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ABSTRACT 
 
The power industry in the United States is faced with meeting many new regulations to 
reduce a number of air pollutants including sulfur dioxide, nitrogen oxides, fine 
particulate matter, and mercury.  With over 1,000 power plants in the US, this is a 
daunting task.  In some cases, traditional pollution control technologies such as wet 
scrubbers and SCRs are not feasible.  
 
Powerspan’s Electro-Catalytic Oxidation, or ECO® process combines four pollution 
control devices into a single integrated system that can be installed after a power plant’s 
particulate control device.  
 
Besides achieving major reductions in emissions of sulfur dioxide (SO2), nitrogen oxides 
(NOx), fine particulate matter (PM2.5) and mercury (Hg), ECO produces a highly 
marketable fertilizer, which can help offset the operating costs of the process system.   
 
Powerspan has been operating a 50-MW ECO commercial demonstration unit (CDU) at 
FirstEnergy Corp.’s R.E. Burger Plant near Shadyside, Ohio, since February 2004.  In 
addition to the CDU, a test loop has been constructed beside the CDU to demonstrate 
higher NOx removal rates and test various scrubber packing types and wet ESP 
configurations. 
 
Furthermore, Powerspan has developed the ECO2

® technology, a regenerative process 
that uses a proprietary solvent to capture CO2 from flue gas. The CO2 capture takes place 
after the capture of NOx, SO2, mercury, and fine particulate matter. Once the CO2 is 
captured, the proprietary solution is regenerated to release CO2 in a form that is ready for 
geological storage or beneficial use. 
 
Pilot scale testing of ECO2 began in early 2009 at FirstEnergy’s Burger Plant. The ECO2 

pilot unit is designed to process a 1-MW flue gas stream and produce 20 tons of CO2 per 
day, achieving a 90% CO2 capture rate. The ECO2 pilot program provided the 
opportunity to confirm process design and cost estimates, and prepare for large scale 
capture and sequestration projects. 
 
The objectives of this project were to prove at a commercial scale that ECO is capable of 
extended operations over a range of conditions, that it meets the reliability requirements 
of a typical utility, and that the fertilizer co-product can be consistently generated,  
providing ECO with an economic advantage over conventional technologies currently 
available.   
 
Further objectives of the project were to show that the ECO system provides flue gas that 
meets the inlet standards necessary for ECO2 to operate, and that the outlet CO2 and other 
constituents produced by the ECO2 pilot can meet Kinder-Morgan pipeline standards for 
purposes of sequestration.  All project objectives are consistent with DOE’s Pollution 
Control Innovations for Power Plants program goals.   
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EXECUTIVE SUMMARY  
 
The project objectives were to obtain the necessary information to prove at a commercial 
scale that Powerspan’s ECO® process is capable of extended operations over a range of 
conditions and meets the reliability requirements of a typical utility. It was also the 
objective to demonstrate that a fertilizer co-product can be consistently generated 
providing ECO with an economic advantage over conventional technologies currently 
available.  Further objectives of the project were to show that the ECO system can 
provide flue gas that meets the inlet standards necessary for the ECO2® process to 
operate, that the outlet CO2 and other constituents produced by the ECO2 pilot can meet 
Kinder-Morgan pipeline standards for purposes of sequestration, to evaluate the 
performance and CO2 removal of the ECO2 process, and to evaluate the commodity 
solvent usages and slip into the flue gas and CO2 product gas emitted. 
 
The Commercial Demonstration Unit (CDU) installed at FirstEnergy’s Burger Power 
Plant operated under this program from 2007 until March 2010.  During this period the 
CDU accumulated 10,833 hours of operation and produced 12,668 tons of ammonium 
sulfate fertilizer, all of which was sold into the marketplace.  Operation of the CDU 
supported the demonstration of ammonium sulfate crystallization through successful 
testing of a crystallizer pilot.  Operation of the CDU also allowed for further development 
of key ECO systems including the barrier discharge reactor, reactor electrodes and the 
reactor power supply, and a sulfite oxidation system for use when NOx removal is not 
desired. 
 
The ECO2 pilot for CO2 capture was installed at the Burger plant in 2008 and operated 
until March 2010.  The unit drew a 1 MW equivalent slipstream from the outlet of the 
CDU.  It was constructed to demonstrate the ECO2 technology on coal-fired power plant 
flue gas, and to provide data on the economics and scaling to commercial systems.   
 
The CDU was successfully operated to support ECO2 pilot testing, removing SO2 and 
particulate matter from the flue gas prior to entering the ECO2 pilot.  During the course 
of pilot testing the ECO2 solvent was changed from an ammonia-based solution to a 
proprietary solution that did not contain ammonia.  Testing conducted with the new 
solvent chemistry showed that the process could consistently achieve greater than 90% 
CO2 removal from coal-fired power plant flue gas, and that the CO2 produced meets the 
quality standards required for pipeline transport prior to sequestration. 
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1.0 INTRODUCTION 
 

1.1 SITE OVERVIEW 
 
Powerspan’s Commercial Demonstration Unit (CDU) test facility, is erected at the 
FirstEnergy Corp.’s R.E. Burger Plant in Shadyside, Ohio.   
 
The 100-acre FirstEnergy site is located on the Ohio River across from the town of 
Moundsville, West Virginia.  The plant has three coal-fired units along with three oil 
peaking units to produce a total of 413 megawatts of electricity. 
 

 
Figure 1. Photograph of the R.E. Burger Plant Site 

 
The CDU is configured to draw a slipstream of the flue gas generated by the plant’s 
boiler(s) serving Units 4 or 5.  The tie points are located along the plant’s outlet duct (at a 
location directly upstream of the plant’s stack) and the system is designed to handle up to 
100,000 SCFM of flue gas (equivalent to approximately 50 MW of generation). 
 
Additionally, a test loop was constructed adjacent to the CDU main structure (located 
directly south of the CDU).  The test loop consisted of a packed scrubbing section and a 
wet electrostatic precipitator section.  It drew a flue gas slipstream from the outlet of the 
CDU’s lower loop.  The test loop provided the ability to cost effectively test additional 
packing materials and wet electrostatic precipitator designs.   
 
An ammonium sulfate crystallizer pilot was installed at the CDU in 2006.  The unit drew 
a slipstream of liquid from the CDU’s co-product bleed and its purpose was to 
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demonstrate production of commercial quality crystals and provide information for 
commercial scale system design. 
  
The ECO2 pilot was installed in 2008, replacing the test loop scrubber.  The pilot was 
configured to draw flue gas from the outlet of the CDU and return the treated flue gas to 
the CDU.  The unit was sized to capture 20 tons of CO2 per day, with the captured 
material dried and compressed, then returned to the CDU.   
 
Additional equipment was installed and tested over the period covered by this project.  It 
included an improved reactor power supply, a compact barrier discharge reactor module 
containing improved reactor electrodes, a peroxide based reactor reagent system to 
improve the NO conversion efficiency in the barrier discharge reactor, and a sulfite 
oxidation system for the CDU scrubber to enable high levels of SO2 removal in a 
configuration where NOx removal is not desired and the barrier discharge reactor was not 
operated. 
 

 
Figure 2. Photograph of the CDU and Test Loop 
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1.2 PROCESSES DESCRIPTION 
 

1.2.1 Overview 
 
In addition to achieving major reductions in emissions of sulfur dioxide (SO2), nitrogen 
oxides (NOx), fine particulate matter (PM2.5) and mercury (Hg), Powerspan Corp.’s 
Electro-Catalytic Oxidation, or ECO, technology produces a highly marketable fertilizer, 
which can help offset the operating costs of the process system.  Powerspan has been 
operating a 50-MW ECO CDU at FirstEnergy Corp.’s R.E. Burger Plant since February 
2004.  The CDU has the capability of operating on either Burger Unit 4 or Burger Unit 5, which 
are identical units.   
 
Powerspan’s ECO2

® technology is a scrubbing process that captures CO2 from the flue gas after 
treatment by the ECO process where NOx, SO2, mercury and fine particulate matter has been 
substantially reduced from the original levels produced by the boiler.  The pilot unit installed at 
the site also includes a product treatment section consisting of a gas drying and compression 
sections providing the ability to deliver pipeline quality CO2.    
 

1.2.2 ECO® Process 
 
The ECO system is a true integrated multi-pollutant control technology that removes air 
pollutants such as sulfur dioxide (SO2), nitrogen oxides (NOx), fine particulate matter (PM2.5) 

and mercury (Hg).  The ECO system also provides removal of other metals and acid gases such 
as sulfur trioxide (SO3), sulfuric acid (H2SO4) and hydrochloric acid (HCl).  Unique to the ECO 
system is the nature of the co-product which as a salable ammonium sulfate fertilizer improves 
the economics of the system by recovering ammonia reagent costs while minimizing waste 
disposal.   
 
On a typical coal boiler installation, as shown in Figure 3, an ECO unit would be installed 
between the plant’s particulate matter removal equipment and the flue gas stack. 
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Figure 3. Typical ECO Installation Overview 

. 
The ECO process contains three main steps to treat flue gas: 1) ECO Reactor, 2) 
Absorber Vessel and 3) Wet Electrostatic Precipitator (WESP).  The fourth step is co-
product processing. 
 

 
 

Figure 4. ECO Process Flow Diagram. 
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The dielectric barrier discharge reactor oxidizes pollutants by using non-thermal plasma 
to generate high-energy electrons that have the energy ideal for creating hydroxyl (OH) 
radicals and atomic oxygen (O).  Once formed the OH and O act to oxidize pollutants 
such as NO, SO2, and Hg.  These oxidized pollutants lead to the formation of soluble 
compounds that are more easily removed downstream. 
 
After the pollutants are oxidized by the reactor, they enter the absorber vessel.  The two-
loop scrubber performs three functions: 1) saturates and cools the flue gas, 2) scrubs the 
SO2 and NO2 from the flue gas and 3) concentrates the ammonium sulfate co-product.  
Flue gas saturation and co-product concentration are both performed in the “lower loop” 
while SO2 and NO2 removal is performed in the “upper loop” of the scrubber.  Ammonia 
is added to the upper loop to maintain the pH of the solution at a level that will result in a 
high SO2 scrubbing rate.  At this pH, a portion of the scrubbed SO2 forms sulfite ions that 
then scrub the NO2. 
 
After the flue gas is treated by the absorber, it enters the WESP.  The WESP removes the 
aerosols that are formed by the ammonia scrubbing process along with air toxics and fine 
particulate matter.  
 
The ECO process creates an ammonium sulfate co-product that can be treated, refined, 
and used as commercial grade fertilizer.  The flyash is removed from the stream and then 
it is pumped through an activated carbon adsorption bed, which strongly adsorbs mercury 
compounds.  After the mercury is removed from the co-product stream, it is sent to a 
crystallizer.  The crystallization process consists of heating the liquid under a slight 
vacuum, and boiling off the excess water.  Commercial grade crystals are produced and 
can be sold to market without any additional processing. 
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1.2.3 ECO2
® Process 

 
The ECO2 technology is a scrubbing process that uses proprietary solvent solution to capture 
CO2 from the flue gas.  The CO2 capture takes place after the NOx, SO2, mercury and fine 
particulate matter are removed in Powerspan’s ECO process.   
 
Once CO2 is captured, the resulting solution is regenerated to release CO2 and water vapor.  The 
vapor is recovered and returned to the scrubbing process, and the CO2 is processed into a form 
that is sequestration ready.  A small amount of solvent is lost when flue gas impurities are 
removed as part of the blow-down stream, but no separate by-product is created.   
 
The ECO2 pilot unit is designed to process a 1-MW flue gas stream and produce 20 tons of CO2 
per day, achieving a 90% CO2 capture rate. 
 

 
 

Figure 5. Sample Plant with ECO-SO2 and ECO2® System Installed. 
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1.3 PROJECT OBJECTIVES 
 
Project’s objectives were pursued through the six main project tasks stated here: 
 
Task 1.  Continued operation of the CDU  
 

The CDU will process flue gas from Burger Power Plant 24 hours a day on a 10 days 
on – 4 days off cycle through the duration of the project.  Flue gas conditions will vary 
due to fuel switching and normal power plant operation.  Continuous monitoring of 
NOx, SO2 and mercury removal will track performance of the process in these real-
world conditions.   Operations will provide data on the suitability of selected materials, 
reliability of components and stability of the process.  Additionally, testing will 
continue on the new peroxide-based reactor reagent system, testing of the new 500 kW 
reactor power supply, testing of the new reactor electrode design and testing of the 
sulfite oxidation system.   

