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Abstract 

There are current efforts in Maryland to model the atmospheric deposition of mercury releases 
from certain types of plants in Maryland, study bioaccumulation, and study the economic 
impacts of fish consumption advisories, to better understand the implications of mercury 
emissions.  The program described in this report complements these existing programs by 
providing direct measurement of mercury emissions from coal-fired power plants in Maryland.   

MDE required that all coal-fired generating units in Maryland perform specific stack tests in 
2003 to determine the amount and nature of their mercury emissions using a test method called 
the Ontario Hydro Method (ASTM Method 6784-02).  Constellation Power Source Generation 
(CPSG) and the Maryland Department of Natural Resources Power Plant Research Program 
(PPRP) developed a cooperative project to expand the scope of the MDE-required testing.  The 
focus of the cooperative project was to provide process-level data to help generators better 
understand how mercury changes as it passes through the combustion and flue gas stages of the 
plant, and so aid the facility to better design control strategies.   

Three flue gas mercury test methodologies were employed:  the Ontario Hydro method required 
by MDE, a dry sorbent trap method that is currently proposed by EPA as Method 324, and a 
continuous emissions monitoring method.  Testing was conducted during two separate sampling 
campaigns—one prior to the ozone season and one during the ozone season when additional NOx 
control systems are employed by CPSG.  Concurrent with the flue gas sampling, mercury 
concentrations in the coal and the ash were determined to calculate mercury mass balances. 
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Executive Summary 
Mercury is recognized as one of the most significant toxic substances found in the human food 
chain because of the risks it can pose to humans and the environment.  In recognition of its 
potential effect, states and the U.S. Environmental Protection Agency (EPA) are proposing 
regulations for mercury emissions from certain industrial sources, including coal-fired power 
plants.  Mercury has been singled out among hazardous air pollutants (HAPs) for intense study 
because of its toxic, bioaccumulative effects.  Many states have implemented fish advisories to 
limit the quantities of fish consumed from certain water bodies.  Specifically in Maryland, the 
Maryland Department of the Environment (MDE) has issued statewide fish consumption 
advisories for freshwater impoundments.  The consensus of expert opinion is that most of this 
mercury is coming from atmospheric deposition and that coal-fired electricity generation is the 
largest source of this element.  The program described in this report is a cooperative effort 
among MDE, the Maryland Department of Natural Resources Power Plant Research Program 
(PPRP), and Constellation Power Source Generation (CPSG) to provide direct measurement of 
mercury emissions from coal-fired power plants in Maryland.   

MDE required that all coal-fired generating units in Maryland perform specific stack tests in 
2003 to determine the amount and nature of their mercury emissions using a test method called 
the Ontario Hydro Method (ASTM Method 6784-02)1.  At the time the tests were required, this 
method was the only EPA-recognized test that could perform mercury speciation and reliably 
measure total mercury in a coal-fired flue gas stream. 

CPSG approached PPRP to develop a cooperative project, expanding the scope of the MDE-
required testing at six generating units: Brandon Shores Units 1 and 2; H.A. Wagner (Wagner) 
Units 2 and 3; and C.P. Crane Station (Crane) Units 1 and 2.  The focus of the cooperative 
project was to provide process-level data to help generators better understand how mercury 
changes as it passes though the combustion and flue gas stages of the plant, and so aid the 
facility to better design control strategies.  This research project supplemented the mandated tests 
by examining the process conditions that impact mercury control and the applicability of control 
technologies to these six units.  It also evaluated the applicability of three mercury test methods 
to the units, and utilized coal, ash and flue gas measurements to calculate mercury mass balances 
on the units.  The expanded program, a collaborative effort by PPRP, CPSG, and MDE, provides 
valuable data in anticipation of proposed federal mercury regulations.   

CPSG and PPRP designed a tailored test program to obtain appropriate mercury and operations 
measurements on each of the six units tested.  The units fire low-to-medium sulfur eastern 
bituminous coals with high chloride levels.  The various unit configurations include cyclone and 
pulverized coal-fired units.  Particulate control equipment includes hot-side electrostatic 
precipitators (HESPs), cold-side electrostatic precipitators (ESPs), and fabric filters (baghouses). 
Some of the units are also equipped with selective catalytic reduction (SCR) for nitrogen oxides 
(NOx) control.  

Available mercury control technologies for utility-scale coal-fired boilers are unit-specific and 
are still in the early commercialization phase.  The recommendations on control technology 
options herein are based on current knowledge of various technologies, some of which are still in 
the development phase.  Any retrofit equipment of this scale would require further evaluation. 
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Mercury test methods were also evaluated in this program, for ease of use and comparability of 
results between methods.  It is critical that mercury emissions data be readily available and 
accurate for use in modeling and deposition studies.  The evaluation of flue gas mercury 
measurement methods proved the mercury sorbent trap method to be relatively simple to apply 
and accurate for total mercury measurement, as compared with the impinger-based Ontario 
Hydro method.  Speciation using the sorbent trap method did not succeed as well, and there are 
some unresolved conflicts between the results of some side-by-side tests conducted.  Some of the 
approaches tested were still in the development phase (not yet commercial).  The EPRI-
developed Quick SEM™ application of the sorbent trap was suitable for total vapor-phase 
mercury measurements over periods ranging from one hour to five days.  This method has now 
been proposed by EPA as EPA draft Method 324 in the NESHAP rule2. 

This report describes the units, outlines the tests performed and their purpose, and presents the 
results and the implications of these results for mercury control.  Prior flue gas tests for mercury 
emissions control have not been required on these units, and so these data are the first available 
to ascertain the native mercury capture of the units and the possible retrofit options.  Tests were 
conducted both with and without SCR in service on those units that have SCR. 

The Brandon Shores opposed-wall-fired, pulverized coal units, with their HESPs and SCR 
systems, emit 4 to 7 pounds per trillion Btu (lb/Tbtu) of mercury and exhibit virtually no native 
mercury control.  This is typical of units with a similar process configuration.  With low-NOx 
operation in service (including combustion controls and SCR), the fraction of mercury that is in 
the oxidized form increases from about 65% to about 95%.  This is important to the applicability 
of mercury control, since oxidized mercury is more reactive and easier to collect than elemental 
mercury.  Control options are presented and discussed, which include retrofits of baghouses or 
flue gas desulphurization systems. 

The Crane cyclone units have baghouses and exhibit a wide range of mercury control, from <30 
to 90%, corresponding to emissions of 0.5 to 10 lb/TBtu.  The ash appears to be at its capacity 
for mercury capture upstream of the baghouse, because little to no mercury removal is seen 
across the baghouse itself, although the mercury is found in the ash upon analysis.  There appears 
to be an operational correlation with mercury control, possibly connected to loss on ignition 
(LOI) content of the ash (which can act as a mercury sorbent on some units), combined with a 
low baghouse operating temperature (close to 300°F).  The combination of having overfire air in 
service with LOI of about 16% resulted in emissions of 1.0 lb/TBtu in short-term tests.  Seven 
days of semi-continuous emission monitoring for mercury at Crane Unit 1 did not reveal a clear 
cause-and-effect relationship between low mercury emissions and an individual operating 
parameter.  These units are candidates for combustion-based mercury control, and if further 
mercury capture is needed, for carbon sorbent injection into the baghouse. 

Wagner Units 2 and 3 are both pulverized coal-fired boilers with cold-side ESPs that emit 2 to 6 
lb/TBtu mercury.  Unit 3 has an SCR system that operates during the ozone season.  Both units 
captured about half of the coal mercury in the flyash in pre-ozone season testing.  Wagner Unit 3 
captured very little mercury in the flyash with low NOx operation in service (6-17%).  Wagner 
Unit 3 does show a strong correlation between ash LOI and mercury capture, indicating that 
combustion controls could be promising for improved mercury capture.  Alternately or to 
supplement combustion controls, carbon sorbent injection upstream of the ESP or of a retrofitted 
baghouse could prove to be effective mercury control methods. 



 

  v

Table of Contents 

Executive Summary ....................................................................................................................... iii 

Introduction and Objectives............................................................................................................ 1 

Regulatory Environment............................................................................................................. 1 

Background................................................................................................................................. 2 

Project Approach and Objectives................................................................................................ 3 

Campaign One : Pre-Ozone Season........................................................................................ 3 

Campaign Two : During and Post-Ozone Season................................................................... 3 

Unit Descriptions ............................................................................................................................ 5 

Test Methods................................................................................................................................. 11 

Flue Gas Mercury Measurement Methods................................................................................ 11 

Ontario-Hydro Method ......................................................................................................... 11 

Mercury Sorbent Trap Method ............................................................................................. 12 

SCEM Method ...................................................................................................................... 12 

Coal and Ash Measurements .................................................................................................... 13 

Coal Samples ........................................................................................................................ 13 

Ash Samples.......................................................................................................................... 13 

Unit Operating Data.................................................................................................................. 14 

Test Results................................................................................................................................... 15 

Schedule.................................................................................................................................... 15 

Coals Fired During Sampling ................................................................................................... 16 

Ash Analyses ............................................................................................................................ 18 

Flue Gas Testing and Combined Results .................................................................................. 19 

Brandon Shores Units 1 and 2 .............................................................................................. 22 

Crane Station......................................................................................................................... 28 

Wagner Station...................................................................................................................... 31 

Mercury Control Discussion ......................................................................................................... 36 

Wagner 2 and 3: Bituminous coal with cold-side ESPs ........................................................... 36 

Brandon Shores Units 1 and 2 : Bituminous coal with hot-side ESPs...................................... 38 

Crane Station Units 1 and 2 : Bituminous coal with baghouses ............................................... 39 

Conclusions and Recommendations ............................................................................................. 40 

