catalyst (i.e., constant volumetric flow rate) for 
the duration of the test; 

• Remove ash accumulation at the leading edge of the catalyst periodically to maintain the 
proper flow through the catalyst; 

• Maintain the catalyst above the acid gas dew point to prevent condensation on the 
catalyst; 

• Provide the ability to remove parts of the catalyst to be sent back to BYU for 
characterization; 

• Return the flue gas back into the duct once it leaves the slipstream reactor. 
 
A reactor has been designed to accommodate these constraints and is shown in Figure 4.2.1. 
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Four catalyst manufacturers have been contacted and all have agreed to provide catalyst 
specimens to the program.  These will represent both plate catalysts and honeycomb catalysts.  
The requirements given to the catalyst manufacturers is to provide samples with a cross-sectional 
area that will fit into the individual holders for catalyst (approximately 2 inches square) and 
provide enough length to give approximately 75% NOx removal in the slipstream reactor under 
clean conditions.  Per the request of the catalyst manufacturers, we will not identify the catalyst 
manufacturer when we discuss characterization or results in reports. 
 
In the current statement of work, the goal of Subtask 4.2 (‘Deactivation analysis in a flow system 
that simulates commercial operation’) was to simulate a commercial SCR system by circulating 
vitiated gases and particles through a flow system containing samples of four commercial 
vanadium-based catalysts and to monitor deactivation.  The experiment was to operate 
continuously for up to six months simulating flue gas from each of two different fuels (coal and a 
coal-biomass mixture).  The change in NOx and SO2 concentration before and after the catalyst 
and the ammonia slip were to be monitored at least once per hour. 
 
Since this was proposed, however, a significant amount of new information has come to light 
that impacts how we should proceed on this subtask.  Conversations with EPRI, University of 
North Dakota EERC, Southern Company and catalyst manufacturers that have previously 
conducted slipstream testing of catalyst, as well as review of the more recent literature that was 
not available at the time of the original proposal, has shown that a minimum of six weeks (1000 
hours) is needed to see significant deactivation.  Even longer time will be required to get the 
information on deactivation as a function of time that is needed for developing a kinetic 
mechanism.  Thus the original idea of three months per coal mixture does not now appear to be 
adequate. 
 
The flow system testing was to have been carried out at the University of Utah’s large coal 
combustion facility (L1500).  However, if the length of testing were extended in order to see 
significant deactivation, the cost of carrying out the tests would be greatly increased because of 
additional costs for fuel and operating labor.  Therefore, it is suggested that slipstream testing for 
six-month periods be carried out at full-scale utility power plants in order to ensure that the cost 
is affordable and to obtain an even better representation of the flue gas than originally planned. 
 
It makes sense to test at one plant that burns a coal containing a significant amount of alkali 
(western subbituminous such as a Powder River Basin coal or a lignite) and at one plant burning 
a coal-biomass blend.  One utility has already expressed great interest in hosting a long-term test 
at one of their plants that co-fire wood with coal.  The utility has agreed in principle to make a 
significant in-kind contribution to help support the tests. 
 
There are two approaches to quantifying catalyst deactivation from flow reactor tests: 

1. Periodic measurement of inlet/outlet NOx 
2. Long-term, continuous measurement of inlet/outlet NOx 

 
In both methods, a section of the catalyst would be removed periodically and taken back to the 
lab where the activity would be measured under well-controlled conditions.  Discussions with 
catalyst vendors have suggested that it is critical to remove catalyst samples periodically from 
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the flow reactor and test their activity under well-controlled laboratory conditions (such as the 
test system being built at BYU under Subtask 4.1).   
 
In Method 1, which has been used by other groups such as University of North Dakota EERC, 
inlet and outlet NOx are only measured at the time that the catalyst is removed from the field 
reactor, typically every 4-8 weeks.  At that time a portable continuous emission monitor system 
is used to measure inlet and outlet NOx for a short period of time (typically for several hours), 
thus giving a snapshot of the activity in the field.   
 