 
Task 2.  Crystallizer process development 
 

Test the crystallizer with and without process oxidation inhibitors. Production of 
crystals that have the proper physical characteristics (size, shape, hardness) is 
important to allow the crystals to be sold into the fertilizer market without further 
processing.  The CDU generates a liquid stream with varying chemical characteristics 
depending on the ECO® mode of operation and the plant fuel source.  The crystallizer 
will be operated with varying liquid inputs (changes as Burger varies fuel) to 
determine how to generate the required crystals with a certain liquid source. 

 
Task 3.  CDU capability to meet ECO2

® inlet flue gas quality standards 
 

The CDU will continue to operate to demonstrate that it can provide flue gas that 
meets the inlet flue gas quality standards necessary for the new 1 MW CO2 capture 
device (ECO2).  The CDU and ECO2 pilot device will operate together to remove 
regulated and non-regulated pollutants from the Burger flue gas on a pilot scale.  ECO2 
pilot is targeted to be installed and operating by the end of the first quarter 2008. 

 
Task 4. Demonstration of ECO2

® pilot’s ability to meet Kinder-Morgan pipeline 
standards 

 
The ECO2 pilot will be installed and operated to demonstrate the capability of meeting 
Kinder-Morgan pipeline standards.  A pipeline from the ECO2 pilot will transport CO2 
to a new injection well at the Burger Plant site.  This well was recently drilled under 
the Midwest Regional Carbon Sequestration Partnership (MRCSP) program. 
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Task 5. Evaluate the performance and %CO2 removal of ECO2
® 

 
The ECO2 system will evaluate the CO2 absorber/regenerator system on its 
performance and efficiency to remove the incoming flue gas CO2.  

 
Task 6. Evaluate the commodity usages and ammonia slips into the flue gas and CO2 

product gas emitted 
 

The efficiency of the ECO/ECO2 system will be evaluated on its usage of the 
commodity ammonia and the ability to control ammonia slips under various conditions 
into the flue gas and CO2 product gas.   

 
In order to track the progress on each task of the project, a Milestone Plan was 
established.  The milestones and the dates they were completed are as follows: 
 
 
Milestones 
 

Completion Date 
 

1. Complete initial testing of the pilot crystallizer with liquid from the 
two major modes of CDU operation. 

January, 2007 

2. Achieve 1000 hours of CDU operating experience each quarter. Three month intervals 
after project initiation 

3. Complete analysis of fertilizer product, including initial 
determination of product commercial specs for size, shape and 
hardness.   

August, 2007 

4. Complete testing on coal blend #1.   February, 2007 
5. Complete testing on coal blend #2.   June, 2007 
6. Complete PFD for future commercial ECO co-product plant.   September, 2007 
7. Complete testing on coal blend #3.   September, 2007 
8. Complete inspection of the CDU, including an equipment 
reliability update and evaluation of the materials of construction (18 
months after last evaluation). 

July, 2007 

9. Verify CDU provides flue gas that meets the inlet requirements of 
the ECO2

®
 system and that the ECO/ECO2

® systems function 
acceptably together.  

December, 2008 

10. Verify outlet of ECO2
® meets Kinder Morgan Pipeline standards December, 2009 

11. Evaluate performance and %CO2 removal of ECO2
®. January, 2010 

12. Evaluate the commodity usages and ammonia slips into the flue 
gas and CO2 product gas emitted. 

December, 2009 

Table 1.  Project Milestones. 
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1.4 CHRONOLOGY 
 

1.4.1 ECO® Process 
 
On 20 Sep 2005, the Commercial Demonstration Unit (CDU) successfully completed a 
180-day performance and reliability run during which the system operated greater than 
98% of the time. Following this reliability run, the CDU typically operated on a 10 day 
on – 4 day off basis.   
 
In the first quarter of 2005, a test loop was constructed consisting of a packed bed 
scrubber and a 3-field wet electrostatic precipitator (WESP).  The test loop drew flue gas 
from the outlet of the BCU quench section (lower loop) and returned the gas to the inlet 
of the scrubber.  The unit was fully instrumented and provided the ability to test various 
commercial packings and new WESP designs.   
 
The test loop served its role of testing platform until the first quarter of 2008 when it was 
decommissioned following completion of all planned parametric studies.  The scrubber 
and WESP modules were removed but the main structural frame and foundation was 
modified and used to support the ECO2

® pilot absorber.  
 
In early May 2009 the CDU began to operate at reduced run cycles due to operational 
constrains imposed on the Burger power plant by the corporate dispatch center which 
placed Unit 4 and 5 into economic reserve status.  In order to alleviate the impact of this 
limitation on the test program, in June 2009, Powerspan and FirstEnergy reached an 
agreement for Unit 5 to operate in support of ECO2 testing upon Powerspan’s request.  
 
Operation of the Commercial Demonstration Unit (CDU) under this program, combined 
with operation of the test loop, enabled Powerspan to continue development of the ECO 
process and to track equipment and process performance through variations associated 
with normal plant operations as well as through upset conditions.  It also provided an 
opportunity to observe process performance as equipment aged, evaluate the materials of 
construction, and to support testing of a pilot crystallizer and development of full-scale 
fertilizer plant configurations. 
 
Operation of the CDU also supported pilot testing of the ECO2 process by consistently 
providing flue gas that resulted in little impact of the operation and cost of running the 
ECO2 pilot.   
 

1.4.2 Crystallizer Pilot    
 
After its erection in April 2006, the Crystallizer Pilot Plant’s (CPP) began operating as an 
extension of the CDU, processing a portion of the ECO co-product stream and testing the 
ability to produce commercially salable fertilizer crystals under various operating modes 
of the ECO process. Upon completion of this test program in 2007, the CPP operation 
was discontinued. 
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1.4.3 ECO2
® Pilot 

 
The ECO2 pilot was commissioned and began operation in the fall of 2008. Modifications 
to the unit were made in early 2009 to improve process performance.  Early testing 
focused on absorption and regeneration.  In summer 2009 the ECO2 solvent chemistry 
was changed, eliminating the use of ammonia as a reagent.  Testing continued on through 
2009 and into 2010.  At the end of the first quarter 2010 the pilot’s testing objectives had 
been achieved.   
 
The ECO2 pilot and CDU continued to be maintained in an operational status, but the 
units are only run to support targeted testing.   
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2.0 TESTING SUMMARY 
 
The overall objective of this project was to prove that ECO® is capable of extended 
operation and is capable of meeting the reliability standards of other conventional 
pollution control devices used in the utility industry. Additional objectives were to 
consistently generate a quality fertilizer that can be sold to market providing an 
advantage over other pollution control devices and to demonstrate the capability for 
integration for CO2 capture and transport technology. From 2006 through 2010, 
FirstEnergy, Powerspan and the project team evaluated the viability of ECO and the 
ECO2

® technology.   
 
Quarterly reports were issued to provide periodic updates on each task including 
technical information, test results, system performance along with other parameters that 
helped describe the process of refining ECO, Crystallizer and ECO2 operation. 
 

2.1 TASK 1 – Continued operation of the CDU 
 

The CDU typically drew flue gas from Burger Power Plant 24 hours a day, on a 10 day 
on, 4 day off cycle through the duration of the project.  Continuous monitoring of NOx, 
SO2 and mercury tracked performance of the process in these real-world conditions.   
Operations provided data on the suitability of selected materials, reliability of 
components and stability of the process.  Additionally, testing was conducted on the 
peroxide-based reactor reagent system, the 500 kW reactor power supply, the new reactor 
electrode design and the sulfite oxidation system.   

The following sections provide a brief description of the installed equipment and testing 
activities that were supported under Task 1.   
 

2.1.1 Extended Operations of the CDU 
 
All milestones in the Project Milestone Plan in Table 1 that support the continued 
operation of the CDU were completed in 2007 with the exception of milestone #2 as 
discussed in the following.  
 

2.1.1.1 Experimental Methods 
 

CDU performance (i.e. removal rates of NOx, and SO2) was monitored by continuous 
emissions monitoring system (CEMS) controlled by a data logging and calibration 
system.  Parameters monitored by the CEMS included inlet flue gas flowrate as well as 
inlet and outlet flue gas concentrations of CO, CO2, H2O, SO2 and NOx.  Data obtained 
by the CEMS was passed on to the CDU’s iHistorian data acquisition system, which also 
recorded process and equipment parameters including upper and lower loop liquid 
flowrates, temperature and pH, flue gas temperatures, reagent and water addition rates, 
barrier discharge reactor power, wet electrostatic precipitator voltage, current, spark rate 
and power.   During operation approximately 300 I/O points were monitored and 
recorded by the CDU’s Supervisory Control and Data Acquisition (SCADA) system.  
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The system provided sufficient data to perform material balance checks on a routine 
basis.   

Validity of the data recorded by the CEMS was verified through automatic daily 
calibration and weekly linearity checks.  The CEMS automatically flagged data obtained 
by instrumentation that did not pass these routine checks.  Additional process chemistry 
data was routinely obtained through chemical analysis of grab samples collected from the 
upper and lower loops of the scrubber.  Analysis for cations (NH4

+) and anions (SO4
2-, 

SO3
2-, NO3

-, Cl- and F-) was performed using ion chromatography.  The concentration of 
mercury in the scrubbing solutions was obtained through analysis of grab samples using 
atomic absorption spectroscopy.  Particulate matter concentration in the scrubber liquids 
was routinely measured through filtration of grab samples.   

Monitoring of the inlet and outlet flue gas elemental and total Hg concentrations was 
conducted throughout 2007 and 2008 using the installed Tekran Hg CEM systems.  IN 
2009 use of the Hg CEMS was discontinued.   

Instrumentation and control software were constantly monitored by a full time staff and 
calibrated/maintained as necessary in accordance with the equipment manufacturer 
recommendations. 

Measurement of the pH of the upper and lower loop scrubbing solutions used a 
redundancy technique to ensure reporting of accurate values.  Three 3 pH probes were 
installed in each scrubber loop.  The SCADA recorded each pH measurement, then took 
the average of the two measurements closest to each other to report the solution pH.  A 
calibration check of the pH meters, using a calibrated laboratory pH meter, was 
performed once each shift.  The pH meters were adjusted when the measured pH deviated 
from the laboratory probe pH by more than 0.05 pH units.   

  
2.1.1.2 Results and Discussions 

 
A summary of performance for each period of CDU operation from September 2007 
through March 2010 is presented in Appendix A.  Over the duration of the program the 
CDU accumulated 8,471 hours of runtime.  As a result of CDU shut down periods for 
equipment modification to support testing and the Burger Plant operating schedule Task 2  
 
In part, the reason for run times shorter than the targeted 1,000 hrs/qtr can be attributed to 
the development nature of this program.  Whether the plant had to be secured to 
reconfigure it for a new test, to install new equipment, or to implement design changes, 
runtime was inevitably compromised. 
 
Later in the program operational runtime limitations were dictated by the reduced plant 
load demand, which resulted in the dispatching center placing Unit 5/Unit 4 into 
economic reserve beginning May 14, 2009. 
  
The early stages of testing at the CDU focused on supporting commercial development of 
the process and associated equipment.  As part of this study, process performance under 
various fuel blends (i.e. low sulfur coal) was evaluated generating operating parameters 
for performance under the various fuels. 
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Milestones 4, 5, and 7 were to operate the CDU with three blends of coal burned by the 
Burger plant.  Coal blend #1 consisted of mixture of 40% Powder River Basin (Antelope 
and North Antelope coals) and 60% Bailey (Pittsburgh Seam #8) coals.  Testing with this 
blend was completed in February 2007.  Coal blend #2 consisted of 60% Powder River 
Basin and 40% Bailey coals.  Testing with this coal was completed in June 2007.  Coal 
blend #3 consisted of 20% Powder River Basin and 80% Bailey coals.  Testing with this 
blend was completed in September 2007.  Analysis of the coals burned during this testing 
is contained in Appendix M. 

 
Additionally, throughout all testing phases, the WESP design continued to be validated 
by a combination of data analysis and efficiency measurements by particulate matter 
sampling – results from the most recent particulate sampling are reported in Appendix B 
& C.   
 