References..................................................................................................................................... 43 

Appendices.................................................................................................................................... 45 



 

  vi

 

List of Appendices: 
 Appendix A  Frontier Geosciences FMSS Test Method 

Appendix B ADA-ES Mercury Semi-Continuous Emissions Monitoring Test 
Method 

 Appendix C  Unit Operating Data 

   Summaries 

   C.1 Brandon Shores Unit Data 

   C.2 Crane Station Unit Data 

   C.3 Wagner Station Unit Data 

 Appendix D  Coal and Ash Analyses by Unit 

   D.1 Brandon Shores Coal and Ash Analyses: Campaign One 

   D.2 Crane Station Coal and Ash Analyses: Campaign One 

   D.3 Wagner Station Coal and Ash Analyses: Campaign One 

   D.4 Campaign Two: Brandon Shores and Wagner Coal and Ash Analyses 

 Appendix E  Flue Gas Mercury Measurements  

E.1 Comparisons of Flue Gas Analysis Results Between Test Methods 
from Campaign One 

E.2 FGS Sorbent Trap Reported Laboratory Data from Campaign One 

E.3 Laboratory Flue Gas Measurement Results from  Campaign Two  

 Appendix F  Crane Unit 1 SCEM Report by ADA-ES 

 

List of Tables 
Table 1.  Unit Descriptions for Constellation Plants. ..................................................................... 9 
Table 2.  SCR Description Table .................................................................................................. 10 
Table 3.  Campaign One tests conducted for CPSG mercury program. ....................................... 15 
Table 4.  Campaign Two tests conducted for CPSG mercury program. “A” and “B” designations 

refer to concurrent runs......................................................................................................... 15 
Table 5.  Summary of average Campaign One coal analyses results during Ontario Hydro testing, 

as-fired basis, % by weight. .................................................................................................. 16 
Table 6.  Summary of average coals fired during Campaign Two. .............................................. 16 
Table 7.  Comparison of coal mercury analyses between two laboratories: CTE using CVAA and 

FGS using CVAFS................................................................................................................ 17 
Table 8.  Average ash analyses results, CPSG.............................................................................. 18 
Table 9.  Average Ontario Hydro stack test results for six CPSG units before ozone season.  

Campaign One. ..................................................................................................................... 20 



 

  vii

Table 10.  Average Ontario Hydro stack test results for three CPSG units with SCR in service 
and low-NOx firing conditions.  Campaign Two. ................................................................ 20 

Table 11.  Pre-ozone season mass balance for each of six tested units.  Campaign One.  All 
mercury in lb/TBtu................................................................................................................ 21 

Table 12.  Ozone season operation mass balance for each of the three tested units.  Campaign 
Two.  All mercury in lb/TBtu. .............................................................................................. 21 

Table 13.  Run-by-run Ontario Hydro results for Brandon Shores, all in lb/TBtu. ...................... 24 
Table 14.  Summary of average test results, Brandon Shores Units 1 and 2.  All Mercury 

Measurements are in µg/dncm @ actual O2.......................................................................... 25 
Table 15.  Unit operating data for Brandon Shores during mercury testing.  Both campaigns. ... 25 
Table 16.  Crane Unit 1 mercury measurements in lb/TBtu.  Full load with OFA in service.  April 

2003....................................................................................................................................... 29 
Table 17.  Crane Unit 2 mercury measurements in lb/TBtu.  Full load with OFA out of service.  

April 2003. ............................................................................................................................ 30 
Table 18.  Unit operating data at Crane Station during Ontario Hydro mercury testing.............. 30 
Table 19.  Run-by-run Ontario Hydro results for HA Wagner Station, all in lb/TBtu................. 33 
Table 20.  Summary of test results, Wagner Units 2 and 3.  All Mercury Measurements are in 

µg/dncm @ actual O2. .......................................................................................................... 34 
Table 21.  Unit operating conditions at Wagner Station during mercury testing. ........................ 35 
 

List of Figures 
Figure 1.  Brandon Shores Unit 1 or 2 Schematic.  SCR was bypassed during Campaign One, in-

service during Campaign Two. ............................................................................................... 5 
Figure 2.  H.A. Wagner Unit 2 Schematic. ..................................................................................... 6 
Figure 3.  H.A. Wagner Unit 3 Schematic. ..................................................................................... 7 
Figure 4.  C.P. Crane Unit 1 or 2 Schematic................................................................................... 8 
Figure 5.  All individual coal analyses from Campaigns One and Two.  CPSG mercury tests 

2003....................................................................................................................................... 18 
Figure 6.  Mercury Corresponding to Ash LOI for all Units.  Both Campaigns .......................... 19 
Figure 7.  Chart of Comparison Between AA and AF Analysis of Ontario Hydro KCl Impinger 

Solutions from Campaign Two............................................................................................. 22 
Figure 8.  Comparison of FMSS and OH Method results at Brandon Shores: Campaign One.... 27 
Figure 9.  Quick SEM™ and FMSS results from Campaign Two. .............................................. 28 
Figure 10.  Mercury trend at Crane Unit 1 over a seven day period with the mercury SCEM.  

Figure by ADA-ES. .............................................................................................................. 31 
Figure 11.  LOI Effect on Mercury Removal at Wagner Unit 3................................................... 35 
Figure 12.  EPA ICR data showing coal chloride, with Wagner 2 and 3 Campaign One results 

superimposed. ....................................................................................................................... 37 
 

Acronyms and Symbols 
A&WMA Air and Waste Management Association 
acfm  Actual cubic feet per minute 
APH  Air Pre-heater 
Au-CVAAS Gold amalgamation system, and Cold Vapor Atomic Absorption Spectrometer 
Avg Average 



 

  viii

B&W  Babcock & Wilcox 
Btu/lb  British thermal units per pound 
C  Carbon 
oC  Degree Celsius 
CEM  Continuous Emissions Monitor 
Cl  Chlorine 
CPSG  Constellation Power Source Generation 
CTE  Commercial Testing/SGS Laboratory 
CVAAS Cold Vapor Atomic Absorption Spectrometry 
CVAFS Cold Vapor Atomic Fluorescence spectrometry 
DOE  U.S. Department of Energy 
DRB-XCLtm B&W Dual Register XCL Burner 
EPA  U. S. Environmental Protection Agency 
EPRI  Electric Power Research Institute 
ESP  Electrostatic Precipitator (cold-side unless otherwise noted) 
oF  Degree Fahrenheit 
FGS  Frontier Geosciences, Inc. 
FMSS  Flue Gas Mercury Sorbent Speciation  
FGD  Flue gas desulphurization 
ft2  Square feet 
g  Gram 
GEESI  General Electric Environmental Services, Inc. 
H2  Hydrogen 
H2O  Water 
HESP  Hot-side Electrostatic Precipitator 
Hg  Mercury 
Hg0  Elemental mercury 
Hg+2  Oxidized mercury 
HHV  Higher heating value 
IC  Iodinized Charcoal or Iodine-impregnated Carbon 
ICR  Information Collection Request 
lb/TBtu Pound per trillion (1012) British Thermal Units 
lb/MMacf  Pounds per million actual cubic feet of flue gas  
LOD  Limit of detection 
LOI  Loss on Ignition 
LOQ  Limit of Quantitation 
MACT  Maximum Achievable Control Technology 
MDE  Maryland Department of the Environment 
MDNR Maryland Department of Natural Resources 
MW  Megawatt 
MWe  Megawatt electrical 
NESHAP National Emissions Standards for Hazardous Air Pollutants 
N2  Nitrogen 
NOx  Oxides of nitrogen 
O2  Oxygen 
OFA   Over-Fire Air 



 

  ix

OH  Ontario Hydro method: ASTM Method 6784-02 
PAC  Powdered Activated Carbon 
PM Hg  Particle bound mercury 
ppm  Parts per million 
PPRP  Power Plant Research Program 
S  Sulfur 
SCEM  Semi-Continuous Emissions Monitor 
SCR  Selective Catalytic Reduction 
SO2  Sulfur dioxide 
SO3  Sulfur trioxide 
T  Temperature 
TBtu  1012 Btu (trillion or tera Btu) 
µg   10-6 gram (microgram) 
µg/dncm micrograms per dry normal (or standard) cubic meter of flue gas 
µg/g  microgram per gram 

 



 



 

  1

Introduction and Objectives 
Mercury is recognized as one of the most significant toxic substances found in the human food 
chain because of the risks it can pose to humans and the environment.  In recognition of its 
potential effect, states and the U.S. Environmental Protection Agency (EPA) are beginning to 
regulate mercury emissions from the primary sources of mercury, including coal- and oil-fired 
power plants, and municipal, medical and hazardous waste incinerators.  EPA’s Mercury Report 
to Congress  identified four source categories that accounted for 80% of the anthropogenic 
mercury emissions in the United States.  Coal-fired utility sources represent 33% of the 
emissions, while municipal waste combustors represent 19% and medical waste incinerators 
contribute 10%.3   

Mercury has been singled out for intense study because of its toxic, bioaccumulative effects.  As 
a result of the focus on mercury, some states and the EPA have drafted mercury control 
regulations targeting coal-fired power generation, which is the largest anthropogenic contributor 
to mercury in the U.S.  Specifically in Maryland, the Maryland Department of the Environment 
(MDE) has issued statewide fish consumption advisories for freshwater impoundments.  In 
addition, new federal mercury control regulations have been proposed.  The consensus of expert 
opinion is that most of this mercury is coming from atmospheric deposition and that coal-fired 
electricity generation is the largest source of this element.  To better understand the implications 
of mercury emissions, there are current efforts in Maryland to model the atmospheric deposition 
of mercury releases from these types of sources in Maryland,4,5 study bioaccumulation, and study 
the economic impacts of fish consumption advisories.  The program described in this report 
complements these existing programs by providing direct measurement of mercury emissions 
from coal-fired power plants in Maryland.   