In Method 2, the inlet and outlet NOx are measured using a dedicated, continuous emission 
monitors throughout the entire duration of the test.  To our knowledge, this has never been done 
in the field.  The advantages of Method 2 are that one obtains a curve of deactivation as a 
function of time, which can be used to infer kinetic mechanisms, as well as activity data under 
more relevant conditions.  Method 1, by contrast, only gives points (and infrequent ones at that) 
on the deactivation curve.  The conditions in the slipstream flow reactor (temperature, NOx, 
water, etc.) will, in all likelihood, not be constant, and it will be hard to correct the observed 
activity for all those changes.  Added to that concern is the difficulty of getting accurate and 
reliable inlet and outlet NOx measurements for several months.   
 
We had planned originally for only on-line measurement of NOx, SO2 and ammonia in the flow 
reactor testing using existing equipment at the University of Utah.  However, moving the flow 
reactor testing to a power plant slipstream increases the cost of making continuous measurements 
of gas composition.  More rugged, field-ready equipment (particularly instrumentation capable 
of unattended operation for long periods of time) would have to be purchased or leased.   
 
On-line continuous measurement of NOx at the inlet and outlet of the flow reactor (Method 2) 
would provide unprecedented information on catalyst activity as a function of time, which would 
provide a more detailed description of deactivation and would serve to enhance the laboratory 
measurements of activity.  In order to achieve six months of testing at each of two power plants, 
as we have proposed here, on-line measurement of NOx would be an added expense that would 
preclude long-term testing with different fuels.  The applicability of the deactivation model will 
almost certainly be greater if two different fuels (low rank and coal-biomass blend) can be tested. 
 
Task 4.3 Evaluation of Catalyst Regeneration 
Within the last performance period, mechanisms of catalyst reactivation have been explored 
based on both literature results and experience of other, mostly European, institutions. Several 
promising reactivation mechanisms have been established. However, serious investigation of 
these will await the results of the deactivation mechanisms within this project. 
 
Task 4.4 Catalyst Deactivation Model 
Within the last performance period our existing SCR model was tested.  This model is based on 
the work of Dumesic and coworkers [Dumesic et al, 1996] and involves a reaction scheme for 
adsorption of ammonia on Brønsted acid sites of vanadium oxide followed by activation of 
ammonia via redox sites (V=O).  The activated ammonia is then assumed to react with gaseous 
or weakly adsorbed NO, producing N2 and H2O; this reaction also partially reduces the catalyst.  
The reduced sites react with O2 in the gas stream and the catalytic cycle is complete.  The 
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reaction scheme has been shown to describe the kinetics of the SCR reaction under conditions 
that are relevant to field applications of SCR in the utility industry.  The REI model is a one-
dimensional model that uses the number of active sites per unit surface area as the chief 
parameter.  The model has been shown to reproduce literature data well. 
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Task 5 - Fly Ash Management/Disposal 
 
This task deals with the undesirable adsorption of ammonia on fly ash associated with the 
operation of advanced NOx control technologies such as selective catalytic reduction.  The task 
examines the fundamentals of the adsorption process as well as the fundamental process 
underlying potential techniques for post-combustion removal of adsorbed ammonia.  This task is 
being performed at Brown University under the leadership of Prof. Bob Hurt. 
 
Previous reports have focused on work under Subtask 1: Fundamental Mechanisms of Ammonia 
Adsorption in advanced low-NOx combustion systems.  The present report provides new data 
under Subtask 2: Fundamentals of Ammonia Removal Processes.    
 
Task 5.2 Ammonia Removal  
There is almost no information in the archival scientific literature on methods of ammonia 
removal from fly ash, despite great commercial interest in a variety of competing techniques 
[Larrimore, 2000, Golden, 2001], including thermal methods [Levy et al., 2001], combustion-
based methods [Giampa, 2001], and water-based methods [Gasiorowski and Hrach, 2000; 
Katsuya et al., 1996; Hwang, 1999].  The objective of our recent work is to investigate the 
chemistry of room temperature methods for ammonia removal from fly ash using a combination 
of moisture and oxidizing agents.  In this bench-scale study, special emphasis was placed on 
controlled addition of small amounts of moisture to avoid wet ash handling, so-called "semi-dry 
processing", which is the basis for several industrial patents [Gasiorowski and Hrach, 2000; 
Katsuya et al., 1996], and on the use of ozone, which has recently been found to passivate 
unburned carbon surfaces in fly ash and thus improve air entrainment properties of problem ash 
streams [Gao et al., 2001]. 
 