This study evaluated various mast designs, field sizing, and gas velocities for a number of 
process operating conditions.  As a result, several internal components (e.g. mast 
alignment, purge air distribution, field sectionalization etc.) were improved from the 
original design, while entirely new concepts were tested and confirmed (e.g. material of 
construction, internal insulators, pairing of TR sets etc.) and are now integrated in the 
next generation of WESP commercial designs. 
 
An inspection of the CDU internals, Milestone #8, was completed in July 2007. The 
inspection of the CDU was conducted by TMR Stainless of Pittsburgh, Pennsylvania 
during a planned maintenance shutdown.  The inspection assessed the corrosion 
performance of the 2205 stainless steel components. Results from the inspection showed 
that the 2205 stainless steel base metal, welds and heat affected zones of the lower loop 
vessel and bubble tray showed no evidence of corrosive attack. The 2205 shroud between 
the alloy 276 reactor section and 2205 lower loop showed evidence of general corrosion 
typically caused by exposure to a strong sulfuric acid environment. Except for the shroud 
section, the 2205 stainless steel performed satisfactorily and has adequate corrosion 
resistance for this application, indicating that the ECO equipment meets reliability (life 
expectancy) requirements demanded for commercial viability (typically estimated at a 20 
year minimum lifetime service). Further detail of the inspection, including photographs, 
can be found in the full report in Appendix K. 
 

2.1.2 Peroxide-based Reactor Reagent System 
 
Laboratory testing by Powerspan showed that conversion of nitric oxide to nitrogen 
dioxide and nitric acid in the barrier discharge reactor is improved by addition of 
hydrogen peroxide to the flue gas stream entering the reactor.  Economic analysis showed 
that in some commercial systems the cost of the hydrogen peroxide reagent is more than 
offset by the savings achieved with the reduction in reactor power achieved through the 
use of the reagent.   
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2.1.2.1 Experimental Methods 
 
To test the effectiveness of hydrogen peroxide as a reactor reagent an system for 
evaporating 50 wt% hydrogen peroxide, then introducing the vapor to the flue gas 
upstream of the barrier discharge reactor, was designed and constructed for the CDU.  
Appendix D provides drawings of the peroxide evaporation system as constructed. 
 
The vapor stream leaving the peroxide evaporator was characterized using two sets of 
measurements to determine the quantity of H2O2 that decomposed: (i) H2O2 is absorbed 
into a solution and a titration is one to determine the H2O2 concentration and (ii) the gas 
stream O2 is measured to monitor the increase in O2 from the H2O2 decomposition.   To 
perform these measurements, a known flow of the H2O2 stream was drawn through a set 
of impingers to capture the H2O2.   The peroxide is captured in the impinger solutions and 
then titrated to determine the H2O2 concentration.  The gas stream continues through a 
silica gel dryer and is fed to an O2 analyzer.  When H2O2 decomposes it creates O2 and 
H2O.  The increased O2 concentration in the flue gas can be measured and the amount of 
decomposition that occurred is calculated.  Figure 6 shows the details of the BCU 
peroxide sampling system. 
 

Stainless heated sample probe (Heated to stack 
temperature or slightly above).  Has nozzle which is 

directed into gas flow.

Pump

Rotameter

O2 
Measurement

Impingers in Ice Bath

10 foot Teflon heated sample line (Heated to stack 
temperature or slightly above).

Impinger Set-up
Impinger 1: ~300 mL H2O
Impinger 2: ~300 mL H2O
Impinger 3: 2 mL H2SO4/2 drops KMnO4/~300 mL 
H2O
Impinger 4: 300 g silica gel.

Method 5 glass fiber filter

 
 

Figure 6. Schematic Diagram of the CDU Peroxide Sampling System 
 

2.1.2.2 Results and Discussions 
 
Parametric testing of the peroxide evaporator from 3/1/008 through 5/15/08 showed 
extensive (>50%) decomposition of peroxide prior to introduction into the flue gas 
stream.  This decomposition occurred over the entire range of evaporator conditions 
tested.  As a result of the decomposition a new approach to the vaporization was pursued.  
The new system has been constructed but testing has been put on hold until a commercial 
need for further development of this system is identified.   
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2.1.3 500 kW Reactor Power Supply 
 

2.1.3.1 Experimental Methods 
 
During the field testing phase of the reactor power supply development, the unit was 
heavily instrumented in order to measure key electrical parameters and temperatures.  
 
The electrical data was used to determine the design margin of each critical component 
by measuring actual values and comparing them against manufacturer recommended 
rating of power electronics.  Parameters such as Peak Inverse Voltage (PIV) and power 
rating were routinely monitored at steady state.   
 
Voltage and current measurement during fast transients were also collected to assess the 
design of protective clamp circuits (i.e. snubber circuits designed to clamp high 
frequency spikes characteristic of short circuit under load operations).  
 
Numerous thermocouples were installed throughout the unit to evaluate thermal stress of 
components and identify potential limitations of the internal water cooling system.   
 
In addition to measuring cabinet ambient temperature, several of the thermocouples were 
installed by the power supply manufacturer at critical locations such as interface of power 
components and respective heat sink to measure the actual heat sink/package temperature 
or inside the winding and core of the high voltage transformer. 
 
Lastly, air circulation profiles inside the power converter cabinet were collected by 
anemometer measurements in order to ensure even distribution and cooling of the power 
magnetic components. 
 
All of the instruments (consisting of multimeters, power analyzers, thermocouple 
readers/recorders, and oscilloscopes) were calibrated in accordance with manufacturer 
recommendations.   
 

2.1.3.2 Results and Discussions 

 

A prototype 500 kW power supply was developed by NWL and installed at the BCU in 
early 2007.   

The reactor power supply is a medium frequency link/chopper system designed for HV 
plasma applications and consists of two separate elements – a power electronics converter 
cabinet and a medium frequency high voltage transformer (see Appendix E for 
rendering).  All of the power conversion takes place within the electronics cabinet, while 
the HV transformer is used to step-up the voltage. 
 
Powerspan’s extensive study of non-thermal plasma reactors used to oxidize pollutants in 
this application, showed that in order to deliver the required plasma energy into the 
particular geometry of the ECO reactor, the source would have to produce a single-phase, 
alternating voltage in the range of 20-30 kVpk at a frequency of 1800-2400 Hz. 
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The reactor power supply was developed to produce such unique form of power from 
readily available, standard industrial sources such as 3-phase/480 V.   
 
As it is always the case in power conversion, one of the biggest challenges is 
optimization of conversion efficiency by impedance match.  This aspect of the test 
program alone required a substantial amount of theoretical modeling followed by field 
testing to validate the final commercial design. 

 
It should be mentioned that, in addition to a higher power rating compared to the original 
design (i.e. 250 kW), the new 500 kW unit featured several design improvements that 
were deemed necessary based on the field experience acquired while operating the 
original 250 kW power supplies. 
 
The design improvements were intended to: 

1) Improve the serviceability of the unit (e.g. improved laminated bus for easier 
access to power components, improved cooling water flow switches, added 
protection from mechanical stress to cooling water fittings, increased user 
accessibility of remote connection terminal strip). 

2) Increase reliability and efficiency (e.g. include a fully enclosed liquid-to-liquid 
and air-to-liquid heat exchanger to loosen the cooling water quality requirements, 
replaced electrolytic bus capacitors with metal film type to reduce losses). 

3) Improve the operability of the unit (e.g. include the output power control 
algorithm in the power supply controller to reduce computational demand on the 
DCS, and convert the proprietary communication protocol to the more 
commercially adopted DeviceNet). 

 
Testing on site was conducted during extended BCU runs in ECO operating mode with 
the intent of confirming proper impedance matching with the new reactor design.   
 
The initial transformer turns ratio was determined using a mathematical model developed 
in cooperation by Powerspan and NWL during the extensive operation and testing of the 
original 250 kW power supplies.  The model essentially combines the electrical 
characteristics of the power supply and transformer with those of an equivalent circuit 
representative of the dynamics of the reactor’s plasma discharge, the result is a prediction 
of the transformer’s key design parameters needed to achieve the best impedance match 
(i.e. maximize energy transfer from the power supply to the load). 
 
Testing how well the power supply and the load impedances are matched consisted of 
simply confirming that the desired power output could be achieved without exceeding 
any of the power supply electrical ratings. 
 
However, since the load impedance is a function of several variables such as flue gas 
temperature, moisture and makeup, number of active electrodes etc., confirming adequate 
impedance match required a series of test runs at various operating conditions. 
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Impedance match testing confirmed that the transformer design was adequate adding 
credibility to the existing mathematical model. 
 
During this effort, all of the power components (i.e. rectifiers, IGBT’s, magnetics, and 
protective clamp circuits) were monitored.  In the development phase, these 
measurements had lead to the decision to change the rating of the inverter section and 
associated snubber circuitry to a higher PIV voltage rating in order to introduce greater 
margin between the respective components’ rating and the voltage transients measured 
during the short circuit conditions associated with electrode failures. 
 
After completing impedance matching testing, the final design was validated by extended 
operations at maximum rated power.  Performance of the new internal liquid-to-liquid 
and air-to-liquid heat exchangers was monitored to confirm adequate waste heat removal. 
 
Initial indications showed questionable thermal performance but, due to the relatively 
short duration of the electrical test conducted to confirm the impedance match, it became 
apparent that a separate series of thermal runs was needed to properly assess the cooling 
system design. 
 
The thermal testing that followed consisted of several runs at progressively higher output 
power during which the temperatures at several key points in the system were monitored 
and trended.  In general, the test conditions were held as long as needed to observe that 
all temperature test points had reached thermal equilibrium. 
 
During the first series of thermal testing, the built-in cooling system seemed to reach the 
limit of its capacity at around 450 kW.  Recognizing this as a clear limitation, NWL was 
tasked with reviewing the cooling water system design and provide a solution. 
 
Their analysis of the data suggested that improvements could be made in three areas: 

1) The inverter bus snubber resistors release a significant amount of heat into the 
cabinet contributing to elevating the overall enclosure temperature.  Most 
importantly, in their original location they concentrated the additional heat in a 
particularly heat sensitive area.  The proposed solution was to relocate these 
resistors and add a dedicated air-to-liquid heat exchanger to help move their heat 
from the cabinet into the cooling water.  

2) The cooling air circulation in the power magnetics section didn’t appear to be 
uniform resulting in localized hot spots in some of the chopper choke coils.  In 
some instances this condition was suspected to create a runaway condition.  The 
proposed solution was to redesign the mounting tray for the chopper choke coils 
with a significant increase in open areas for cooling air passages and a far more 
even distribution of airflow. 
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3) The original cooling air used in the magnetics section included a single air-to-
liquid heat exchanger.  The testing indicated that the increase in air temperature 
from the outlet of the heat exchanger to the top of the magnetics stack was a bit 
higher than originally anticipated.  The proposed solution was to add two more 
air-to-liquid heat exchangers in the middle of the cooling air path assisting in 
transferring more of the waste heat from the magnetics into the cooing water.   

 
By mid June 2007 NWL had designed and fabricated retrofit kits intended to address 
these three weak areas and later that month Powerspan and NWL completed the 
installation and testing of these modifications (see Appendix F for sample of electrical 
and thermal test data).  
 
Functionally the unit is a success. The design enhancements to the cabinet and to 
communications and control functions have proved successful. Refinements to the 
cooling system and cabinet layout have proved satisfactory as well.  
 

2.1.4 Next Generation Reactor and Reactor Electrode 
 

2.1.4.1 Experimental Methods 
 
Following installation of the new style (compact) reactor in early April 2007, the reactor 
vessel was reconfigured to combine testing of the 500 kW power supply with reliability 
testing of the new reactor populated with electrodes of the latest design. 
 
Testing consisted in routine operation of the ECO reactor section reconfigured as shown 
in Appendix G.   
 
In order to demonstrate the improvement in open area (i.e. reduced pressure drop) and 
reduced footprint of the new style reactors, five of the original nine reactor bays were 
decommissioned in place and gas flow restricted from these locations.  The original 
reactor assembly located in the center south bay (reactor No. 7) was replaced with a new 
design reactor and the original high voltage distribution was rearranged to allow testing 
of the new reactor with power from the 500 kW power supply.   
 