CPSG’s coal-fired power plants in Maryland had no historic database on mercury emissions.  
Since mercury emissions cannot be accurately predicted with current models, the best way to 
obtain accurate emission and speciation data is through direct flue gas measurement.  MDE 
required mercury testing of all coal-fired plants in Maryland using the EPA’s most relied-upon 
mercury test method, the Ontario Hydro method (ASTM Method 6784-02)1.  In this study, 
Constellation Power Source Generation (CPSG), the Maryland Department of Natural Resources 
Power Plant Research Program (PPRP), and , and MDE cooperatively supplemented the base 
Ontario Hydro testing with additional testing and analysis at three of CPSG’s power plants in 
Maryland. 

Regulatory Environment 
The EPA issued a Proposed Rule on January 30, 2004 and signed a Supplemental Proposal on 
February 24, 2004, to permanently cap and control mercury emissions from coal-fired power 
plants.2  The Proposed Rule consists of National Emissions Standards for Hazardous Air 
Pollutants (NESHAP) for mercury emissions and an alternative interstate air quality rule.  The 
basis for NESHAP regulation of mercury stems from a determination by EPA in 2000 that 
regulation of mercury emissions was both necessary and appropriate.  EPA now is revising that 
finding and proposing an alternative rule.  EPA’s alternative rule proposal complicates the 
compliance target by increasing the number of potential outcomes of a final rule.  Under the 
NESHAP scenario, stand-alone mercury control such as sorbent injection would be required as 
early as 2007 on some units.  Under the alternative rule, power plants would initially rely on “co-
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control” of mercury by technologies retrofitted for control of other pollutants, such as acid gas 
scrubbers, and starting in 2010, would engage in a cap-and-trade program similar to the existing 
NOx allowance program.  More-stringent mercury control limits would take effect in 2018.   

In parallel with the federal rule development, several mercury measurement and demonstration 
programs have taken place over the past few years.  These have been sponsored by diverse 
groups including the U.S. Department of Energy (DOE), the Electric Power Research Institute 
(EPRI), EPA, and power generators.  Measurement of mercury is still a challenge today, and test 
methods are still being refined.  There is currently no continuous emissions monitor 
commercially available for mercury measurement on coal-fired flue gas, although the new 
federal rules call for continuous measurement in the near future.  In 1999 EPA required coal-
fired generators to conduct mercury measurements in coal, and in some cases in flue gas, under 
an Information Collection Request (ICR).  This data has supported the current NESHAP rule and 
alternative rule development.   

Background on Mercury Monitoring 
Various studies and test programs sponsored in the past ten years have focused on mercury 
emissions measurement and control from coal-fired power plants.  Over this period, the test 
methods used to measure mercury have significantly evolved, and confidence in the generated 
data has increased.  Still, results are sometimes difficult to interpret, and insufficient data is 
available to characterize power plant emissions via modeling.  Rather it is found that each unit 
has unique characteristics that contribute to mercury emissions and control, which can vary with 
fuel specification, boiler design, combustion changes (such as low-NOx firing), and back-end 
emission controls (precipitator, baghouse, scrubber, SCR, etc.). 

The speciation of emitted mercury is important in the evaluation of an individual unit’s mercury 
control.  This is because oxidized mercury (Hg+2) is more easily captured by ash, an injected 
sorbent, or a flue gas desulphurization (FGD) system, than is elemental mercury (Hg0).  The 
temperature of operation of a particulate collector is also critical.  For capture on the ash or on a 
sorbent to occur with current technologies, the mercury must be in contact with the ash while 
still in the vapor phase, at temperatures of 350°F or below.  Thus a hot-side electrostatic 
precipitator (HESP), operating at temperatures in excess of 500 °F, does not typically capture 
mercury with the ash.  Further, the temperature at which mercury will be captured on the ash is 
unit- and fuel-specific.  Temperatures closer to 280-300°F rather than 350°F are required in some 
cases.  Other variables include the amount of carbon in the ash (measured as loss on ignition 
(LOI)), and the presence or absence of trace elements in the flue gas, such as halides.   

Given all of the variables that contribute to mercury control and ultimately, flue gas mercury 
emissions from a particular coal-fired unit, and that there is insufficient mercury testing to date 
from which to develop emission factors, the best way to estimate emissions is to perform direct 
measurement of mercury from individual generating units.  Given the extremely low 
concentrations of mercury being measured (parts per billion) and the uncertainty inherent in the 
measurement methods, performing multiple test methods in parallel and conducting concurrent 
measurements of fuel, ash, and flue gas, provide the best data set for characterizing mercury 
emissions. 
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Project Approach and Objectives 
The test program was focused on evaluating the effect on mercury emissions of process changes 
related to ozone season operation on the six coal-fired generating units.  Ozone season operation 
is in effect from May through September of each year.  The test program was performed in two 
campaigns, conducted in April and in September – October 2003.  The April series (Campaign 
One) measured mercury emissions at multiple locations at each of the six CPSG study units:  
Brandon Shores Units 1 and 2, C.P. Crane Station Units 1 and 2, and H.A. Wagner Station Units 
2 and 3.  Campaign One was conducted prior to the ozone season, so NOx controls were not in 
full effect.  The September to October series (Campaign Two) was conducted primarily during 
the ozone season, with a few tests post-ozone season.  Mercury was measured at the stack at 
three of the units during Campaign Two: Brandon Shores Units 1 and 2, and Wagner Unit 3.   

Campaign One : Pre-Ozone Season 
All six of CPSG’s coal-fired units in Maryland were required by MDE to be tested for mercury 
emissions at the stack by the Ontario Hydro method.  This testing was conducted by Catalyst Air 
Management, Inc. (Catalyst).  Concurrently with these measurements, we conducted 
supplemental (not required by MDE) testing of mercury in the flue gas, coal, and ash.  These 
included Semi-Continuous Emissions Monitoring (SCEM) mercury measurements at Crane Unit 
1’s baghouse inlet and outlet for one week, as well as side-by-side flue gas measurements using a 
mercury sorbent trap method developed by Frontier Geosciences, Inc. (FGS), the Flue Gas 
Mercury Sorbent Speciation (FMSS) method.  The FMSS method was used at various locations 
on each of the units to examine the speciation of mercury through the processes.  Selected coal 
and ash samples were analyzed for mercury.   

The objectives of the supplemental testing (beyond that required by MDE) were to: 

• Evaluate the mercury sorbent trap test method for applicability on these units.  This is a 
simpler, less resource-intensive alternative test method than the Ontario Hydro method, 
when used to obtain total mercury. 

• Obtain measurements at multiple locations in the process and over time (a one-week 
period using the SCEM at Crane Station) to better understand process impacts on 
mercury emissions and the potential for mercury control on these units. 

• Validate the data set by taking redundant measurements and by calculating mass balances 
based on coal, ash, and flue gas measurements.  

The Ontario Hydro method results from the April tests were submitted by CPSG to MDE, as 
required, by July 31, 2003.  The actual results from Campaign One were used to finalize the test 
plan for measurements made during Campaign Two, and all results are presented in detail in this 
comprehensive final report. 

Campaign Two: During and Post-Ozone Season 
Brandon Shores Units 1 and 2 and Wagner Unit 3 were tested during the ozone season with 
combustion-based NOx controls and SCR in service.  This testing occurred in September – 
October 2003.  Flue gas measurements were conducted using the Ontario Hydro method at the 
stack of each of the three units at full load, and at Wagner Unit 3 at low load.  An EPRI-supplied 
mercury sorbent trap method, Quick SEM™, was also employed at Brandon Shores Unit 1, both 
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during the Ontario Hydro tests and during other operating conditions over a three-week period.  
Coal and ash samples were obtained and analyzed, and all results are presented in this report. 

The objectives of Campaign Two were to: 

• Evaluate the impact of ozone season operation (SCR and low-NOx combustion controls 
in service) on mercury emissions and mercury speciation at those units with SCR. 

• Apply the sorbent trap test method for both total and speciated mercury measurement and 
evaluate possible future use as a monitoring or compliance tool. 

• Compare laboratory results using two different analytical techniques (cold vapor atomic 
absorption spectrometry (CVAAS) and cold vapor atomic fluorescence spectrometry 
(CVAFS)) of the oxidized fraction of the Ontario Hydro samples. 

• Combine results with Campaign One for an overall evaluation of mercury control 
potential for these units, and compare the results with proposed federal standards. 

This report provides detailed results of the test program, including the existing mercury 
emissions of six coal-fired Maryland power plants, the impact of the existing process and control 
equipment on mercury emissions, and implications for retrofit of various emission control 
technologies.   
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Unit Descriptions 
Each unit is described briefly here and key parameters are summarized in Tables 1 and 2 at the 
end of this Section.   

Brandon Shores Units 1 & 2 
Brandon Shores Units 1 and 2 are identical Babcock & Wilcox (B&W), opposed-wall fired, 
pulverized-coal, dry-bottom boilers with a capacity of 685 megawatts (MWE) each.  The units 
combust eastern bituminous coal with a sulfur content of about 0.7 percent and mercury of about 
0.09 µg/g.  The units are fitted with B&W Dual Register low NOx burners.  A hot-side 
electrostatic precipitator (HESP), i.e., the precipitator, is located upstream of the air preheater 
(APH), and is used for particulate control.  During the Ozone Transport Season (May – 
September) the units operate with an SCR system including urea injection.  The SCR system is 
located downstream of the HESP, and hence is a low-dust system.  Flue gas is exhausted to the 
atmosphere through a 730 foot tall stack.  Each stack is fitted with four test ports to facilitate 
sampling.  A continuous emissions monitoring system (CEM) monitors NOx, SO2, and opacity.  
Figure 1 is a schematic diagram of the flue gas train arrangement of the Brandon Shore units and 
shows where sampling ports are located in the process.  The two sample locations on each unit 
were the near HESP inlet (economizer remix zone) and the stack. 