Samples 
Four commercial ash samples were selected for this study from among the 80 ash samples in the 
Brown University ash sample bank [Kulaots, 2001].  Properties of the selected samples are 
shown in Tables 5.2.1 and 5.2.2.  FA1 and FA2 are ammoniated ash samples, one with high and 
one with low pH, from two power stations in the New England region operating SNCR units and 
burning bituminous coals.  FA3 and FA4 are typical non-ammoniated ashes from eastern and 
western U.S. coals respectively, and are used in experiments in which ammonia is loaded on the 
ash under a variety of laboratory conditions.  Note that both the carbon content and the ammonia 
content of FA1 is unusually high.  At 1060 ppm this ash has more than ten times the amount of 
ammonia that is commonly cited as the desired amount to avoid ash utilization problems 
[Larrimore, 2000]. The basic nature of FA1 is unusual for a class F ash whose alkaline and 
alkaline earth components sum to only 6.2 wt-%  on a carbon-free basis (see Table 5.2.2).  It can 
be shown by simple equilibrium calculations  for the reaction NH3 + H2O --> NH4

+  + OH- that 
this basicity is in part due to its very high ammonia content.   
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Table 5.2.1. Fly Ash Sample Properties 
 
Designation† Class LOI††   as-received pH 
      ammonia  
   content, ppm,w 
 FA1 (A22) F 33.6% 1060 11.8 
 FA2 (A74) F 10.0%  214  7.9 
 FA3 (A21) F  6.1%   ~ 0  7.1 
 FA4 (A73) C  0.5%   ~ 0 11.4 
________________ 
† in parentheses are given the original identification code used in the Brown   
   University sample bank, allowing cross-reference with other documents. 
†† "Loss on ignition," an approximate measure of unburned carbon content (see text). 

 
 

 
 

Table 5.2.2 
Inorganic Elemental Composition of Commercial 

Ammoniated Ash Samples 
 

      Element FA1, bulk FA1, XPS† FA2, bulk 
    wt-%    wt-%    wt-% 
Aluminum as Al2O3 19.6 20.3 28.8 
Calcium as CaO 2.4 3.9 1.3 
Iron as Fe2O3 7.2 2.6 4.7 
Magnesium as MgO 3.2 2.3 0.97 
Manganese, as MnO 0.06 -- 0.02 
Phosphorus as P2O5 0.05 -- 0.02 
Silicon as SiO2 60.0 54.0 58.4 
Sodium as Na2O 0.56 1.2 0.91 
Sulfur as SO3 2.3 14.9 0.44 
Titanium as TiO2 0.92 0.77 1.8 
_____________________ 
† near-surface composition 

 

 
 
Experimental Procedures 
Fly ash characterization  
Loss-on-ignition values were determined by weighing samples before and after air oxidation at 
700 oC.  Inorganic elemental compositions were determined for the ammonia-containing field 
ashes at Huffman Analytical Labs (Golden, CO) and near-surface elemental compositions were 
determined by XPS at Evans East Laboratory (East Windsor, NJ).  The high resolution N1s XPS 
spectrum suggests multiple peak behavior which may contain information on nitrogen/ammonia 
forms, but low signal-to-noise ratio made the peak assignments and quantification uncertain.   
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The ammonia content of a test fly ash sample was determined by mixing two grams of ash with 3 
ml of 2 v/v-% H2SO4 and 37 ml distilled water.  The suspension was dispersed in an ultrasonic 
bath for 5 minutes, and the solid ash was separated from the solution by a 10-minute 
centrifugation.  The supernatant solution was then filtered and 30 ml used to measure ammonium 
ion concentration by specific ammonium ion electrode and Corning pH/ion analyzer model 455.  
Potassium ion is known to interfere with the accurate measurement of ammonia, but the 
potassium levels in Table 5.2.2 are too low for the interference to be significant for these samples 
and procedures.   
 