In this new arrangement, higher gas velocities through the reactor gas treatment spaces 
could be achieved while maintaining nearly the original pressure drop for standard gas 
flow rates of ~ 65,000 SCFM through the system. 
 
During testing, the pressure drop across the reactor section was constantly monitored and 
trended in order to assess the extent of ash fouling.  Furthermore, inspections of the inlet 
and outlet reactor plenums were conducted at the end of each run to reconcile the dP 
information gathered during operation against visual clues. 
 
Although the reactor power supply is able to detect and record a running count of 
electrode failures, periodic detailed electrodes inspections were also conducted, in 
support of testing the new gas filled electrode (GFE) design for resistance to electrical 
failure.   
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Using the information generated in 2005 by Burns & McDonnell’s independent 
assessment of the ECO technology, reactor electrode failures were recorded and plotted 
against a predicted acceptable failure rate that would result in system efficiency reduced 
to 90% in a 3-year period.  Figure 6 shows a plot of this data (current as of 1/4/2010). 
 

 
 

Figure 7. Gas Filled Electrode(GFE) failure rate. 
 
Failed electrodes were also thoroughly evaluated by detailed forensic analysis of the 
failure documenting: 
 

1) Location of failure within the reactor – with the intent of determining if a pattern 
exists due to poor gas flow distribution 

2) Location of failure along the electrode – with the intent of evaluating eventual 
signs of repeatability of failure indicating weaknesses in the electrode design or 
manufacturing process 

3) Root cause of failure – with the intent of determining design or manufacturing 
flaws characteristic of failures caused by mechanical stresses  

 
2.1.4.2 Results and Discussions 

 
The original reactor electrode design proved to be vulnerable to excessive thermal and 
electrical stress experienced during upset plant conditions that resulted in unusual fouling 
by ash accumulation along the surface of the electrode. 

0

10

20

30

40

50

60

70

80

90

0 5000 10000 15000 20000 25000

N
u

m
b

er
 o

f 
E

le
ct

ri
ca

l F
ai

lu
re

s

Run Time (Hours)

B&M Acceptable Failure Rate vs. Actual BCU Operation

Acceptable failure rate
3 sigma limit
Actual BCU Failures

20



 

 
Specifically, when gas flow through the annulus of an electrode is restricted by a coating 
of ash, heat removal from the barrier discharge region is reduced.  Consequently, as the 
temperature of the quartz (particularly at the outlet end of the electrode) increases, the 
dielectric strength decreases. 
 
The original electrode design used a wire mesh positioned along the inner surface of the 
quarts electrode to act as the HV conductor.  The edge of this conductor located close to 
the outlet end of the electrode inevitably constitutes a region of concentrated electrical 
field further compromising the ability of the quartz to withstand electrical stress. 
 
Analysis of the electrode failures supported this theory as the vast majority of failures 
took place near the edge of the HV conductor at the outlet end of the electrode as shown 
in the picture below.  
 

 
 
Recognizing the need to be able to continue operations of a reactor following electrode 
failures, electrodes were fitted with individual high voltage fuses that allowed to 
disconnect a failed electrode from the reactor’s common power grid (see rendering in 
Appendix G). 
 
While in concept the electrode fuse links provided the required system reliability, the rate 
of electrode failures and the occasional malfunction of electrode fuses, motivated 
Powerspan to develop a new electrode design. 
 
Referred to as Gas Filled Electrode (GFE), the next generation of electrode introduced an 
entirely new approach to the way power was delivered to the flue gas while, at the same 
time, provided several additional benefits.  In particular: 
 

Edge of HV 
conductor mesh Direction of gas flow 

Heavy ash 
deposits 
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1) Replaced the wire mesh with a conductive gas as HV conductor (see rendering in 
Appendix H) – this eliminates the electrical field discontinuities at the edge of the 
conductor since the gas naturally conforms to the shape of the inner surface of the 
dielectric. 

2) Eliminate the need for dedicated fuse (Appendix H) – in the event of a failure, 
brake of the dielectric envelope automatically compromises the conductive nature 
of the gas rendering the electrode completely inoperable (effectively making the 
electrode as “self fused” system). 

3) Reduced cross section – with the elimination of dedicated fuse links, the high 
voltage end of the electrode became smaller and the mechanism for connecting 
the electrode to the reactor high voltage grid was also reduced in size.  This 
resulted in a significant improvement in the reactor’s open area (i.e. reduction in 
dP) and the ability to install electrodes in a much tighter array reducing 
installation footprint. 

4) Improved reactor high voltage grid design (Appendix I) – because of the smaller 
electrode footprint, the high voltage cap could be modified to improve on ease of 
installation (spring-loaded bayonet style requiring no tool to install) and allowing 
for modification of the reactor high voltage grid such that it could support the 
weight of maintenance personnel without additional work platforms.  

 
After extensive experimentation with various gas mixtures, the GFE were installed in 
reactor bay No.7 for field testing. 
 
The original reactor assembly in this location was replaced with the latest reactor design 
which included the various improvement made possible by the use of GFE electrodes.  It 
order to appreciate the extent of the improvement made, it should be mentioned that 
while the original reactor assembly consisted of 737 electrodes, the new GFE design 
allowed to closely pack far more electrodes (1,626) on the same footprint. 
 
Replacing the original reactor assembly with the new design also permitted to conduct 
testing of the 500 kW power supply using a single reactor in a configuration that matched 
the commercial arrangement.    
 
A program was setup to periodically inspect the new design reactor and electrodes to 
assess failure rate.  It became immediately apparent that electrode failures were vastly 
reduced by the new design and that the assembly was able to tolerate much more 
significant flue gas upsets (i.e. fly ash fouling) without suffering premature electrode 
failures. 
 
Field testing indicated that the electrode design and reactor assembly had reached 
acceptable commercial maturity.  
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2.1.5 Sulfite Oxidation System 
 
The ECO process can be run without operation of the barrier discharge reactors, resulting 
in removal of SO2, oxidized Hg, particulate matter and air toxic compounds in the 
scrubber and wet electrostatic precipitator.  In this configuration, called ECO-SO2, the 
scrubber is operated as a single loop system, meaning that the chemistry is the same in 
the spray section and in the packed bed section.  In the ECO-SO2 mode oxidation of 
sulfite (SO3

2-) is required to ensure that SO2 removal rates remain high.  A system for 
oxidizing sulfite was installed and tested at the CDU.  The installed system was then 
routinely run when the CDU was configured to operate in the ECO-SO2 mode. 
 
During testing the test loop scrubber was also in operation.  This unit was a 30” packed 
bed absorber configured to enable testing of several packings, including structure metal 
and plastic packings, as well as dumped metal and plastic packings.  Testing of the test 
loop scrubber is outside the scope of this project, however results obtained from the test 
loop scrubber during testing of the sulfite oxidation equipment are included with the 
results from the CDU scrubber as the combination of the packing material and sulfite 
oxidation equipment are integrated with one another in the commercial system design.   
 

2.1.5.1 Experimental Methods 
 
Testing of the sulfite oxidation system at the CDU was conducted from 9/6/07 to 9/10/07.  
The sulfite oxidation system configuration consisted of two agitators with Air WingTM air 
lances from Philadelphia Mixing installed in the upper loop recycle tank.  Separate 
blowers provide air to each of the lances.  During this testing the test loop scrubber was 
also in operation.  It was configured with 15’3¾” of RSP 250SE packing in a single 
(lower) section.   
 
The drawings included in Appendix L show the configuration of the two agitators and air 
lances in the BCU’s upper loop tank.  The agitator impellers are 18½” in diameter and the 
center of the impeller is 33⅛” from the bottom of the upper loop tank.  The Air Wing 
injection pipe centerline is 2” below the centerline of each impeller and 7” east of the 
impeller centerline. 
 
For this testing the CDU was operated in a simulated single loop configuration where a 
liquid transfer between the scrubber’s upper and lower loops was initiated to establish 
identical composition in the two loops.   
 

2.1.5.2 Results and Discussions 
 
Appendix L shows averaged values of selected parameters from the CDU and test loop 
when conditions were at steady state during the course of one testing campaign.  Plots of 
selected parameters over the course of the testing are also provided in the Appendix.  The 
table in Appendix L lists the time period covered by the averaged data, scrubber 
conditions for the CDU and test loop (pH, SG), the oxidation air flowrate, the calculated 
ratio of atomic oxygen (O) to sulfur dioxide (SO2) on a molar basis, the agitator power 
per unit of oxidation air (in w/scfm), the height of liquid above the agitator impeller 
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center, the liquid temperature and the residence time of the liquid in the upper loop tank.  
The residence time calculation does not take into account the increase in tank level that 
occurs due to the introduction of air, therefore the reported residence time is longer than 
exists in actuality.  Also shown in the table for scrubber conditions is the sulfite 
concentration. 
 
For both the BCU and test loop scrubbers the data table presents the superficial gas 
velocity (based on scrubber exit conditions of temperature and moisture content), the 
liquid to gas ratio, the scrubber section differential pressure, the outlet SO2 concentration 
(as measured), the SO2 removal in percent, and the number of transfer units (NTU) based 
on no SO2 back-pressure for the liquid.  The SO2 removal and NTU values are not 
corrected for any removal that may take place in the scrubber’s lower loop spray section, 
which is not measured.  Testing at the CDU in an ECO configuration indicated that ~15% 
of the SO2 removal takes place in the lower loop spray section.  The test loop packing 
differential pressure reported in the table includes the pressure drop across both the lower 
(packed) section and the upper (empty) section of the absorber.   
 
The data provided in Appendix L, and subsequent operation of the BCU in a simulated 
single loop configuration shows that the installed blowers and agitators successfully 
achieved the required level of sulfite oxidation required to maintain high SO2 removal 
levels.  The data obtained with the sulfite oxidation equipment provides the basis for 
commercial equipment design of sulfite oxidation systems in commercial ECO-SO2 
installations. 
 

2.2 TASK 2 – Crystallizer Process Development 
 

2.2.1 Experimental Methods 
 

Operation of the crystallizer was tested with and without process oxidation inhibitors. 
Production of crystals that meet the proper physical characteristics to be sold into the 
fertilizer market without further processing was achieved.  The CDU generates a liquid 
stream with varying chemical characteristics depending on the ECO mode of operation 
and the plant fuel source.  The crystallizer was operated through these varying liquid 
inputs to determine how to generate the required crystals with a given liquid source. 
  
Crystals produced were sent to outside laboratories, fertilizer suppliers, and 
crystallization specialists to determine the quality of the crystals and their salability 
without further processing.  In addition, Powerspan used its own laboratory equipment to 
measure liquid and solid salt compositions, pH, temperatures, specific gravity, crystal 
size, and crystal shape.  All laboratory equipment was calibrated at a minimum by the 
manufacturer and in many cases, routinely by Powerspan and subject to frequent quality 
control checks.   
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2.2.2 Results and Discussions 
 
Operation of the crystallizer pilot plant (CPP) at FirstEnergy’s Burger Power Plant has 
provided (i) equipment and process information for design full scale commercial units, 
(ii) process conditions to achieve the crystal size and shape required for producing salable 
ammonium sulfate, (iii) composition of the ammonium sulfate crystals, and  (iv) 
composition of the purge liquor.   Data from the CPP has shown that ammonium sulfate 
crystals larger than 2.3 mm with a desirable crystal habit are produced in ECO-SO2 mode 
without further processing, that the composition of the crystals are acceptable for 
commercial sale, and that the purge liquor produced is also acceptable to be sold as a 
fertilizer.  Pilot testing showed that crystals produced in ECO mode (with process 
oxidation inhibitors) require further processing in a compaction and granulation plant due 
to poor crystal habit. 

 
Information required to design a full scale commercial unit has been collected as part of 
the crystallizer pilot project.  This information includes boiling point elevations, heat 
exchanger efficiency, process conditions and liquor compositions.  The boiling point 
elevation of the solution was determined by monitoring the change in boiling point 
temperature as the solution concentrated in the crystallizer.  Figure 7 shows the change in 
boiling point as the specific gravity of the ammonium sulfate solution increases.  The 
solution begins boiling at 173 °F at a crystallizer pressure of 5.6 psia and a specific 
gravity of 1.09.  As the specific gravity increases, the ionic strength of the ammonium 
sulfate solution increases and the boiling point rises until the solution reaches the point of 
solid precipitation at a specific gravity of 1.265, a temperature of 183 °F, and a pressure 
of 5.6 psia.  At this point the total suspended solids content of the crystallizer and the 
specific gravity increases rapidly to a value of 20% and 1.32, respectively and the boiling 
point settles out at 183 °F at a pressure of 5.6 psia in the crystallizer.   