Figure 1.  Brandon Shores Unit 1 or 2 Schematic.  SCR was bypassed during Campaign 
One, in-service during Campaign Two. 
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H. A. Wagner Unit 2 
Wagner Unit 2 is a B&W single-wall-fired, pulverized-coal boiler with a capacity of 140 MWE.  
The unit combusts eastern bituminous coal with a sulfur content of about 0.8 to one percent and a 
mercury content of about 0.1 µg/g.  The unit is equipped with B&W Dual Register XCL (DRB-
XCLtm) low NOx burners.  Particulate control is accomplished with mechanical separators 
followed by a cold-side electrostatic precipitator (ESP).  Flue gas is exhausted to the atmosphere 
through a 300 foot tall stack.  The stack is fitted with four test ports to facilitate sampling.  A 
CEM system monitors NOx, SO2, and opacity.  Figure 2 is a schematic showing the flue gas train 
arrangement of Wagner Unit 2 and its sampling locations.  The two sample locations on this unit 
were the ESP inlet and the stack. 

Figure 2.  H.A. Wagner Unit 2 Schematic. 

 

H. A. Wagner Unit 3 
Wagner Unit 3 is a B&W opposed-wall-fired, pulverized-coal, dry-bottom boiler with a capacity 
of 340 MWE.  The unit combusts eastern bituminous coal with a sulfur content of about 0.8 to 
one percent and a mercury content of about 0.1 µg/g.  The unit is equipped with B&W Dual 
Register XCL (DRB-XCLtm) low NOx burners.  The unit is fitted with a cold-side ESP for 
particulate control.  During the ozone season, the units operate with an SCR system with a urea-
based ammonia supply system.  The SCR is located upstream of the ESP and is therefore a high-
dust system.  Flue gas is exhausted to the atmosphere through a 360 foot stack.  The stack is 
fitted with four test ports to facilitate sampling.  A CEM system monitors NOx, SO2, and opacity.  
Figure 3 is a schematic of the flue gas train arrangement of Wagner Unit 3 showing its sampling 
locations.  Three test locations were used: the ESP inlet, ESP outlet, and the stack.  The stack 
ports on this unit have very long port extensions, which prevented sampling by one of the test 
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methods (Fluegas Mercury Sorbent Speciation, or FMSS) using the available equipment.  ESP 
outlet ports were used instead. 

Figure 3.  H.A. Wagner Unit 3 Schematic.  SCR was bypassed during Campaign One, in-
service during Campaign Two. 

 

 

C. P. Crane Units 1 & 2 
Crane Units 1 and 2 are identical B&W opposed-wall fired, wet-bottom, cyclone-burner boilers 
with a capacity of 200 MWE each.  There are four cyclones per unit.  The units combust eastern 
bituminous coal with a sulfur content of about 1.9 percent and mercury content ranging from 0.1 
to 0.3 µg/g.  Each unit uses the overfire air (OFA) portion of a retrofitted gas reburn system for 
NOx control.  The units are equipped with a GEESI reverse-gas style baghouse with a design air-
to-cloth ratio of 1.96 ft2/1000 acfm.  Flue gas is exhausted to the atmosphere through a 384 foot 
tall stack.  The stack is fitted with four test ports to facilitate sampling.  A CEM system monitors 
NOx, SO2, and opacity.  Figure 4 is a schematic of the flue gas train arrangement of Crane Units 
1 and 2 showing the sampling locations.  The baghouse inlet, baghouse outlet, and the stack were 
the three locations tested at each Crane unit. 
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Figure 4.  C.P. Crane Unit 1 or 2 Schematic. 
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Table 1.  Unit Descriptions for Constellation Plants. 

 

Parameter Identification Brandon Shores Units 1 & 2 Wagner Unit 2 Wagner Unit 3 Crane Units 1 and 2
Boiler Manufacturer B&W opposed-fired B&W single-wall B&W opposed-fired B&W opposed-fired

MWe gross 685 140 340 200
Burner Type Duel Register - Low NOx Cyclone

Low NOx Burners Yes Yes Yes No
NOx Control (Post Combustion) SCR None SCR OFA

Temperature (APH Outlet), oF Ozone season ~350 F/Off season ~300F 300 270 - 290 300-350

Coal Brandon Shores Units 1 & 2 Wagner Unit 2 Wagner Unit 3 Crane Units 1 and 2
Type Eastern Bituminous Eastern Bituminous Eastern Bituminous Eastern Bituminous

Heating Value (Btu/lb) 12,491 12,617 12,617 12,940
Moisture (%) 6.4 6.0 6.0 6.3

Sulfur (S)  (%) 0.69 0.84 0.84 1.87
Ash (%) 10.8 10.7 10.7 8.2

 Mercury (Hg) (ug/g) 0.086 0.107 0.107 0.163
Chlorine (Cl) (%) 0.1122 0.1463 0.1463 0.1121

Particulate Matter Control Device Brandon Shores Units 1 & 2 Wagner Unit 2 Wagner Unit 3 Crane Units 1 and 2
Type Hot-Side ESP Cold-Side ESP Cold-Side ESP Baghouse

ESP Manufacturer Rothemuhle FLS Miljo B&W N/A
          Design Rigid electrode Rigid electrode Rigid electrode N/A

Specific Collection Area (ft2/1000acfm) 408 598 837 N/A
Flue Gas Conditioning No No No No

Baghouse Manufacturer N/A N/A N/A GEESI
    Design of Baghouse N/A N/A N/A Reverse Gas

  Air-to-Cloth Ratio (ft2/1000acfm) N/A N/A N/A 1.96

Duel Register - XCL Low NOx 

Unit Descriptions for Constellation Plants
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Table 2.  SCR Description Table 
Parameter Brandon Shores Units 1 and 2 Wagner Unit 3 

Catalyst Vendor and type (plate or honeycomb) Argillon – honeycomb Argillon – plate 

High dust or low dust Low dust High dust 

SCR space velocity, hr-1  4625 2003 

SCR operating temperature, °F 620 620 

Typical NOx concentration 0.4 lb/MMBtu 0.4 lb/MMBtu 

Typical NOx removal, % 90 90 

Note: Brandon Shores SCRs are defined as low dust because they are located downstream of the HESP; Wagner 
Unit 3’s SCR is high dust because it is located upstream of the ESP. 
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Test Methods 
This section describes in brief the methods used during testing.  The full text of test methods is 
referenced.  The following Section, “Test Results,” indicates where and when each method was 
used, as well as the results.  The scope of tests, including test methods, for each unit was 
specified in a Test Plan6 and modified for Campaign Two in a memo.7 

Flue Gas Mercury Measurement Methods 
Three flue gas mercury measurement methods were used in this project.  The Ontario Hydro 
method is currently EPA’s preferred mercury test method and is a manual method using 
isokinetic collection followed by an impinger train.  The method provides data on particulate-
bound, vapor-phase elemental, and vapor-phase oxidized mercury, and can be run for 2-3 hour 
durations.  The sample is sent to a laboratory for analysis, which typically takes a few weeks to 
obtain.  The second method, referred to as the mercury sorbent trap method, uses dry sorbent 
traps for sample capture in a batch sampling approach; a few different configurations of this 
approach were used.  The sorbent trap method is also a manual method, and it provides the same 
speciation as the Ontario Hydro method in some applications.  In other variants of the method it 
provides only total mercury.  Samples from the sorbent trap method can be run for up to 10 days 
in duration and are also submitted to a laboratory; results are generally available in a couple of 
weeks.  The third method employed was a semi-continuous emission monitor (SCEM), which 
can be operated 24 hours per day without constant supervision.  It captures flue gas in short (5-30 
minutes typically) batches and provides direct measurement of total vapor-phase mercury and 
elemental (vapor-phase) mercury.  Results are available in real time on site.  Each of these 
methods is described in some further detail below. 

Ontario Hydro Method 
This test method is based on a modified Method 5 sample train, in which particulate and gaseous 
species are collected separately.  The samples are collected in a batch mode, and analyzed at a 
laboratory. 

An isokinetic flue gas sample is withdrawn through a probe/filter system that is maintained at the 
higher of flue gas temperature or 120oC, followed by a series of impingers in an ice bath.  
Sampling is performed for at least two hours but not more than three hours.  Particle-bound 
mercury is collected in the front half of the sampling train on a quartz fiber filter.  Oxidized 
mercury is collected in impingers containing a chilled aqueous potassium chloride solution.  
Elemental mercury is collected in subsequent impingers (one impinger containing a chilled 
aqueous acidic solution of hydrogen peroxide and three impingers containing chilled aqueous 
acidic solutions of potassium permanganate).  Samples are recovered, digested, and then 
analyzed for mercury using cold-vapor atomic absorption or fluorescence spectroscopy. 

The Ontario Hydro method is an EPA Draft Protocol entitled Standard Test Method for 
Elemental, Oxidized, Particle-Bound and Total Mercury in Flue Gas Generated from coal-Fired 
Stationary Sources (Ontario Hydro Method)1.  For specific application of the Ontario Hydro 
method for this test effort, Catalyst Air Management, Inc. issued and followed a Quality 
Assurance Plan8. 
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Mercury Sorbent Trap Method 
FGS and EPRI have developed the sorbent trap mercury test method over the past ten years.  It is 
an easily applied field method using dry sorbent tubes (or traps) to capture mercury samples in 
flue gas applications.  It can be operated for durations ranging from 30 minutes to ten days.  In 
some cases, mercury speciation data can be obtained.  The total-mercury method has now been 
published by EPA in its proposed NESHAP Rule as EPA Draft Method 324 for mercury 
emission monitoring for coal-fired power plants.   