The acid/base character of test fly ash samples were measured by mixing 1 gm of ash with 30 ml 
distilled water and dispersing the particles in an ultrasonic bath for 5 minutes.  After 
centrifugation and filtration as above, the pH of the solution is measured by a Corning pH/ion 
analyzer 455.     
 
Experiments with flowing fog and oxidizing agents.   
A fixed/fluidized bed reactor was used to contact ash with a continuous stream of air containing 
ozone and a fine water aerosol (fog).  An ultrasonic nebulizer was used to introduce ultrafine 
water droplets to the humidified air upstream of the contact vessel, and some mechanical stirring 
was carried out manually or with a magnetic stir bar.  Here 10 gm of ash are placed in a 40 mm 
diameter reactor fitted with the same porous distributor (0.15-0.18 mm pore size) and exposed to 
a fog-containing upward airflow of 0.7 lit/min.  After water addition the sample was removed 
and the ammonia content measured.  Half of the sample (5 gm) was returned to the glass reactor 
and dried in flowing air without water mist at a flow rate of 0.3 lit/min.  The time between the 
end of the fog treatment and the beginning of the drying stage was always 1 minute.  All 
experiments were at ambient temperature.   Ash moisture and ammonia contents were measured 
before and after treatment by ion electrodes as described above.  In another variant on the basic 
experiment, a 30 wt-% H2O2 was employed as the liquid feed for fog generation in place of 
water.  Joint treatment with ozone and H2O2 is the "peroxone" route to aqueous ammonia 
oxidation [Kuo et al., 1991], which under some conditions has faster kinetics than straight 
ozonation.  Additional experiments were conducted for acidic ashes in which basic additives, 
NaOH or Ca(OH)2, were introduced into the liquid feed for fog generation, or in the case of 
Ca(OH)2 were added as dry powder to the ash prior to treatment.  
 
Summary.   
Experiments were conducted to explore whether ozone has a beneficial effect during semi-dry 
ammonia removal processes, which could eliminate the need for off-gas treatment.  Semi-dry 
processes use small amounts of moisture (< 5 wt-%) and have the advantage that aqueous 
solution chemistry can be used to drive off or destroy ammonia, while the ash remains dry 
enough for normal ash handling equipment.     
 
Calculations were carried out to investigate the structure and properties of the water film formed 
during semidry processing.  Figure 5.2.1 shows the geometric relationship between moisture 
content and water film thickness for a ideal ensemble of monodisperse, non-contacting spheres 
of density 2.2 gm/cm3, similar to the density of mineral phases in fly ash.  The small amounts of 
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water employed here give rise to a nominal film thickness well below 1 µm.  in the presence of 
subsaturated humid air, we further expect the water film to be highly non-uniform, consisting of 
very thin mono- or multi-layer adsorbed films on external particle surfaces or large pore surfaces 
in carbon, coexisting with bulk moisture in fine pores and fine neck regions lying at points of 
particle contact.  The Kelvin equation describes this sub-saturation condensation, and for the 
simple case of spherical geometry yields a maximum size of filled pores (or filled particle 
interstitial regions) of 1.5 nm at 50% RH,  5 nm  at 80% RH, and 21 nm at 95% RH under these 
conditions.  We therefore expect bulk water only in nanometric (meso) pores and nanometric 
interstitial regions.   We expect much of the ash surface to be covered only by a multi-layer 
adsorbed film, making the water phase only semi-continuous and leading to slow diffusion of 
dissolved species.  For this reason, use of the water aerosol is advantageous, as bulk water films 
may be more uniform and continuous allowing for more rapid diffusion and bulk solution 
chemistry.  
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Figure 5.2.1 Thickness of uniform water film on collection of ideal, nonporous, monodisperse   
spherical particles of typical mineral density, 2.2 g/cm-3.  This calculation 
demonstrates that the water film produced by most humid air and flowing fog 
experiments (moisture contents 1-5%) have sub-micron mean dimensions. 
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Figure 5.2.2 shows experiments in which flowing fog was used together with 3 vol-% ozone 
added to the air during the drying stage.  This plot shows that significant ammonia removal 
occurs if moisture content directly after fog addition is above about 3%.  The addition of ozone 
has no dramatic enhancing effect on this pH-mediated ammonia release.  It is likely that the 
release of ammonia from the liquid phase is too fast under these conditions (using the naturally 
basic ash) to allow the aqueous reaction with ozone to be effective.  
 