25



 

 
Figure 8.  Plots of boiling point, specific gravity, and TSS as the crystallizer ammonium 
sulfate begins to precipitate from the ammonium sulfate solution in the pilot crystallizer. 

 
The efficiency of the heat exchanger was verified by comparing the expected temperature 
rise of the ammonium sulfate solution to the actual rise through the fines heater at two 
steam inputs and by comparing the amount of evaporation to the amount expected.  The 
temperature rise was calculated using equation (1). 
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where: Hvap = heat of vaporization of saturated steam at given temperature (kJ/kg) 
 Fsteam = steam flow rate (lbs/hr) 
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 Fcirculator = flow rate to fines heater (gpm) 
 SAS = 2.93, specific heat of 40% ammonium sulfate solution (J/g/C) 
 SGAS = specific gravity of ammonium sulfate solution to fines heater (lbs/gal) 
 
The data is shown in Figure 8 and the results are summarized in Table 2. 
 

 

Figure 9.  Plot of temperature rise across fines heater at two steam flow rates at the 
crystallizer pilot. 

 

Measurement Steam 1 Steam 2 Unit 

Steam Flow 225 350 lbs/hr 

Saturated Steam Temperature 217 228 °F 

Heat of Vaporization 2249 2233 kJ/kg 

Ammonium Sulfate Specific Gravity 11.00 10.58 lbs/gal 

CPP Circulator Flow to Fines Heater 46 46 gpm 

Expected Temp Rise 10.2 16.3 °F 

Actual Temp Rise 11.5 18.0 °F 

Table 2.  Comparison of temperature rise and evaporation rate expected for given 
steam flow rates and conditions to actual temperature rise and evaporation rates. 
 
The evaporation rate was calculated by using the mass flow of water into the crystallizer 
required to maintain level.  Table 3 shows the feed composition into the crystallizer, the 
feed flowrate, and the evaporation rate. 

175

180

185

190

195

200

205

210

215

0:00 6:00 12:00 18:00 0:00

Time (hr:min)

T
em

p
 (

F
)

0

50

100

150

200

250

300

350

400

S
te

am
 F

lo
w

 (
lb

s/
h

r)

Fines Heater (Temp) Crystallizer (Temp) Steam Flow

27



 

 

Component Concentration Units 

Ammonium Sulfate 33.2 wt% 

Ammonium Nitrate 0.75 wt% 

Ammonium Chloride 0.51 wt% 

Water 65.4 wt% 

Feed Flowrate 0.90 gpm 

Expected Evaporation Rate 350 lbs/hr 

Actual Evaporation Rate 346 lbs/hr 

Efficiency 98.9 % 

Table 3.  Conditions for calculating the evaporation efficiency in the crystallizer. 
 

2.2.2.1 ECO-SO2 MODE:  
 
The crystallizer was operated to make solids from a feed solution produced at the CDU 
during ECO-SO2 scrubbing conditions.  Figure 9(a), shows ammonium sulfate crystals 
produced commercially in a Swenson Technology draft tube baffle (DTB) crystallizer.  
Figure 9(b) shows a microscope image of the crystals produced in Powerspan’s pilot 
DTB crystallizer at the Burger Power Plant. The microscope images indicate the crystals 
produced by Powerspan are the same crystal habit as those produced commercially in 
draft tube baffle crystallizers.   

             

 

Figure 10.  Microscope images of (a) crystals produced commercially in draft tube baffle 
crystallizer [1]  and (b) crystals produced at the CDU in ECO-SO2.  
 

                                                 
[1] www.swensontechnology.com  

(a) (b) 
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Photographs were also taken of the crystals produced in Powerspan’s pilot crystallizer 
and are shown in Figure 10.   

  

Figure 11.  Photographs of ammonium sulfate crystals made at Powerspan’s crystallizer 
pilot. 

 
The photos show the ammonium sulfate crystals are white, a favorable characteristic for 
salability of ammonium sulfate.  Another measure of quality, crystal size distribution 
(CSD) measurements are done to determine what mass fraction of the crystals are 
produced within a certain size distribution.  To determine the size distribution, a sample 
of dried crystals is placed in a Ro-tap shaker shown in Figure 11.   

 

Figure 12.  Ro-tap shaker to determine crystal size distribution 
 
The Ro-tap has a set of sieves in place that the crystals are separated into by using a 
shaking motion.  The sieves used in this testing are listed in Table 4.  
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Sieve 
Identifier 

Minimum 
Size (mm) 

Maximum 
Size (mm) 

Average 
Size (mm) 

#7 2.80 >2.80 >2.80 

#8 2.36 2.80 2.58 

#10 2.00 2.36 2.18 

#14 1.40 2.00 1.70 

#20 0.85 1.4 1.15 

#40 0.43 0.85 0.64 

#50 0.30 0.43 0.36 

#70 0.21 0.30 0.26 

Table 4.  Sieve sizes used to determine CSD for crystals produced in pilot crystallizer. 
 
Figure 12 is a typical CSD obtained under ECO-SO2 conditions during the approach to 
steady state.  It is expected that the crystals will increase in size as steady state is reached. 
In the CSD presented in Figure 11, 34% of the mass of the crystals measured average 1.7 
mm, 22% of the mass of the crystals average 2.4 mm, 16% average 2.6 mm, 9% are 
greater than 2.9 mm, and 19% are smaller than 1.2 mm.   The CSD shows that salable 
ammonium sulfate crystals were produced from co-product at the Burger CDU under 
typical ECO-SO2 conditions. 

 

Figure 13.  Crystal size distribution measurements of ammonium sulfate crystals 
produced at the CDU under ECO-SO2 conditions. 
 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 500 1000 1500 2000 2500 3000

Size (microns)

M
a

s
s

 F
ra

c
ti

o
n

30



 

The composition of the ammonium sulfate crystals was also determined using ion 
chromatography (IC) for the main constituents and using inductively coupled plasma 
(ICP) spectroscopy for the trace metals determination.  The results of the analysis are 
shown in Table 5.  The fertilizer specification of the ammonium sulfate crystals is 
21-0-0-24 meaning it has a minimum of 21% nitrogen and 24% sulfur.  The fertilizer 
specification for the purge liquor is 10-0-0-8 and also contains 3% phosphate. 

 

Component Crystals Purge Liquor Unit 

Ammonium Sulfate 97.3 33.8 wt% 

Ammonium Chloride 1.08 2.50 wt% 

Ammonium Nitrate 0.22 3.94 wt% 

Ammonium Phosphate ND 5.0 wt% 

Arsenic <0.001 0.50 ppm 

Cadmium <0.001 <0.1 ppm 

Lead <0.001 <0.1 ppm 

Mercury 0.19 0.50 ppm 

Selenium <0.05 1.0 ppm 

Table 5.  Composition of ammonium sulfate crystals and purge liquor produced at 
Powerspan’s crystallizer pilot. 

 
2.2.2.2 ECO® MODE: 

 
Pilot testing showed that ECO solutions can form salable ammonium sulfate crystals but 
further processing (by compaction and granulation) is required downstream of the 
crystallization process.  Laboratory testing of ECO solutions suggested that the process 
oxidation inhibitor prevents the formation of crystals with the proper size and shape to be 
immediately ready for commercial sale.  Pilot testing confirmed the laboratory results and 
it was determined that there was not a method to alter the chemistry or process conditions 
to make crystals with the proper size and shape without the need for further processing. 

Crystals made in the pilot crystallizer from ECO solutions show a flat, plate like crystal 
habit that breaks easily in the crystallizer and during normal material handling processes 
used by fertilizer distributers and end users.  The poor crystal habit is caused by the ECO 
process oxidation inhibitor.  Figure 13(a), shows ammonium sulfate crystals produced 
commercially in a Swenson Technology draft tube baffle (DTB) crystallizer.  Figure 
13(b) shows crystals made with the process oxidation inhibitor in the crystallizer feed 
solution. 
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Figure 14.  Microscope images of (a) crystals produced commercially in draft tube baffle 
crystallizer [1]  and (b) crystals produced at the CDU in ECO mode.  

Figure 14 is a typical CSD obtained under ECO conditions during the approach to steady 
state.  The CSD shows a smaller CSD than the ECO-SO2 configuration in Figure 12 and 
that salable ammonium sulfate crystals were not produced from co-product at the Burger 
CDU under typical ECO conditions with the process oxidation inhibitor.  Thus, further 
processing will be necessary in a compaction and granulation plant.  The color of the 
crystals is white and a compaction vendor tested the crystals to ensure compatibility with 
the compaction and granulation process.  The report on the compaction test results is 
considered proprietary by the compaction vendor. 

 

Figure 15.  Crystal size distribution measurements of ammonium sulfate crystals 
produced at the CDU under ECO conditions. 

 

                                                 
[1] www.swensontechnology.com  
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All milestones in the Project Milestone Plan in Table 1 that support the crystallizer 
process development were completed in 2007. These milestones included initial testing of 
the pilot crystallizer with liquid from the two major modes of CDU operation, and an 
analysis of the fertilizer product for its commercial specification qualities. 
 

2.3 TASK 3 – CDU Capability to Meet ECO2
® Inlet Flue Gas Quality Standards 

 
The ECO2 process captures CO2 from flue gas, but in addition it removes acid gases such 
as SO2, NO2, HCl and HF from the gas.  These acid gases form stable compounds such as 
sulfate, nitrate and chloride and fluoride salts in the ECO2 scrubbing liquor and must be 
removed before reaching a concentration that impacts the ability of the scrubbing liquor 
to remove CO2.  The ECO process efficiently removes the acid gases and fine particulate 
matter prior to the ECO2 scrubber, minimizing the impact of these gases on the ECO2 
process.   

2.3.1 Experimental Methods 
 
The same monitoring equipment and methodology used to monitor CDU performance 
was used to determine the quality of the flue gas at the inlet of the ECO2

 – in essence, the 
CDU flue gas outlet measurements represent the characteristics of the flue gas conditions 
at the inlet of the ECO2.   

Additionally, in late October 2008 a duct test run was conducted by an independent 
agency (CleanAir Engineering) which provided supporting evidence of the quality of the 
of the flue gas at the outlet of the CDU (i.e. inlet of the ECO2).  The sampling was 
conducted following: 

1. USEPA Method 26 for measurement of HCL and HF,  
2. USEPA Method 5B/CleanAir Method 8B for measurement of  Non Sulfuric 

Particulate Matter (NSPM), Sulfuric Acid Mist (as SO3) and SO2  
3. USEPA Method 5B/202 for measurement of Non Sulfuric Particulate Matter 

(NSPM) and Condensable Particulate Matter (CPM)  

 
2.3.2 Results and Discussions 

 
The ECO consistently produced outlet flue gas conditions adequate to support operation 
and testing of the ECO2 pilot. 
 
The ECO2 inlet flue gas quality (i.e. ECO outlet flue gas) was verified by continuous 
measurement of the constituents in the flue gas stream and through monitoring of the 
ECO2 pilot chemistry.  
 
The key flue gas parameters routinely measured by the installed CEM’s were also 
recently validated by independent stack testing conducted by CleanAir Engineering 
(October 28-29, 2009).  The test results were fully documented in a separate report – a 
summary is provided in the following table expressing the measured values in the two 
most common units: 
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Compound 
Result of Outlet Duct Sampling 
lb/dscf lb/MMBtu - Fc 

SO3 3.94E-08 5.92E-4 
HCl <6.84E-09 <1.09E-4 
HF <7.00E-09 <1.11E-04 
PM (Filterable) 7.58E-08 1.14E-03 
PM (Filterable + Condensable Organic Fraction) 1.09E-07 1.63E-03 

 
Table 6.  Summary of ECO® Outlet Stack Testing. 

 
Milestone #9 was achieved in fourth quarter 2008 as a result of the gas stream monitoring 
described above.   
 