This method is a batch sampling method, but with a dry sample train.  The simplest version of 
this method is operated as the Quick SEM™, which was used during Campaign Two.  The Quick 
SEM™ obtains only vapor-phase mercury in an integrated mercury sample.  This entails using 
an iodinized charcoal (IC) trap for mercury capture in-situ.  The sample durations for Campaign 
Two ranged from an hour to 5 days.  A modification to this method was also used during 
Campaign Two to capture mercury speciation data.  Essentially the Quick SEM™ was combined 
with the FMSS method, described below.  The modification of the method used during 
Campaign Two was the first of its kind, and further adaptation of the method is necessary.  For 
example, this was the first application of the speciated sorbent traps for the high sample volumes 
obtained in 12-24 hour runs.   

Another version of the dry sorbent trap method is the manual sampling applied during Campaign 
One.  Total mercury measurements using an IC trap in-situ were obtained for some Campaign 
One samples.  For others the FMSS method was used.  The FMSS method relies on sequential 
selective capture to separate and quantify particulate and vapor phase oxidized and elemental 
mercury outside of the stack.  A small volume of flue gas is pulled through the dry FMSS 
sorbent train using standard sampling equipment including a quartz probe liner, heated probe, 
silica-gel water trap, mass flow meter and pump.  The FMSS method can be operated semi-
isokinetically (in that it is isokinetic, but at a single point in the duct rather than over a matrix of 
sample points) to quantify particulate-bound mercury more accurately.  The particulate-bound 
mercury is captured on a quartz-fiber filter with the vapor phase mercury passing through.  The 
oxidized mercury is captured on a potassium chloride coated quartz sorbent trap and elemental 
mercury is captured on an iodinated carbon trap.  The sorbent train is maintained at 
approximately 95oC.  Following sampling the sorbent train is disassembled and the mercury 
extracted by chemical digestion.  Aliquots of the three mercury species digests are analyzed 
using cold vapor atomic fluorescence spectroscopy.  The FMSS method is described in further 
detail in Appendix A, along with a schematic of the sampling train. 

SCEM Method 
This method provides mercury data while on site.  The SCEM method uses short (typically five 
to 30-minute) samples of flue gas to determine vapor-phase mercury to provide near real-time 
data.  The system consists of a sample conversion/speciation system, a gold amalgamation 
system, and a cold vapor atomic absorption spectrometer (Au-CVAAS).  The flue gas is pulled 
through the sample conversion/speciation train using standard sampling equipment including a 
quartz probe liner, heated probe, silica-gel water trap, mass flow meter and pump.  Particulate 
matter is separated from the flue-gas sample using a self-cleaning filter arrangement.  The Au-
CVAAS measures only elemental mercury, so any non-elemental fraction is either converted to 
elemental mercury (for total mercury measurement) or removed (for measurement of the 
elemental fraction) near the sample extraction point.  For total mercury measurement the flue gas 
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is passed through an impinger containing a reducing solution of stannous chloride in 
hydrochloric acid.  For speciation purposes, non-elemental mercury is captured by passing the 
flue gas sample through an impinger of potassium chloride solution (as used in the Ontario 
Hydro Method) ahead of the reduction solution impinger. The current model of this 
conversion/speciation train continuously refreshes the potassium chloride and stannous chloride 
solutions to prevent depletion.  Following speciation/conversion the flue gas sample is passed 
through a gold amalgamation cell where the elemental mercury is captured on the gold wire.  
Periodically the gold wire is heated to vaporize the mercury and the amount contained is 
measured with the CVAAS.  A more detailed description of the SCEM method is contained in 
Appendix B, including a schematic of the system. 

Coal and Ash Measurements 

Coal Samples 
Coal was sampled daily during Ontario Hydro runs and less frequently during longer-term tests, 
and was collected according to normal station protocols.  At least one coal analysis was 
performed for each sample session on a unit.   

An ultimate/proximate analysis plus chlorine that was obtained from Commercial Testing/SGS 
Laboratory (CTE) provides the coal’s basic composition, which is necessary to perform 
combustion calculations.  Coal mercury was measured by CTE in some cases and FGS in others.   

Coal samples were taken from the bunkers that feed the pulverizers on the Wagner and Brandon 
Shores units.  This coal is just upstream of the mills and therefore is a reasonable cross section of 
what is being fired.  The sample consisted of a scoop of coal from each bunker. 

At Crane there are two coal sampling options.  The conveyor location is further upstream in the 
fuel handling process than at Brandon Shores and Wagner, and the time lag between the sampled 
coal and firing is greater (hours).  These samples were taken each day during SCEM tests, to 
represent that day’s firing.  The second coal sampling option is to extract coal from the fuel line 
to each cyclone.  These were sampled during Ontario Hydro runs.   

Ash Samples 
Ash was sampled from the CEGRIT samplers located upstream of the particulate collectors on 
the Brandon Shores units.  The CEGRIT samplers collect ash in a glass mason jar in a batch 
mode.  The jar can be emptied periodically and the ash sample representing the capture duration 
can be preserved.  At Wagner Station the ESP ash hoppers were sampled to obtain ash.  On test 
days the ash samples were collected as needed, corresponding as closely as possible with the 
time of Ontario Hydro sample runs.  All fly ash samples were preserved for possible analysis.   

At Crane Station the baghouse hoppers were sampled.  The baghouse hopper layout at Crane is 2 
across by 5 deep.  Samples were combined (multiple hoppers) for analysis.  Sampling was done 
daily during the Campaign One tests, several hours after the hoppers were emptied using the ash 
pull system.   

The key components that were measured in the ash were mercury and loss on ignition (LOI).  
Laboratory analyses were by FGS (using CVAFS) and CTE (using CVAAS) for mercury, and 
CTE for LOI. 
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Unit Operating Data 
Operational data collected during the testing program included unit load, flue gas temperatures at 
various points in the process, steam and air flows, fuel measurement, CEM data, and back-end 
equipment operation.  Data were recorded with the assistance of the plant operators.  Unit data 
collected during testing are included in Appendix C.  Selected data are presented in the Test 
Results section. 
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Test Results 
This section describes the tests conducted at each unit and presents the results.  Schedule, unit 
conditions, sample locations, and test methods are included.  Data summary tables are used for 
discussion; detailed data for each run and laboratory analyses are provided either by reference or 
in an appendix.   

The target was for all units to be at steady-state load conditions during all Ontario Hydro testing.  
This was the case during most tests, with some exceptions that are noted. 

Schedule 
The actual tests conducted for each test campaign are shown in Tables 3 and 4.  The tests for 
each unit, the unit operating conditions, and other measurements are described in further detail 
below by site. 

Table 3.  Campaign One tests conducted for CPSG mercury program. 

Note: each “x” mark refers to an individual sample. 

 

Table 4.  Campaign Two tests conducted for CPSG mercury program. “A” and “B” 
designations refer to concurrent runs.  Run 5A was broken in the duct. 

Date Unit Ontario Hydro QuickSEM Coal Ash
9/17/2003 Brandon Shores Unit 1 Run 1, 2, 3 Run 1,2,3 A&B x x

9/17-9/18/03 Brandon Shores Unit 1 Run 4 A&B
9/19/2003 Wagner Unit 3 Run 1, 2, 3 x x
9/20/2003 Wagner Unit 3 Run 1, 2, 3 x x
9/21/2003 Brandon Shores Unit 2 Run 1, 2, 3 x x
9/21/2003 Brandon Shores Unit 1 Run 5B

9/21-26/03 Brandon Shores Unit 1 Run 6 A
9/30-10/1/03 Brandon Shores Unit 1 Run 7 A&B
10/2-10/3/03 Brandon Shores Unit 1 Run 8 A&B x

10/3/2003 Brandon Shores Unit 1 Run 9, 10 A&B x  
 

Stack Inlet Outlet or Stack
Baghouse Inlet 

and Outlet
Date Unit Ontario Hydro FMSS FMSS Coal Ash SCEM

4/14/2003 HA Wagner Unit 2 Run 1 x x
4/15/2003 HA Wagner Unit 2 Run 2, 3 Run 1, 2 Run 1, 2 xx xx
4/16/2003 HA Wagner Unit 3 Run 1, 2, 3 Run 1, 2, 3 Run 1, 2, 3 xxx xxx
4/17/2003 Brandon Shores Unit 2 Run 1, 2 Run 1, 2 Run 1, 2 xx xx Started
4/18/2003 Brandon Shores Unit 2 Run 3 Run 3 Run 3 x x Crane 1
4/19/2003 x x Crane 1
4/20/2003 x x Crane 1
4/21/2003 x x Crane 1
4/22/2003 Brandon Shores Unit 1 Run 1, 2, 3 Run 1, 2, 3 Run 1, 2, 3 xxx xxx Crane 1
4/23/2003 CP Crane Unit 1 Run 1, 2 Run 1, 2 Run 1, 2 xx xx Crane 1
4/24/2003 CP Crane Unit 1 Run 3 Run 3 Run 3 x x Crane 1

CP Crane Unit 2 Run 1 Run 1 Run 1 x x Crane 1
4/25/2003 CP Crane Unit 2 Run 2, 3 Run 2, 3 Run 2, 3 xx xx End
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Coals Fired During Sampling 
Tables 5 and 6 show the coal analyses results during both test campaigns.  Brandon Shores and 
Wagner fire a fairly consistent, low-sulfur bituminous coal.  Crane fires a medium-sulfur 
bituminous coal.  Copies of the laboratory reports are included in Appendix D or in Catalyst Air 
Management’s source test report from Campaign One.9  

Initial coal analyses for mercury were conducted by CTE using CVAA analysis.  These coal 
mercury concentrations are at low levels for this method, as presented and described in Appendix 
A, Figure A-2, “Comparison of coal analyses by CVAA and CVAFS.”  Further analyses of 
selected coal samples from Campaign One, and all coal sample mercury analyses for Campaign 
Two, were conducted by FGS using CVAFS.  The mercury levels of Campaign One samples by 
the two laboratories are compared in Table 7. 