 

0

200

400

600

800

1000

1200

1400

0 5 10 15

Total contact time, min

fog drying

3.5%
3.5%

3.1%

3.9%

drying 
stage in:

air

ozone

ozone

air

 
Figure 5.2.2 Effect of ozone addition during the drying stage of ammonia removal.  Sample: 

basic fly ash, FA1.  The ozone containing stream was 3 vol-% ozone in air.    
 

 
 
In acidic ashes by contrast the ammonia species remain in solution where they may be available 
for aqueous oxidative attack.  Figure 5.2.3 shows the effect of H2O2 and ozone as joint 
(peroxone) oxidizing agents during the semi-dry treatment of the acidic ash FA2 with flowing 
fog.  Only modest reductions in ammonia are observed over a 60 minute treatment interval.  
Ammonia ozonation is heavily favored by thermodynamics, so this result implies slow kinetics, 
again with likely competition from the ozone carbon reaction.  Peroxone oxidation is known to 
attack dissolved ammonia preferentially to ammonium ion, and the kinetics are thus sharply pH 
dependent [Kuo et al., 1991].  Under these conditions the peroxone kinetics are too slow to 
achieve substantial ammonia reductions, likely due to low concentrations of dissolved ammonia 
at the prevailing low pH.  Perversely, at high pH ammonia is rapidly evolved, so rapid peroxone 
destruction of ammonia would require careful control of intermediate pH. 
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Figure 5.2.3 Ammonia removal / destruction from acidic ash (FA2) using H2O2 /  O3 fog. Fog 

contained 30 wt-% H2O2 and was transported using 0.7 lit/min of 3% ozone in 
oxygen.  The drying stage used 0.3 lit/min of 5% ozone in dry oxygen.  Moisture 
levels in the ash were similar in the 4 experiments, ranging from 12.7% to 13.7% 
directly after fog addition, and ranging from 6.1% to 7.2% after drying.  
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Task 6 – Field Validation of Integrated Systems 
 
Field Tests 

During this performance period, field tests of RRI in Ameren's Sioux Unit 1 were started. Sioux 
Unit 1 is a 480 MW opposed wall fired cyclone unit located south of St. Louis MO.  The process 
design was based on previously completed CFD based modeling conducted by REI and includes 
a total of 20 wall injectors in three elevations between the cyclone barrels and OFA ports.  

The test plan developed by Ameren, EPRI and REI personnel called for performing an initial 
series of tests and analyzing the data from the first tests, before commencing a second set of 
tests. The first test set of tests have been completed and the data analysis is in progress. 
Preliminary review of the results indicates 15-20% NOx reduction was achieved. Based on 
conversations with plant personnel, it appears that several difficulties were encountered in the 
present test set that might have impacted the RRI performance. Further discussion of the test 
results are presented in the Results and Discussion section below. A second set of tests are 
planned for next quarter. 