2.4 TASK 4 – ECO2
® Pilot’s Ability to Meet Kinder-Morgan Pipeline Standards 

 
2.4.1 Experimental Methods 

 
Analysis of the ECO2 product gas was performed was performed using continuous 
monitoring of the moisture content and periodic grab sample analysis for carbon dioxide, 
hydrogen sulfide, total sulfur, hydrocarbons and oxygen.   
 

2.4.2 Results and Discussions 
 
Following commissioning of the product handling equipment (i.e. drying and 
compression sections) in December 2008, initial ECO2

 pilot testing focused on the 
absorption/regeneration loop.  Since CO2 product conditioning has no impact on 
performance of the ECO2 process, no efforts were initially devoted to operating/testing 
performance of the drying and compression portion of the pilot.  Instead the product gas 
was routinely returned to the CDU flue gas stream.   
 
In December 2009 testing was conducted to demonstrate that the CO2 product gas met 
Kinder-Morgan pipeline standards.  The results shown in the table below confirm that the 
pipeline standards were met. Therefore, milestone #10 was achieved and closed out in the 
fourth quarter 2009. 
 

Component Units Specification Test Result 
Carbon Dioxide mole % 95 100.3 
Water lbs/mmcf 30 <1 
Hydrogen Sulfide ppmv 25.4 <0.5 
Total Sulfur ppmv 47.3 <0.5 
Temperature F 120 86 
Nitrogen mole % 4 0 
Hydrocarbons mole % 5 <0.5 
Oxygen ppmv 13.5 8.6 

 
Table 7.  Product Gas Sampling Result 
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2.5 TASK 5 – Performance and CO2 Removal of ECO2
® 

 
The goal of this task and milestone 11 was to evaluate the CO2 absorber/regenerator 
system on its performance and efficiency to remove the incoming flue gas CO2.   
 

2.5.1 Experimental Methods 
 
The ECO2 system’s performance was monitored using inlet and outlet CEM systems 
which included measurement of CO2, O2, H2O, NOx and SO2.  The systems underwent 
daily calibrations and weekly linearity checks, as were performed for the CDU CEMS.   
In addition, the CO2 concentration at the outlet of the ECO2 absorber was confirmed 
using an FTIR spectrometer.   

 
2.5.2 Results and Discussions 

 
Although further improvements are expected, the ability of the ECO2 process to achieve 
90% CO2 removal has been fully demonstrated.  The testing to date has shown that the 
target CO2 removal rates can be obtained at the design gas flow rate (2,700 scfm) with 
the inlet CO2 concentration ranging from 6.9 to 12%.   
 
The CO2 concentration at the pilot inlet is lower than the design value of 12%.  This is 
due to excess air in the Burger Plant flue gas, which is a result of the plant’s age and 
frequent operation at low load.  To compensate for this, Powerspan has installed a CO2 
recycle line, returning a portion of the product CO2 from the pilot to the absorber’s inlet 
flue gas stream.  A control system has also been installed to regulate the flow of CO2 in 
order to maintain the desired CO2 concentration over a range of Burger Plant operating 
loads.  Testing with the recycle line has shown that the inlet CO2 concentration can be 
maintained over a range of plant loads, simplifying testing.    
 
Figure 15 below shows hourly averaged values from operations in early December 2009.  
The inlet and outlet CO2 concentrations, and the CO2 removal are plotted for the duration 
of the run.  Greater than 90% CO2 removal was achieved for over 5 days of operation.  
  
Subsequent testing continued to show greater than 90% CO2 removal under varying 
conditions of CO2 concentration and flue gas flow rate.   
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Figure 16. Hourly Averaged Inlet CO2, Outlet CO2 and CO2 Removal. 
 
2.6 TASK 6 – Commodity Usages and Ammonia Slips Into Flue Gas and CO2 

Product Gas Emitted 
 

Testing of the ECO2 process began in 2008 and continued into 2009.  During the summer 
2009 the ECO2 solvent chemistry was changed to improve the CO2 capture rate and 
reduce the energy required for solvent regeneration.  The new, proprietary solvent does 
not contain ammonia, and therefore no ammonia is used in the reagent make-up stream.  
The solvent is not expected to produce ammonia vapor and this has been confirmed 
through FTIR spectrometer measurements at the ECO2 pilot, completing milestone 12. 
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CONCLUSIONS 
 
The CDU has served as an valuable platform for continued development of the ECO 
technology and to provide flue gas for pilot testing of the ECO2 technology. Extensive 
testing of ECO led to substantial improvements in the process, leading to solutions that 
make the technology more economically competitive, reliable and commercially sound 
than as originally installed at the CDU.   
 
Together with ECO, ECO-SO2 was also extensively tested and its design advanced to a 
market ready state.  A variation of the core process, ECO-SO2 extends the market of this 
technology to applications where traditional NOx controls already exist, offering an 
economically attractive solution to improvement of aging plants’ performance with a 
relatively modest retrofit.      
 
As an integral part of ECO and ECO-SO2, the ability to convert the co-product generated 
by process into a salable commodity was also fully tested and demonstrated in the 
Crystallizer Pilot facility.  The study evaluated production rates and quality of crystals 
produced from the process’ waste stream under a variety of plant conditions validating 
the design for commercial scale fertilizer facilities to be included as part of the ECO 
technology package.    
 
With the ECO and ECO-SO2 products ready for market, the value of operating the CDU 
shifted towards supporting the development of ECO2.  The ability of ECO to consistently 
produce flue gas suitable for further treatment by a CO2 capture process was key in the 
validation and development ECO2. 
 
Operation of the ECO2 pilot demonstrated >90% CO2 removal over a wide range of flue 
gas conditions and at design flow rates.  Throughout the ECO2 pilot testing the CDU ran 
reliably and consistently provided flue gas of a quality that limited reagent use in the 
ECO2 pilot.  The CO2 product gas produced by the ECO2 pilot was shown to meet the 
quality standards required for pipeline transport.  The goals of the ECO2 pilot testing 
program were successfully met in February 2010 and Powerspan is working on the next 
step toward commercialization of the technology.   
 
The CDU and ECO2 pilot continue to be operational.  However, testing of the two 
processes has largely been completed and further operations will be conducted only to 
support targeted test campaigns.  Additionally, reduced power demand in the Midwest 
has limited operation of the Burger Power plant to periods when demand for electricity is 
high.  It is expected that only limited operation of the CDU and ECO2 pilot will occur 
throughout the remainder of 2010. 
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The program supporting operation of the CDU and ECO2 pilot has been a success.  
Validation of the performance of the ECO process and equipment, as well as 
improvements made during execution of this program, show ECO to be a commercially 
viable, multi-pollutant control technology for use in coal-fired power plants.  Successful 
pilot testing of the ECO2 technology during this program has validated that the ECO2 
process achieves its goal of 90% CO2 removal in a real-world environment while 
providing critical data for taking the technology to commercial scale. 
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ACRONYMS 
 
AS   Ammonium Sulfate 
 
ATS   Ammonium Thiosulfate 
 
Burger   FirstEnergy’s R.E. Burger Plant 
 
CDU   Commercial Demonstration Unit 
 
CPP    Crystallizer Pilot Plant 
 
CSD    Crystal Size Distribution 
 
ECO®   Electro-Catalytic Oxidation 
 
ECO-SO2  Electro-Catalytic Oxidation, SO2 only version 
 
ECO2

®   Powerspan CO2 Capture Process 
 
H2SO4   Sulfuric Acid 
 
HCl   Hydrochloric Acid 
 
Hg   Mercury 
 
MW   Megawatt 
 
NO   Nitrogen Oxide 
 
NO2   Nitrogen Dioxide 
 
NOx   Nitrogen Oxides 
 
O   Atomic Oxygen 
 
OH   Hydroxyl 
 
PM2.5   Fine Particulate Matter 
 
PRB   Powder River Basin 
 
SO2   Sulfur Dioxide 
 
SO3   Sulfur Trioxide 
 
WESP   Wet Electrostatic Precipitator 
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Appendix A 
Burger Commercial ECO® Unit Run Summary 

 

 
Operating Period Flue Gas   Removal Co-Product Reagents 

2007 
Hours of 

Operation 
Flow NOx SO2 Hg NOx SO2 Hg NOx SO2 Hg Bleed NH3 ATS H2O2 Pwr 

(scfm) 
(lbm / 

mmBtu) 
(lbm / 

mmBtu) (ug / Nm3) (%) (%) (%) (tons) (tons) (lbm) (tons) (gal) (gal) (gal) (Mw-Hr) 

1/10 23:00 186.5 64,821 0.40 1.84 5.94 37.4 97.3 80.9 2.8 34.6 0.1 177.3 15,251 1,851 0 235.0 

1/23 13:00 208.7 66,140 0.38 1.71 3.43 42.2 98.4 70.2 3.4 37.0 0.1 241.9 16,829 2,129 58 257.0 

2/7 5:00 156.4 56,785 0.40 2.23   31.8 97.1   1.9 31.8   210.3 14,008 0 77 205.4 

2/21 9:00 54.9 61,710 0.39 2.02 39.5 97.2 34.5 0.8 10.9 59.8 4,271 0 608 73.0 

2/27 7:00 217.4 68,935 0.43 2.42   38.9 98.5   3.8 56.4   302.6 38,882 1,479 294 288.5 

3/13 1:00 38.1 56,370 0.43 2.94 38.4 98.7 0.6 10.0 59.0 5,889 329 5 52.1 

3/20 4:00 80.4 57,821 0.46 2.39   35.0 97.8   1.2 17.5   110.8 10,233 0 1 98.8 

4/4 8:00 195.0 58,079 0.41 2.18 6.50 34.4 97.3 78.6 2.6 38.9 0.2 242.7 27,153 1,650 3 218.5 

5/1 14:00 157.0 74,069 0.36 2.24 6.81 24.4 94.7 83.8 1.7 41.6 0.2 252.0 21,242 264 0 94.0 

5/15 23:00 205.4 64,177 0.34 2.00 3.93 28.3 97.0 76.8 2.1 43.0 0.1 259.6 24,753 0 17 125.9 

5/29 15:00 214.0 62,903 0.32 2.05 3.69 25.5 97.2 74.4 1.9 45.9 0.1 271.6 22,914 0 0 130.9 

6/12 21:00 222.0 64,726 0.34 2.11 4.57 23.7 97.2 80.0 2.0 51.0 0.2 320.4 22,136 0 237 139.8 

7/23 6:00 151.0 62,839 0.34 3.00   29.0 94.6   1.6 47.4   304.9 25,899 1,833 0 112.1 

8/14 22:00 186.6 61,642 0.37 2.77 4.04 0.6 86.1 89.5 0.0 47.6 0.1 183.4 24,981 0 0 3.7 

8/27 8:00 97.6 51,228 0.38 3.02 4.61 0.6 88.1 83.8 0.0 23.7 0.0 139.6 13,649 0 0 0.0 

9/4 4:00 223.0 57,815 0.37 3.03 4.32 15.4 91.5 71.8 1.2 60.4 0.1 367.5 33,433 1,299 0 61.7 

9/18 13:00 139.6 53,542 0.37 2.61 3.78 46.8 95.1 82.4 2.6 37.7 0.1 223.6 24,965 2,156 187 132.9 

10/16 3:00 188.0 58,594 0.43 3.02 7.89 29.4 95.1 84.1 2.4 57.0 0.3 328.4 27,353 2,678 1,026 128.6 

11/6 14:00 152.3 62,705 0.41 2.69 5.29 7.6 78.3 87.0 0.1 33.3 0.2 108.1 18,146 0 0 29.0 

11/16 19:00 96.0 59,971 0.49 2.73 5.80 1.9 87.3 89.2 0.1 21.8 0.1 105.2 12,160 0 0 52.1 

11/28 4:00 198.6 64,729 0.37 2.31 5.11 4.5 96.5 78.5 0.4 49.1 0.2 273.7 26,533 115 0 16.1 

12/11 1:00 226.7 64,952 0.40 2.41 5.93 1.5 92.5 86.5 0.1 56.3 0.3 311.6 33,435 0 0 0.0 

Weighted Avg   62,353 0.38 2.40 5.1 24 94 78                 

Total 3,595               33 853 3 4,854 464,116 15,783 2,514 2,455 
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Appendix A 
Burger Commercial ECO® Unit Run Summary 

 

 
 

 