The coal fired during the two test campaigns was similar, as shown in Tables 5 and 6.   

Table 5.  Summary of average Campaign One coal analyses results during Ontario Hydro 
testing, as-fired basis, % by weight.  Analyses by CTE and FGS. 

 

Table 6.  Summary of average coals fired during Campaign Two.  Ultimate, Cl, HHV by 
CTE; Hg by FGS. 

As-Received Brandon Shores Wagner
Basis Opposed-Wall Fired

Unit 1 2 3
H2O 8.1 5.6 7.6
C 69.6 71.5 70.0
H2 4.5 4.6 4.5
N2 1.4 1.5 1.4
S 0.7 0.7 0.8
Ash 9.5 9.6 9.8
O2 6.2 6.5 5.9
Cl, ppm 1300 1100 1250
HHV, Btu/lb 12255 12751 12424

FGS Hg, ug/g 0.06 0.08 0.07

 

As-Received Brandon Shores Crane     Wagner
Basis

Opposed-Wall Fired Cyclone-Fired
Single-Wall 

Fired
Opposed-
Wall Fired

Unit 1 2 1 2 2 3
H2O 7.6 7.7 3.8 3.4 6.7 9.8
C 68.0 68.0 73.8 74.1 69.6 68.5
H2 4.1 4.1 4.3 4.5 4.2 3.9
N2 1.2 1.3 1.4 1.3 1.3 1.4
S 0.7 0.7 1.9 2.2 0.8 0.8
Ash 11.5 11.5 8.3 8.2 10.5 10.3
O2 6.9 6.8 6.6 6.2 6.9 5.3
Hg, ppm 0.09 0.11 0.15 0.15 0.13 0.10
Cl, ppm 1200 1033 1109 1175 1400 1467
HHV, Btu/lb 12189 11899 12985 13423 12670 12202
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Table 7.  Comparison of coal mercury analyses between two laboratories: CTE using 
CVAA and FGS using CVAFS.  Campaign One Ontario Hydro tests at all six CPSG units.  
All shown in µg Hg/g coal.   

 CTE FGS Avg 
Test Run 1 2 3 1 2 3  

Brandon Shores 1 .11 .11 .12 .06 .07 .06 .09 
Brandon Shores 2 .10 .10 .12 .12 .09 -- .11 
HA Wagner 2 .14 .20 .12 .12 .06 -- .13 
HA Wagner 3 .15 .15 .11 -- .06, 

.07 
.06 .10 

CP Crane 1 (up to four 
feeders; or composite) 

.17  

.16  

.12  

.13 

.13 

.14 

.17 

.20 

.09 

.09 

.14 

 
.20 

 
-- 

 
-- 

 
.15 

CP Crane 2 (up to four 
feeders; or composite) 

.15 

.14 

.09 

.15 

.17 

.14 

.21 

.23 

.25 

.13 

.14 

.17 

 
-- 

 
.07 

 
.07 

 
.15 

 

The coal mercury content does vary, most notably at Crane.  Figure 5 shows a factor of five 
variability of coal mercury results from individual analyses from Crane Station.  This variability 
can be temporal or within a given coal sample.  At Brandon Shores Unit 2 during Campaign 
Two, the three values shown on the chart are three separate analyses of one coal sample.  The 
three analyses ranged by almost a factor of two.  The variability in results is probably due to a 
lack of homogeneity in the sample.   

Another observation from Figure 5 is that the coal mercury analyses during Campaign Two 
yielded lower mercury results than during Campaign One.  This may not be accurate in every 
case, for example on Brandon Shores Unit 1 the flue gas values (presented later) do not support 
lower mercury levels (this is reflected in poor mass balance closure).  Clearly, many coal 
samples and analyses are required in order to obtain a representative coal mercury value. 
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Figure 5.  All individual coal analyses from Campaigns One and Two.  CPSG mercury tests 
2003. 

Ash Analyses 
During most test conditions, ash samples were collected and analyzed for LOI and mercury 
content.  A comparison of laboratory results after Campaign One showed that the ash mercury 
levels were in good agreement between the two laboratories, and from test to test during steady-
state conditions (all ash analyses are in Appendix D).  Therefore the average results are presented 
here in Table 8.   

Table 8.  Average ash analyses results, CPSG. 
 Campaign One 

Before Ozone Season 
Campaign Two 

During Ozone Season 
 Hg, µg/g LOI, % Hg, µg/g LOI, % 

Brandon Shores 1  <.04 9.2 .13 16.2 
Brandon Shores 2  .05 6.9 .01 12.2 
CP Crane 1  1.4* 16.7* -- -- 
CP Crane 2  .23 3.1 -- -- 
HA Wagner 2 .15 29.7 -- -- 
HA Wagner 3   .45 16.5 .15 low load, 

.05 high load 
12.7 low load, 
7.7 high load  

*Crane 1 values are the average during triplicate OH runs.  The averages during 
the entire SCEM period for Hg in ash was 0.97 µg/g; for LOI was 15.6%. 

Variability of Coal Hg Values : All Analyses
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Table 8 and Figure 6 show several things.  There appears to be a correlation between increased 
LOI and increased mercury content of the ash at Crane and Wagner Unit 3.  In addition the LOI 
was higher at low load than at high load during the Wagner 3 tests, which correlated to more 
mercury capture at low load.  Wagner Unit 3 was the only unit to show a distinct correlation 
between LOI and mercury capture.  At Brandon Shores, where the hot-side ESP operates at a 
temperature that is too high for mercury capture, mercury in the ash does not appear to increase 
significantly with LOI.  Wagner Unit 2’s LOI analyses were scattered, ranging from 21 to 42%.  
Mercury capture by the ash is low in spite of this large amount of carbon, and does not improve 
as the LOI increases.  All the units, except for Crane Unit 1 with OFA in service, show low 
mercury capture in the ash in spite of some high LOI levels.  This may be attributable to the high 
levels of chlorine in the coal (1,000-1,400 ppm), as presented later in the “Mercury Control 
Discussion” Section. 

Figure 6.  Mercury in Ash for all Units.  Both Campaigns. 
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0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 5 10 15 20 25 30 35 40 45

Ash LOI, %

A
sh

 H
g,

 p
pm

Wagner  2

Wagner 3

Brandon Shores

Crane

 

Flue Gas Testing and Combined Results 
This section describes the site-by-site results of flue gas measurements and the mass balance 
results when coal mercury levels are combined with stack flue gas and ash measurements.  
Summaries of the Ontario Hydro flue gas measurements from each site, and the mass balance 
results are presented in Tables 9 to 12.  Each site’s results are presented in more detail in the 
subsections that follow.  Full results of Ontario Hydro testing during Campaign Two are 
included in a separate report from Catalyst.10  Sorbent trap method results from all units, as well 
as the Crane Unit 1 SCEM results are discussed, with details referenced in the appendices. 
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Both Campaign One (pre-ozone season) and Campaign Two (during and after ozone season) 
results are presented in this section.   

The flue gas mercury data throughout this report are in units of micrograms mercury per normal 
(or standard) cubic meter of flue gas (µg/dncm), or in lb Hg/TBtu (TBtu is 1012 Btu, the units in 
which new mercury rules are presented), as noted.   

Table 9 presents the average Ontario Hydro results for each of the six units during Campaign 
One.  The units were operating at nominal full load conditions during these runs, and triplicate 
Ontario Hydro measurements were performed at the stack of each unit.   

The particulate-bound mercury (PM Hg) in every case is very low, which is to be expected at the 
outlet of the particulate control device.  The majority of the mercury emitted (64-96%) is in the 
oxidized (Hg +2) form.  This is typical of eastern bituminous coals, especially with high chloride 
content.   

Table 9.  Average Ontario Hydro stack test results for six CPSG units before ozone season.  
Campaign One. 

ug/dscm @ 32F, actual O2
PM Hg Hg 0 Hg +2 Total % Oxidized % Elemental % Particle

Crane 1 0.05 0.16 1.21 1.43 85.0% 11.3% 3.8%
Crane 2 0.02 0.29 7.89 8.20 96.3% 3.5% 0.2%
Wagner 2 0.04 2.36 4.51 6.91 65.3% 34.2% 0.6%
Wagner 3 0.01 0.66 4.04 4.71 85.8% 14.0% 0.2%
Brandon 1 0.01 2.52 5.19 7.72 67.2% 32.7% 0.1%
Brandon 2 0.01 2.73 4.95 7.69 64.3% 35.5% 0.2%  

 

Table 10 shows the average Ontario Hydro results from Campaign Two.  During these test runs, 
Brandon Shores Unit 1 was held at steady-state, nominal full load conditions.  Wagner Unit 3 
(low load) testing was at steady load, approximating minimum load on the unit.  Wagner Unit 3 
(high load) and Brandon Shores Unit 2 tested with the units following dispatch load control, so 
load was variable. 