It should be noted that the costs for the field tests are being paid by Ameren and EPRI. No REI 
or DOE funds are being provided to either organization. Likewise, for the RRI field test 
conducted at Connectiv’s BL England station during the Summer/Fall of 2000, the bulk of the 
field test costs were paid for by EPRI and the utility. 
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Results and Discussion 
RRI: Preliminary results from field tests of RRI in the Ameren Sioux Unit 1 boiler indicate that 
up to 20% NOx reduction was achieved with measured NH3 slips under 1 ppm. The testing was 
carried out primarily by Ameren personnel. The costs for conducting the field test were paid for 
by Ameren and EPRI. Detailed results of the tests have not yet been reported. Based on 
conversations with plant personnel, it appears that during the tests, nozzle tips were melted due 
to the loss of cooling air and/or water.  Some of the lost nozzle tips were for key  injectors. CFD 
modeling was used to develop the RRI design for the boiler. The modeling results indicated NOx 
reductions up to 27% could be obtained with less than 1 ppm NH3 slip using a normalized 
stoichiometric ratio of approximately 2. It should be noted that for the RRI study performed at 
the BL England station [Cremer et al, 2001a], [REI, 2000], the model predictions matched quite 
closely with the field measurements. A detailed review of the RRI test results at the Sioux plant 
will need to be performed before definitive conclusions can be formulated. Additional tests at the 
Sioux plant are scheduled for next quarter. In parallel to the field study for RRI in cyclone 
furnaces, work is continuing on evaluating the potential benefit of using RRI in PC fired 
systems. As such, a CFD modeling study has been started to look at the use of RRI for NOx 
reduction in a corner fired 500 MWe utility boiler. Based on previous work, this unit when using 
overfire air would have appropriate conditions to obtain good NOx reductions with RRI. Current 
work is focused on developing an injection strategy to deliver the reagent into the fuel rich 
regions where RRI will be the most effective. Based on preliminary results for idealized injection 
strategies, NOx reductions of up to 20% could possibly be achieved. 

Corrosion Probe: Field tests in a utility boiler of the corrosion probe have been completed. As 
described above, tests were performed over a period of about two months. The probe was 
installed in ports at two different elevations in the boiler. After each of the two test series the 
sensor elements on the probe face were replaced. The volume of material removed from the 
elements due to corrosion will be measured using a surface profilometer. Due to software 
difficulties, the profilometer measurements will not be completed until next quarter. Preliminary 
results for comparing the probe signal corrosion rate with the surface profiler data show a 
corrosion depth of 5.2 µm obtained by the probe, while the corrosion depth obtained from the 
profilometer measurements is in the range of 4 to 10 µm. Improvements to the profilometer 
measurements that are planned to be implemented next quarter should narrow the range of 
measured corrosion. As part of the field tests, parametric tests were performed to attempt to 
determine the sensitivity of the predicted corrosion rates to boiler load and excess O2.  Test 
results indicate a dependence on boiler load. However, tests for sensitivity to excess O2 levels 
were inconclusive. 
 
SCR Catalyst:  The work effort on SCR catalysts was started only within the last performance 
period. This task will be a major thrust in our project for the remainder of the DOE contract 
period.  Good progress has been made on several aspects. A literature review on the deactivation 
of SCR-based catalysts has been completed that summarizes the past fundamental and 
commercial experience with SCR deactivation. Based on this literature, a series of experiments 
have been designed to delineate the mechanisms and rates of SCR catalyst deactivation. These 
experiments include two types – flow reactor investigations and in-situ analyses of reactions on 
pellet surfaces. The catalysts will be characterized both before and after exposure in both 
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laboratory and coal combustion flue gas settings. An initial slipstream reactor design (see Figure 
4.2.1) has been created and is being refined. Four catalyst manufacturers have been contacted 
and all have agreed to provide catalyst specimens to the program.  These will represent both 
plate catalysts and honeycomb catalysts.  The requirements give to the catalyst manufacturers is 
to provide samples with a cross-sectional area that will fit into the individual holders for catalyst 
(approximately 2 inches square) and provide enough length to give approximately 75% NOx 
removal in the slipstream reactor under clean conditions.  Per the request of the catalyst 
manufacturers, we will not identify the catalyst manufacturer when we discuss characterization 
or results in reports.  Discussions with other research groups that have previously conducted 
slipstream testing of catalyst, as well as review of recently published literature, suggest that it 
would be more valuable to the program to pursue slipstream testing of the catalyst at full scale 
utility power plants. A significant factor in this conclusion is the long time period of testing 
required to induce significant deactivation of the catalysts (over 1000 hours of exposure to the 
flue gas).  
 