Operating Period Flue Gas   Removal Co-Product Reagents 

2008 
Hours of 

Operation 
Flow NOx SO2 Hg NOx SO2 Hg NOx SO2 Hg Bleed NH3 ATS H2O2 Pwr 

(scfm) 
(lbm / 

mmBtu) 
(lbm / 

mmBtu) (ug / Nm3) (%) (%) (%) (tons) (tons) (lbm) (tons) (gal) (gal) (gal) (Mw-Hr) 

1/8 23:00 195.0 61,601 0.42 2.80 4.46 6.9 89.7 58.2 0.6 51.5 0.1 295.0 26,493 0 0 41.4 

1/23 1:00 58.5 64,742 0.45 2.79 3.9 85.0 0.0 0.1 15.5 0.0 107.3 13,031 0 0 0.0 

2/7 22:00 108.6 60,234 0.31 1.18 3.60 38.8 91.4 38.4 1.4 12.8 0.1 128.0 17,911 1,033 249 81.3 

2/18 3:00 225.6 59,214 0.40 2.43 7.52 39.0 97.5 81.1 3.1 49.0 0.3 307.6 25,863 1,689 639 158.2 

3/4 5:00 190.7 56,144 0.36 1.90 5.30 37.7 93.1 73.6 2.7 34.5 0.2 208.4 12,519 1,800 664 142.6 

3/18 15:00 210.0 64,977 0.37 1.85 7.76 38.4 95.0 78.4 3.2 39.5 0.3 250.5 22,056 2,092 599 186.3 

4/23 2:00 179.7 60,332 0.34 1.87 2.93 45.8 92.6 73.9 2.7 32.1 0.2 194.4 17,154 1,768 1,411 161.4 

5/6 22:00 204.4 64,722 0.33 1.79 4.74 52.9 95.4 56.8 2.9 38.3 0.2 262.8 21,005 2,039 1,175 181.5 

5/27 5:00 81.2 69,388 0.31 1.48 5.32 39.8 90.8 73.2 1.3 13.6 0.1 43.9 6,934 422 181 84.0 

6/10 10:00 218.5 64,844 0.31 1.45 1.40 36.2 94.8 67.4 2.6 32.3 0.0 184.1 15,737 1,911 81 195.8 

6/24 11:00 186.0 63,365 0.33 1.42 1.33 35.8 94.0 61.1 2.3 26.8 0.0 161.0 15,691 1,449 98 164.0 

7/12 1:00 121.6 64,960 0.35 2.85 1.04 19.0 72.4 32.1 1.2 37.5 0.0 55.1 12,142 0 0 44.1 

7/22 9:00 175.4 64,420 0.32 2.62 1.87 15.8 74.8 73.1 0.6 39.5 0.1 172.7 30,211 0 0 55.9 

8/5 10:00 120.7 53,410 0.35 1.91 1.10 6.2 87.9 61.1 0.3 22.0 0.0 134.3 15,725 0 0 16.6 

8/20 11:00 168.5 62,656 0.41 2.18 4.69 4.7 91.5 89.5 0.3 39.4 0.2 240.0 25,403 0 0 16.7 

9/2 21:00 172.0 65,004 0.37 2.32 3.91 0.6 87.3 92.5 0.0 35.4 0.1 215.7 23,811 0 0 0.0 

9/16 15:00 88.0 64,991 0.31 1.66 2.14 1.4 92.8 84.4 0.0 14.7 0.0 103.4 10,890 0 0 0.0 

10/24 9:00 164.1 56,334 0.40 1.43 0.00 20.2 96.5 1.1 22.3 76.2 9,072 0 0 35.2 

11/4 7:00 217.0 65,000 0.39 1.52 0.00 13.9 97.9   1.1 31.5   177.3 18,218 0 0 45.6 

11/19 9:00 159.0 62,432 0.40 1.83 0.00 16.0 96.0   0.9 25.4   155.9 16,327 0 0 0.0 

12/2 16:00 229.2 64,557 0.37 2.37 0.00 7.2 96.7   0.6 55.4   344.7 25,127 0 0 28.7 

12/17 21:00 160.2 60,164 0.31 1.49 0.00 129.0 96.5   0.7 22.2   149.7 10,106 0 0 0.0 

Weighted Avg   62,336 0.36 1.96   28.8 92.2 50.6                 

Total 3,634               29.6 691.3 1.8 3,968 391,425 14,202 5,096 1,639 
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Appendix A 
Burger Commercial ECO® Unit Run Summary 

 

 
 
 
 
 

Operating Period Flue Gas Removal Co-Product Reagents 

2009 
Hours of 

Operation 
Flow NOx SO2 NOx SO2 NOx SO2 Bleed NH3 ATS H2O2 Pwr 

(scfm) (lbm / mmBtu) (lbm / mmBtu) (%) (%) (tons) (tons) (tons) (gal) (gal) (gal) (Mw-Hr) 

1/6 8:00 216.0 64,991 0.31 1.54 8.8 95.8 0.5 32.5 267.8 15,998 0 0 55.6 
1/19 15:00 199.1 63,938 0.27 1.78 10.1 96.6 0.5 33.5 207.5 14,434 0 0 87.0 

2/3 9:00 211.7 55,126 0.24 1.89 2.7 97.1 0.1 33.1 198.1 14,199 0 0 49.0 
2/16 14:00 172.0 51,483 0.03 1.63 62.3 95.2 0.0 32.4 234.2 23,573 0 0 35.9 
3/3 16:00 203.0 64,370 0.31 1.77 28.0 98.3 1.2 28.5 191.5 13,521 0 0 46.9 
3/24 2:00 54.7 64,970 0.32 1.89 41.1 96.8 0.6 8.4 41.2 3,963 0 0 16.6 
4/1 1:00 192.6 64,880 0.30 1.80 7.7 96.2 0.8 28.4 157.7 12,288 0 0 28.6 

4/11 0:00 145.0 39,528 0.16 1.77 87.9 93.5 0.4 21.3 119.0 11,185 0 0 39.9 
4/21 0:00 240.0 65,000 0.22 1.65 62.1 95.9 1.5 37.3 227.2 20,432 0 0 94.0 
5/1 0:00 240.0 64,999 0.29 1.81 37.6 96.4 2.2 37.3 247.8 65,275 0 0 92.9 

5/11 1:00 57.7 64,697 0.29 1.84 30.0 97.6 0.4 8.9 47.7 29,714 0 0 22.3 

6/2 4:00 92.0 51,321 0.33 1.83 12.3 95.2 0.2 13.3 20.5 6,239 0 0 23.8 
7/8 1:00 158.8 46,272 0.26 1.65 0.2 97.6 0.0 22.7 122.3 8,380 0 0 38.0 

7/29 1:00 72.0 65,000 0.28 1.56 14.3 97.5 0.3 11.2 67.5 4,807 0 0 13.1 
8/1 1:00 116.0 47,841 0.31 1.69 11.2 97.6 0.4 17.1 94.0 8,010 0 0 14.4 

8/27 13:00 77.2 46,715 0.35 1.58 15.6 96.9 0.4 10.7 54.3 4,884 0 0 0.0 
9/1 1:00 80.7 64,761 0.30 1.63 15.9 97.1 0.3 11.0 70.2 4,834 0 0 0.0 

9/30 18:00 6.6 60,538 0.38 1.92 21.2 88.1 0.0 0.9 0.0 384 0 0 0.0 
10/1 1:00 67.0 62,296 0.33 1.91 24.3 82.8 0.4 9.4 22.5 5,529 0 0 0.0 
10/8 1:00 182.0 64,998 0.29 1.81 5.1 96.3 0.3 32.3 203.4 14,442 0 0 0.0 
10/21 9:00 214.5 57,976 0.27 2.50 29.9 93.1 1.5 47.7 328.0 31,831 0 0 60.5 

11/10 0:00 83.0 60,602 0.38 2.55 18.9 85.0 0.5 16.1 121.3 18,767 0 0 7.8 
11/17 4:00 186.8 60,688 0.31 2.34 5.5 93.9 0.2 39.6 232.3 19,249 0 0 25.9 
12/2 21:00 188.6 64,854 0.33 2.83 4.5 94.2 0.2 54.3 295.3 26,648 0 0 0.0 

12/15 20:00 75.0 64,909 0.44 2.49 16.6 81.7 0.6 17.1 52.9 32,525 0 0 13.6 

Weighted Avg   59,601 0.28 1.91 23.4 95.1               

Total 3,532           13.6 605.1 3,624 411,109 0 0 766 
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Appendix A 
Burger Commercial ECO® Unit Run Summary 

 

 
 
 
 
 
 

Operating Period Flue Gas Removal Co-Product Reagents 

2010 
Hours of 

Operation 
Flow NOx SO2 NOx SO2 NOx SO2 Bleed NH3 ATS H2O2 Pwr 

(scfm) (lbm / mmBtu) (lbm / mmBtu) (%) (%) (tons) (tons) (tons) (gal) (gal) (gal) (Mw-Hr) 

1/25 8:00 72.0 64,982 0.45 3.31 7.7 93.1 0.3 33.5 231.8 30,256 0 1,206 0.0 

            

Weighted Avg   64,982 0.45 3.31 7.7 93.1               

Total 72           0.3 33.5 232 30,256 0 1,206 0 
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Appendix B 
Summary of BCU WESP Performance Testing – HCl, HF and Pb 

 

 
 
 
 
 

WESP Inlet Data  WESP Outlet Data 

Compound  Measured  Units  Measured  Units  Removal 

Gas Flow Rate  51,352  dscfm 
  

58,028 
dscfm  N/A 

HCl  8.4  lb/hr  <0.0238  lb/hr  >99.7%

HF  0.812  lb/hr  <0.0243  lb/hr  >97.0%

Gas Flow Rate  57,491  dscfm 
  

57,491 
dscfm  N/A 

Pb  2.16E‐04  lb/hr  8.55E‐05  lb/hr  60.4% 
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Appendix C 
Summary of BCU WESP Performance Testing – PARTICULATE MATTER 

 

 

Data from testing at Burger by CAE on 10/09 
Gas Law 

INLET Particulate Sampling (by Powerspan)      PV = nRT          
Run 19  Run 20  Run 21                

Dry gas Volume start   ft3  989.434 20.905 51.711 R =  0.08206 Atm L/mol K    

Dry gas Volume finish   ft3  1019.569 50.979 92.882 Averages  Tst =  20 C  293.15  K 
Total volume  acf(dry)  30.135 30.074 41.171 33.79  Pst =  1 Atm       

CO2 concentration  %(wet)  9.4 9.1 8.9 9.1  V =  24.05589 L/mol       

Mass of water collected  g  120 124 164 136     0.849431 ft3/mol       
Sample Temperature  F  59 60 55.5 58.17 

Sample Pressure  "Hg  29.66 29.6 29.6 29.62 

Volume sampled (standard) 
L(wet)  1020.9 1021.1 1400.4 1147.46  1 mole =  24.056  L 

L(dry)  860.7 855.6 1181.5 965.91  1 mole =  0.849431 ft3 
Filter Weight Mass start  g  2.8006 2.3763 2.3763 2.52  Std P =  29.92  in Hg 
Filter Weight Mass finish  g  2.9827 2.4782 2.6143 2.69  Std T =  527.7  R 

Mass of particulate  mg  182.1 101.9 238 174.0  1 lbm =  453.6  g 

Total PM as NH4HSO4 

ppmwv  37.3 20.9  35.5 31.2  1 lbmol =  385.5  scf 

ppmdv  44.2 24.9  42.1 37.1  H2O MW =  18.02 

lb/wscf 
1.1137E‐

05
6.2306E‐

06  1.0611E‐05 9.326E‐06 
NH4HSO4 

MW =  115.1 

lb/dscf 
1.3209E‐

05
7.4361E‐

06  1.2577E‐05 1.107E‐05  1 ft3 =  28.32  L 

lb/MMBtu 
2.1326E‐

01
1.2324E‐

01  2.1460E‐01 1.837E‐01  Fc (F‐factor) =  1800 

OUTLET Particulate Sampling (SO3 Parameters CAE report pg C‐23) 