The table shows that with SCR and low-NOx firing conditions in service, oxidation of mercury 
on all units increased to greater than 90% (and as high as 97%) of the total mercury.  In addition 
it shows that stack mercury emissions were not significantly decreased when compared with pre-
ozone season emissions.   

Table 10.  Average Ontario Hydro stack test results for three CPSG units with SCR in 
service and low-NOx firing conditions.  Campaign Two. 

 
Table 11 presents the average coal, ash and flue gas Ontario Hydro measurements in lb/TBtu, 
and the corresponding mass balance calculated result for each of the six units.  These were the 

ug/dscm @ 32F, actual O2
PM Hg Hg 0 Hg +2 Total % Oxidized % Elemental % Particle

Brandon 1 0.02 0.63 5.85 6.50 90.0% 9.7% 0.3%
Brandon 2 0.02 0.26 6.69 6.97 96.0% 3.7% 0.3%
Wagner 3 High Load 0.02 0.27 6.47 6.77 95.6% 4.0% 0.3%
Wagner 3 Low Load 0.01 0.17 5.66 5.84 96.9% 3.0% 0.2%
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Campaign One, pre-ozone season tests.  The mass balance closure for the units was reasonable in 
most cases.  The worst case is Crane Unit 2 at 65% (35% of the coal mercury is unaccounted 
for); and the best is Brandon Shores Unit 1 with 94% closure.  In spite of the variability in the 
coal, as discussed in the earlier section “Coals Fired During Sampling”, these mass balances 
show that the various measurements (coal, ash, flue gas) all line up fairly well with each other, 
validating this data set. 

The mercury levels and control achieved by each unit are discussed in the unit-specific 
subsections, below.   

Table 11.  Pre-ozone season mass balance for each of six tested units.  Campaign One.  All 
mercury in lb/TBtu. 

 

Table 12 presents the same mass-balance analysis for the three units (four conditions) tested 
during Campaign Two.  In this case fewer coal and ash analyses were made.  The coal values at 
Brandon Shores Unit 1 in particular, may be lower than actual, and were lower than during 
Campaign One.  The result is that the mass balance calculation over-accounts for the coal 
mercury.  Most of the mass balance closures are very close to closure (within 8%).  The Ontario 
Hydro measurements on Brandon Shores Unit 1 were verified with an alternative method, the 
Quick SEM™, as discussed in the Brandon Shores subsection below.  Of the measurements 
made, the suspect data is the coal data.  Additional analyses would be required to improve this 
data set’s mass closure.  This is not recommended since further analyses are unnecessary when 
there is a high level of confidence in the flue gas measurements. 

Table 12.  Ozone season operation mass balance for each of the three tested units.  
Campaign Two.  All mercury in lb/TBtu. 

 

All Ontario Hydro oxidized fractions from Campaign Two were analyzed independently by two 
laboratories.  This was done in order to prove out the accuracy of CVAAS with these low-
mercury samples.  CVAFS was the second method used.  The results between the two 
laboratories were indistinguishable, as shown on Figure 7.  A full listing of these results is 
provided in Appendix E.3. 

Hg in coal Hg in ash Hg in flue Unaccounted for by OH + ash mass closure Hg Capture
CTE, FGS CTE, FGS OH lb/TBtu % of coal Hg % Based on Coal

Crane 1 (with 25% OFA) 11.2 8.7 1.0 1.5 14% 86% 91%
Crane 2 (no OFA) 11.4 1.4 6.0 3.9 35% 65% 47%
Wagner 2 10.4 1.3 5.6 3.6 34% 66% 46%
Wagner 3 8.4 3.9 3.5 1.0 12% 88% 58%
Brandon 1 7.2 ND<.4 6.4 0.4 6% 94% 12%
Brandon 2 8.8 0.5 6.6 1.8 20% 80% 26%

Campaign Two Mass Balances based on averages of all OH runs and coal & ash analyses
Hg in coal Hg in ash Hg in flue Over-accounted for by OH + ash mass closure 
CTE, FGS CTE, FGS OH lb/TBtu % of coal Hg %

Brandon 1 4.6 1.0 5.1 1.6 35% 135%
Brandon 2 5.8 0.1 5.8 0.1 1% 101%
Wagner 3: Low Load 5.8 1.2 5.1 0.5 8% 108%
Wagner 3: High Load 5.8 0.4 5.3 0.1 2% 102%
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Figure 7.  Chart of Comparison Between Atomic Adsorption and Atomic Fluorescence 
Analyses of Ontario Hydro KCl Impinger Solutions from Campaign Two. 

 

Brandon Shores Units 1 and 2 
The two units at Brandon Shores were tested both during and outside of ozone season.  Ontario 
Hydro measurements were made at the stack in triplicate on each unit during each test campaign.  
During Campaign One FMSS and total mercury sorbent traps were collected on both units at two 
locations: the stack and the hot ESP inlet (also referred to as the economizer exit remix zone).  
This provided mercury data regarding operation without the SCR in service.  Differences 
between non-ozone season operation and ozone season operation include overfire air and burner 
register changes as well as SCR in service (during ozone season).  The firing configuration and 
SCR are both intended to reduce NOx emissions during the ozone season.  These different 
process conditions can affect mercury speciation and capture, and the applicability and 
effectiveness of various mercury control technologies. 

During Campaign Two measurements were made only at the stack.  In addition to the Ontario 
Hydro tests at the stack, measurements using the Quick SEM™ method were made on Brandon 
Shores Unit 1.  The Quick SEM™ method was employed to obtain total mercury and adapted to 
obtain speciated mercury measurements.  Coal and ash samples were collected during all test 
series, as well as unit operating data and CEM data. 

EPRI supplied the Quick SEM™ equipment through ADA-ES and with the laboratory support 
and analysis of Frontier Geosciences.  Detailed flue gas results from both campaigns are 
presented in Appendix E.   
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The summary results from both campaigns are presented in Tables 13 and 14.  During Campaign 
One, the Brandon Shores units captured little mercury, emitting about 6.5 lb/TBtu with 2 to 2.4 
lb/TBtu in the elemental vapor-phase form.  This represents about 7.7 µg/dncm mercury, with 
65-68% of the mercury in the oxidized form, without the SCR in service.  The oxidized portion 
is increased with SCR and OFA in service to greater than 90% of the total, but no additional 
capture is seen.  This is not surprising with the high operating temperatures of the hot-side ESP.  
In a hot-side ESP ash is collected before it is in a temperature regime conducive to capture of 
mercury on ash, even if the ash has a high mercury adsorption capacity.   

The mass balance results from Brandon Shores show good closure during Campaign One.  Unit 1 
and 2 have closures of 94% and 80%, respectively.  This confirms the accuracy of the coal and 
flue gas measurements (ash mercury was very low).  During Campaign Two the mass closure is 
not as good on Unit 1 (135% of the coal mercury is either on the ash or emitted), but good on 
Unit 2 (within 1% of closure).  The coal analyses may not represent actual coal fired very 
accurately, as discussed previously.  This is probably because only a few samples were taken and 
analyzed.  These average coal mercury levels are lower than during Campaign One. 

As shown in Table 14, the Quick SEM™ tests run during Campaign Two on Brandon Shores 
Unit 1 confirmed the Ontario Hydro stack measurement of 6.5 µg/dncm with a result of 6.9 
µg/dncm.  This independent confirmation supports the theory that the coal mercury measured is 
lower than representative of the actual content, and reinforces the flue gas measurement. 
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Table 13.  Run-by-run Ontario Hydro results for Brandon Shores, all in lb/TBtu. 

Unit Run Hg0 
lb/TBtu

Hg+2 
lb/TBtu

Hg total 
lb/TBtu 

% Hg Capture, 
Coal to Stack 

BS-1 C1-1 2.1 4.7 6.9  

 C1-2 2.2 4.4 6.6  

Campaign C1-3 1.9 3.8 5.7  

One C1-Stack Average 2.1 4.3 6.4  

 C1-Coal -- -- 7.2 12% 

      

 C2-1 0.2 4.4 4.6  

Campaign C2-2 0.2 4.5 4.7  

Two C2-3 1.1 5.0 6.1  

 C2-Stack Average 0.5 4.6 5.1  

 C2-Coal -- -- 4.6 -- 

      

BS-2 C1-1 2.2 4.0 6.2  

 C1-2 2.3 4.5 6.8  

Campaign C1-3 2.4 4.2 6.6  

One C1-Stack Average 2.3 4.2 6.5  

 C1-Coal -- -- 8.8 26% 

      

 C2-1 0.3 6.5 6.8  

Campaign C2-2 0.2 5.6 5.8  

Two C2-3 0.2 4.6 4.8  

 C2-Stack Average 0.2 5.6 5.8  

 C2-Coal -- -- 5.8 -- 

      
Notes:  C1 indicates Campaign One; C2 indicates Campaign Two. 

Hg0 indicates elemental vapor-phase mercury. 
Hg+2 indicates oxidized vapor-phase mercury. 
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Table 14.  Summary of average test results, Brandon Shores Units 1 and 2.  All Mercury 
Measurements are in µg/dncm @ actual O2. 
 Brandon Shores Unit 1 Brandon Shores Unit 2 

 Campaign One Campaign 
Two 

Campaign One Campaign 
Two 

 ESP Inlet 

(FMSS) 

 

Stack 

 

Stack 

ESP Inlet 

(FMSS) 

 

Stack 

 

Stack 

OH: total Hg -- 7.7 6.5 -- 7.7 7.0 

OH: oxidized Hg -- 5.2 5.9 -- 5.0 6.7 

OH: % oxidized Hg -- 68% 90%** -- 65% 96% 

Sorbent Trap: total Hg 11.2*** 5.9 6.9* 7.7 8.3 -- 

Sorbent Trap: oxidized Hg 10.3*** 4.9 -- 7.1 8.0 -- 

Sorbent Trap: % oxidized Hg 92% 83% -- 92% 96% -- 

Notes:  
*Two of three runs are used for this average because of a failed leak check on Run 3.  
**Two of three runs on Brandon Shores Unit 1 exhibited ~95% oxidized mercury.  The average 
is brought down by the third sample at 82% oxidized. 
***The ESP Inlet reported result on Unit 1 used estimated sample volumes due to probe pluggage 
and field sampling problems.  Measurements are presented, but are not definitive. 