Fly Ash Management: Several sets of new experiments were performed to investigate ammonia 
removal processes and mechanisms.  This work focused on a promising class of processes in 
which ammonia is destroyed by strong oxidizing agents at ambient temperature during semi-dry 
processing (the use of moisture amounts less than 5 wt-%).  Both ozone and an ozone/peroxide 
combination was used to treat both basic and acidic ammonia-laden ashes.  The test results have 
demonstrated that ammonia species can be removed from fly ash at or near room temperature by 
a variety of dry and semi-dry techniques.  This work confirms industrial reports that aqueous 
solution chemistry takes place upon the introduction of even very small amounts of water, while 
the ash remains in a semi-dry state for handling.  Ozone is capable of destroying ammonia on ash 
in the dry state, but is less effective under semi-dry conditions likely due to kinetic limitations on 
the aqueous phase reaction.  Peroxone oxidation, the use of H2O2 and ozone as co-oxidants, 
showed only a modest effect for the pH levels examined in our experiments.  Theoretical 
considerations suggest that optimal peroxone destruction of ammonia should occur at 
intermediate pH: low enough to keep most ammonia species in solution and available for attack, 
but high enough to produce a significant concentration of NH3, since NH4+ oxidation kinetics 
are believed to be slow.     
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Conclusions 
Good progress has been made on several fronts during the last three months. In particular: 

Ø Field tests for the use of RRI in a cyclone fired utility boiler have been completed. 
Preliminary review of the data indicates 15-20% NOx reduction was achieved. Model results 
used to develop the RRI design had predicted slightly higher NOx reduction. However, 
significant operational problems were encountered with the RRI injectors that may have 
reduced the effectiveness of the RRI design. Data analysis is still in progress. 

Ø CFD modeling studies have been started to evaluate the use of RRI for NOx reduction in a 
corner fired utility boiler using pulverized coal. Preliminary results indicate 20% NOx 
reduction could be achieved with the proper injection strategy. 

Ø Field tests to evaluate a corrosion probe to predict waterwall wastage in utility boilers have 
been completed. Analysis of the data is still in progress. Preliminary results indicate good 
agreement between the corrosion rates predicted by the probe and corrosion rates measured 
as part of the field tests.  

Ø Model predictions have been performed for soot generation under low NOx firing conditions 
in a pilot scale test furnace.  

Ø Substantial progress has been made on our study of SCR catalyst deactivation. A literature 
survey has been completed. Experiments have been designed and flow reactor systems to 
support these tests have been designed and are under construction. One of the reactors will be 
a slipstream reactor to evaluate SCR catalysts under boiler flue gas conditions. A preliminary 
design for this reactor has been completed. Four commercial catalyst vendors have agreed to 
supply catalyst samples.  

Ø Experiments focused on evaluating ammonia removal processes and mechanisms for fly ash 
have provided interesting results.  Work has focused on processes in which ammonia is 
destroyed by strong oxidizing agents at ambient temperature during semi-dry processing (the 
use of moisture amounts less than 5 wt-%).  Both ozone and an ozone/peroxide combination 
were used to treat both basic and acidic ammonia-laden ashes.  The work to date confirms 
industrial reports that aqueous solution chemistry takes place upon the introduction of even 
very small amounts of water, while the ash remains in a semi-dry state for handling.   Ozone 
is capable of destroying ammonia on ash in the dry state, but is less effective under semi-dry 
conditions likely due to kinetic limitations on the aqueous phase reaction. Peroxone oxidation 
(the use of H2O2 and ozone as co-oxidants) showed only a modest effect for the pH levels 
examined in our experiments.   

Plans for the next quarter include: detailed review of the first set of RRI field test data and 
assisting the utility, as needed, in planning and analyzing the results from a second series of RRI 
field tests; continue the CFD modeling study to investigate the potential NOx reduction for RRI 
in a corner fired boiler; completing the data reduction for the field tests of the corrosion probe 
that were completed last quarter; further improvements to the soot model in our CFD code and 
pilot scale tests to collect data on soot generation for use in verifying the soot model; completion 
of BYU’s laboratory reactor for catalyst evaluation as well as design and fabrication of the 
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slipstream reactor for long-term catalyst testing; and continued studies on ammonia adsorption 
onto fly ash and possible removal processes.  
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