Run 19  Run 20  Run 21  Averages 

Standard Volume Metered  dscf  19.5349 19.5147 21.0191 20.02 

Water vapor in gas   %  15.0 15.0 14.7 14.90 

Volume of water  scf  3.45 3.45 3.62 3.50 

CO2 concentration  %(dry)  12.1 11.8 11.9 11.9 

Total volume 
wscf  22.99 22.96 24.64 23.53 

L(wet)  650.94 650.24 697.74 666.31 

L(dry)  553.23 552.66 595.26 567.05 

Mass of particulate  mg  0.2216 0.4497 0.2588 0.310 

Total PM as NH4HSO4 

ppmwv  0.0711 0.1445  0.0775 0.098 

ppmdv  0.0837 0.1701  0.0909 0.1149 

lb/wscf  2.125E‐08 4.318E‐08  2.316E‐08 2.920E‐08 

lb/dscf  2.501E‐08 5.080E‐08  2.714E‐08 3.432E‐08 

lb/MMBtu  3.720E‐04 7.750E‐04  4.106E‐04 5.192E‐04 

OUTLET Particulate Sampling (Non‐Sulfuric Acid Filterable PM CAE report pg C‐28) 

Run 19  Run 20  Run 21  Averages 

Standard Volume Metered  dscf  70.6858 69.6435 69.6487 69.99 

Water vapor in gas   %  15.0 15.0 14.7 14.90 

Volume of water  scf  12.49 12.30 11.99 12.26 

CO2 concentration  %(dry)  11.9 12.0 12.0 12.0 

Total volume 
wscf  83.17 81.94 81.64 82.25 

L(wet)  2355.40 2320.55 2312.03 2329.33 

L(dry)  2001.82 1972.30 1972.45 1982.19 

Mass of particulate  mg  2.35 2.87 2.00 2.407 

Total PM as NH4HSO4 

ppmwv  0.2085 0.2585  0.1808 0.216 

ppmdv  0.2454 0.3041  0.2119 0.2538 

lb/wscf  6.229E‐08 7.722E‐08  5.401E‐08 6.451E‐08 

lb/dscf  7.329E‐08 9.085E‐08  6.331E‐08 7.582E‐08 

lb/MMBtu  1.109E‐03 1.363E‐03  9.496E‐04 1.140E‐03 

WESP 

Averages  Efficiency 

Total COMBINED (SO3 & 
NSFPM) as NH4HSO4 

ppmwv  0.2797 0.4030  0.2583 0.3137  99.0%

ppmdv  0.3291 0.4742  0.3028 0.3687  99.0%

lb/wscf  8.355E‐08 1.204E‐07  7.717E‐08 9.370E‐08  99.0%

lb/dscf  9.830E‐08 1.417E‐07  9.045E‐08 1.101E‐07  99.0%

lb/MMBtu  1.481E‐03 2.138E‐03  1.360E‐03 1.660E‐03  99.1% (possible inaccuracy of CO2 measurement at inlet  

doesn't account for purge air) 
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Appendix D 
Peroxide-Based Reactor Reagent System – Diagrams and Pictures 
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Appendix D 
Peroxide-Based Reactor Reagent System – Diagrams and Pictures 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Peroxide Evaporator Installed at the CDU 
 Peroxide Evaporator Internals 
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Appendix E 
Reactor Power Supply - Power Electronics Converter Cabinet 
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Appendix E 
Reactor Power Supply – Medium Frequency High Voltage Transformer 
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Appendix F 
Reactor Power Supply – Sample of Field Test Data (Electrical & Thermal Performance Run) 

 

 
 
 

                                                      

    
Reactor No. 

= 7     
GVC Voltage 

Limit = 100%     
Rx Inlet 

Temp. = 325    
XFMR Turn 

Ratio = 22.6     
N0. Of 

Electrodes = 1220     

    
Power 

Supply S/N = 10591-03-1     Frequency =  2 kHz     
Test Date 

= 6/16/2007    Gas Flow = 65,000 SCFM     ???? =       

                                                      

    Line Readings Bus Readings Secondary Readings Temperature Readings   
  GVC       Line Power GVC O'scope O'scope Temperature Meter   

  I limit VL IL THD-I WL VAL Pf Vbus Ibus 
kW 
bus 

Vb 
CHPR Vb INV Ibus 

kW 
bus 

Vsec 
p-p 

Vk p-
p  Isec rms 

Isec 
BP kW  

Chke 
Core 

Chke 
Coil Top Air 

Magn 
Top Chpr  Invrtr   

  
Inst. 

Scale                 
500 
V/V 150 V/V 

333 
A/V   

1 
kV/V   4 A/V               

  
Scope 
Scale                 

500 
V/V 100 V/V 

200 
A/V   

1 
kV/V   2 A/V               

  
Multiply 

by                 1 1.5 1.665 2.4975 1   2 2             

  110%             550 1000   600 550 1000   60   54     
100 
OC 

115 
OC 70 OC 70 OC 55 OC 55 OC   

                                                      

  
9 476 66 23.0 49 54 0.91 622 80 49.9 621 621 78.4 46.8 36.2 26.2 16.7 6.4 55.6 

 
          

  

  
27 476 187 13.0 150 154 0.98 576 260 150 574 580.5 261.4 149.4 36.6 19.8 19.9 18.8 147.5 46.6 53.7 36 37.1 32.1 30.4 

  

  
36 475 250 12.3 202 206 0.98 588 345 200 583 574.5 341.3 193.3 38 20.2 22.2 14.4 195.9 45.3 43.9 37.7 37.1 30.5 30.7 

  

  
42 474 312 12.0 251 255 0.98 604 410 248 604 609 408 246.7 40 19.8 24.8 17.6 242 44.2 52.1 37.2 37.2 31.4 31.1 

  

  
51 473 372 11.3 299 304 0.98 592 505 300 593 598.5 494.5 293.7 41.4 18.6 27.8 21.6 284.6 45.5 54.2 38 37.3 32.7 32.9 

  

  
61 473 440 11.0 354 360 0.98 580 610 350 580 585 597.7 347.4 43.2 17.6 31.8 26 330.8 54.8 56.7 38.6 47.8 38.2 38.4 

  

  
74 474 504 10.9 407 413 0.98 548 730 402 540 543 730.9 393.9 44.8 14.8 37 32 381.2 48.1 60.7 40 39.3 40.1 39 

  

  
82 472 559 10.5 449 456 0.98 546 815 450 538 538.5 832.5 445.3 46.4 10 40.8 18 418.6 51.2 65.2 40.1 42.6 37.1 37.1 

  

  
92 473 625 10.4 502 510 0.98 542 920 500 532 529.5 929.1 488.26 48.8 7 45.4 40.8 472.6 53.8 70 42.2 43.2 38.9 38.8 

  

  
99 472 671 10.1 540 549 0.98 542 995 530 532 532.5 990.7 523.7 50.8 4.8 48.6 43.2 504.6 58.1 78.2 45.7 46.9 40.6 40.9 
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Appendix G 
ECO® Reactor Area – Configuration During 500 kW Reactor Testing 

 

 

  

Inactive Region 
(Blocked Gas Flow) 
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Appendix H 
ECO® Reactor Electrode – Original Design (Wire Mesh Conductor & Fuse Link)  

 

 
 
 
 
 
 
 

 
 
 
 

HV conductor 
(wire mesh) 

Fuse Link 

Electrode fuse cap & 
mounting hardware 
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Appendix I 
ECO® Reactor Electrode – Latest Design (Gas Filled Electrode)  

 

 
 
 
 
 
 
 

 
 
 

Electrode cap provides  
HV connection & mounting 

Cathode 

Conductive gas space 
(no fuse needed) 

53



Appendix J 
ECO® Reactor – Latest Design (High Voltage Grid)  

 

 

 
 
 
 
 
 
 
 

 

Reinforcement ribs for 
personnel access 

Reduced spacing 
between electrodes 

Tightly packed 
electrode array 
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Sulfite Oxidation in BCU and Test Loop Scrubbers
BCU Configuration Test Loop Scrubber Configuration: Sulfite Oxidation Equipment
Simulated single loop 15’ 3.75” of RSP250 SE in a single section Two blowers and agitators in UL tank
UL SG inaccurate at high SG, using LL SG 6' of Q-Pac 4 in the ammonia capture section (not used) Both agiators operating at 60 Hz for all tests (430-440 rpm)

No liquid flow to the ammonia capture section Agitator Diameter = 1.5 ft
Height above Tank = 2.8 ft

Sheet BCU Test LoopDate and Time ScrubberSheet
Gas 
Flow In O2 In SO2 pH SG

Oxid. 
Air

O : 
SO2

Ag
Pwr

Liq 
Ht

Liq 
RT

Liq 
Temp SO3

2-
Gas 
Vel L/G DP

Out 
SO2

SO2 

Rem

SO2 

NTU
Gas 
Vel L/G DP

Out 
SO2

SO2 

Rem

SO2 

NTU

Test Date Start Stop (scfm) (%) (ppm) (scfm)
(mol / 
mol)

(w / 
scfm) (ft) (min) (F) (ppm) (ft/s)

(gpm / 
kacfm) ("wc) (ppm) (%) (ft/s)

(gpm / 
kacfm) ("wc) (ppm) (%)

01 9/6 5:00 6:00 51,005 9.2 923 5.28 1.199 750 6.6 29.8 6.8 5.4 126 0 4.8 30.8 0.4 5.9 99.2 4.8 9.2 30.0 7.1 0.1 100.0 9.0

02 9/6 6:00 8:00 51,042 7.2 1140 4.99 1.185 750 5.4 29.8 8.1 6.5 130 0 4.8 30.2 0.4 13.1 98.6 4.3 9.2 29.9 7.5 1.4 99.9 6.6

BCU Test Loop

Averaging period

Date and Time Scrubber

03 9/6 14:00 16:00 51,057 6.0 1180 5.23 1.185 748 5.2 29.9 9.7 7.8 136 0 4.8 28.9 0.4 8.0 99.2 4.9 9.4 28.8 7.1 1.8 99.8 6.4

04 9/6 21:00 23:00 51,426 7.3 1046 5.22 1.201 750 5.8 29.8 9.3 7.4 134 0 4.9 28.9 0.4 9.4 99.0 4.6 9.4 28.3 7.2 1.9 99.8 6.2

05 9/7 5:00 6:00 51,257 8.0 1013 5.11 1.190 734 5.9 30.5 11.9 9.5 131 0 4.3 30.0 0.4 9.0 99.1 4.7 9.3 29.6 7.7 0.1 100.0 9.7

06 9/7 15:00 16:00 67,342 6.1 1177 5.24 1.192 673 3.5 33.2 12.3 9.8 136 238 5.8 21.8 0.8 131.4 88.2 2.1 9.4 28.2 7.1 10.6 99.0 4.6

07 9/8 3:00 4:00 67,300 8.9 957 5.38 1.199 750 4.8 29.8 10.0 8.0 133 0 5.4 22.6 0.8 38.4 95.8 3.2 9.4 28.7 7.0 1.6 99.8 6.3

08 9/8 15:30 16:30 62,224 6.3 1182 5.25 1.195 749 4.2 29.8 9.7 7.8 137 237 5.1 23.7 0.6 109.1 90.2 2.3 9.5 27.3 7.1 11.3 98.9 4.5

09 9/9 3:00 4:00 56,546 8.6 977 5.37 1.200 753 5.7 29.7 9.5 7.6 131 0 4.5 27.6 0.5 11.0 98.8 4.4 9.3 29.1 6.8 0.1 100.0 8.8

10 9/9 14:00 15:00 51,269 8.0 1013 5.20 1.192 550 4.4 40.7 9.6 7.6 133 0 4.1 29.7 0.4 7.3 99.2 4.9 9.3 28.5 7.1 0.2 100.0 8.3

11 9/9 19:00 20:00 51,625 7.8 1016 5.20 1.196 551 4.4 40.6 9.7 7.8 134 0 4.2 29.3 0.4 9.1 99.0 4.6 9.4 27.9 6.9 1.5 99.8 6.4

12 9/9 22:45 23:45 51,317 7.9 1019 5.20 1.199 550 4.4 40.7 9.4 7.5 133 0 4.1 30.0 0.4 8.3 99.1 4.7 9.4 28.2 6.8 1.2 99.9 6.6

13 9/10 3:00 4:00 51,279 8.5 979 5.20 1.202 551 4.6 40.6 9.5 7.6 131 0 4.2 30.0 0.4 7.2 99.2 4.8 9.4 27.9 6.8 0.6 99.9 7.3
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