 

Table 15 shows some key unit operating parameters during the test runs at Brandon Shores.  One 
observation is that stack temperature tended to be higher with the SCR in service.  The high inlet 
temperature required by the SCR meant that HESP temperatures were raised by increasing the 
economizer bypass.  This resulted in an increase of stack temperature at Unit 1 of about 50°F, 
from about 300 to 350°F.  The stack temperature was less affected on Unit 2, and it is therefore 
not clear whether or not this increased stack temperature is a permanent operating condition with 
SCR.  Temperature would be an important consideration in any future baghouse evaluation. 

Table 15.  Unit operating data for Brandon Shores during mercury testing.  Both 
campaigns. 

 
Date Unit Run ID Load, MW SCR in 

service? 
HESP 

inlet T, °F 
SCR inlet 

T, °F 
SCR inlet 
NOx, ppm 

Stack 
NOx, 
ppm 

Stack T, °F 

4/17/03 2 1,2 682 No 592 -- -- 291 300 
4/18/03 2 3 670 No 593 -- -- 281 300 
4/22/03 1 1,2,3 631 No 566 -- -- 237 313 
9/17/03 1 1,2,3 674 Yes 670 625 240 86 340-360 

9/17-18/03 1 4 557 (avg) Yes 610-670 570-625 225-240 86-135 320-360 
9/21/03 1 5 423 (avg) Yes -- -- -- -- 330 (avg) 
9/21/03 2 1,2,3 510 (avg) Yes 600-660 570-625 240-300 20-60 300-325 

9/21-26/03 1 6 512 (avg) Yes 610-670 ~600 ~275 ~126 270-350 
9/30-10/1/03 1 7 511 (avg) Yes ~600-650 ~600 ~260 ~115 330 (avg) 

10/2-3/03 1 8 316 (avg) No ~550-600 -- -- 175 270 (avg) 
10/3/03 1 9 678 (avg) No ~550-600 -- -- 235 316 (avg) 
10/3/03 1 10 540 (avg) No ~550-600 -- -- 215 320 (avg) 

 Note: (avg) values indicate that the unit was load-following during run.  Ranges and estimated values are taken from 
trended control room printouts included in Appendix C and/or in the Catalyst Air Management report (ref). 
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One of the goals of Campaign One was to compare the sorbent trap test methods to the Ontario 
Hydro method for both total and speciated mercury.  The test methods in this case were the FGS 
total mercury trap and the FGS FMSS methods.  The stack tests were not completely concurrent, 
as the ports had to be shared by both methods.  In general the stack sorbent trap tests ran for ¾ of 
the time of the Ontario Hydro method.  Figure 8 shows these comparisons for average test results 
on both Brandon Shores units.  Appendix E contains individual test results. 

The results show that the FMSS method consistently reported a higher fraction of oxidized 
mercury than the Ontario Hydro method.  Total mercury measurements are very close between 
the two methods on Unit 2.  Unit 1 FMSS results are on average about 1.8 µg/dncm lower than 
the Ontario Hydro method. 

The sorbent trap method appears to have good applicability for total mercury measurements on 
these units.  Since mercury can vary in the flue gas over time, the lack of totally concurrent 
testing may explain some differences in measurements.  Another factor to consider is that the 
mercury levels are very low, making sample collection and analysis challenging.  Variability 
within or between test methods of 20% reflect very small differences.  This concept applies to 
the simultaneous sorbent trap measurements, shown in Table 14, at the ESP inlet and stack 
locations.  While the reported mercury level on Unit 2 at the ESP inlet is 0.6 µg/dncm, or 8%, 
lower than at the stack, this variability is interpreted as a measurement artifact and not as an 
increase in mercury through the system.  The high mercury inlet value for Unit 1 is more 
questionable.  In reviewing the data, it is noted that sample volumes were either too low for the 
method due to probe pluggage by ash, or were estimated because of sample console problems.  
This was a very difficult sample environment, especially for the speciation train that required a 
temperature of 200 F to be maintained in the sample trap outside the duct at this high-
temperature (>500 F) flue gas location.  The high-ash environment is not ideally suited to this 
sample configuration. 



 

  27

Figure 8.  Comparison of FMSS and OH Method results at Brandon Shores: Campaign 
One. 

 

During Campaign Two the Ontario Hydro method and EPRI Quick SEM™ were compared.  All 
runs conducted are shown on Figure 9.  Tests were run in duplicate for the most part, with one 
train setup for “speciated mercury” (runs “B”) and one setup for “total mercury” (runs “A”).  
Runs 5 and 6 are not shown in duplicate because only one run was recovered.  All runs were at 
the stack location on Brandon Shores Unit 1. 

As seen in Figure 9, the Quick SEM™ total Hg measurements worked well.  Two of three side-
by-side runs (CPSG-1, -2, and -3) matched the Ontario Hydro results reasonably, with results 
within 0.5 µg/dncm.  The third Quick SEM™ run is disqualified because of a failed leak check 
and damaged o-ring.  The leakage is evident in the low mercury result shown.  The speciated 
version of Quick SEM™, however, did not provide good results in these runs.  This was the first 
application of the newly-designed approach and met with marginal success. 

The remainder of the Quick SEM™ tests that were run varied in duration, as shown in Table 4.  
Overall the total Hg values measured by Quick SEM™ look reasonable, but the speciated results 
do not.  There are many possible reasons for the problem with the speciation results.  The heated 
probe used was the first of its kind, designed and built very quickly in response to the need in 
this test program.  Also the oxidized mercury sorbent traps had not been run previously with high 
sample volumes similar to those obtained during long runs. 
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Runs 7 and 8 are well-matched between the two side-by-side total mercury and FMSS samples.  
These are both runs of around 20 hours and so clearly, the method can handle longer runs than 
the two-hour typical application.  However, field application of the speciation Quick SEM™ was 
still in a research, rather than commercial, status.  The Quick SEM™ Method, or EPA Draft 
Method 324, is ready for commercial application for total vapor-phase mercury measurements. 

The runs shown on Figure 9 vary in duration from one hour to five days.  Even the five-day run, 
number 6, shows reasonable total mercury levels.  This is a good application of the method for 
an integrated sample over longer run times. 

Figure 9.  Quick SEM™ and FMSS results from Campaign Two.   

 

Crane Station 
Both Crane units were tested in Campaign One while operating at steady state, full-load 
conditions.  In addition Crane Unit 1 was tested over several days under normal load-following 
operation, by using a mercury SCEM. 

Crane Unit 1 was tested in April at three different process locations: the baghouse inlet, 
baghouse outlet, and stack.  Three flue gas mercury sampling methods were employed: Ontario-
Hydro, sorbent trap / FMSS, and SCEM.  The SCEM was in service at the baghouse inlet and 
outlet from April 17-24.  On April 23 and 24, overfire air (OFA) was in service at maximum 
settings to compare mercury control with and without this mode of operation.  During this 
maximum OFA period, Ontario Hydro tests were conducted at the stack, and duplicate FMSS 
measurements ran side-by-side with the SCEM.  For the remainder of the one-week SCEM test, 
OFA was variously out of service or at lower settings. 

 Quick SEM Results with OH Comparison for Runs 1-3
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Crane Unit 2 was also tested during Campaign One using Ontario Hydro at the stack and FMSS 
at the baghouse inlet and outlet.  Full load, normal operating conditions with OFA out-of-service 
were established for Crane Unit 2, providing another comparison point for the impact of OFA on 
mercury control.  Coal and ash analyses were completed as well. 

Crane Station was not tested during Campaign Two, since neither unit has an SCR.  Any ozone 
vs non-ozone season differences should be captured by the data showing results with OFA in and 
out of service. 

Table 16 summarizes the results from each test method at Crane Unit 1 when all three methods 
were conducted simultaneously.  The SCEM method showed that almost all of the mercury was 
in the oxidized form during this period.  Detailed SCEM results are included in the report from 
ADA-ES in Appendix F.  FMSS measurements also indicated that greater than 90% of the 
mercury was oxidized.  Ontario Hydro reported 85% of the mercury as oxidized. 

Table 16 shows that the mercury was decreasing throughout the triplicate runs, from an initial 
emission rate of 1.6 lb/TBtu to finally 0.4 lb/TBtu.  Three independent test methods all agreed on 
this trend, which was seen at the baghouse inlet, baghouse outlet, and stack locations.  This 
reflects a reduction over time of about 1 lb/TBtu, compared with a coal mercury level of about 
11 lb/TBtu.  This is a small variability in mercury level, but much more variability was seen over 
the 7-day SCEM period, as discussed below. 

Mercury removal at Crane Unit 1 during the Ontario Hydro test period averaged about 90%, 
based on coal mercury measurements.  The mass balance closure at Crane Unit 1 of 86% reflects 
that the mercury measured in the coal agreed well with the mercury found in the ash plus that 
emitted from the stack.  The LOI during these tests averaged 16.7%.  The temperature out of the 
air preheater was 280-307 F (Table 18), a good temperature range for mercury capture. 

Table 16.  Crane Unit 1 mercury measurements in lb/TBtu.  Full load with OFA in service.  
April 2003. 

 
Crane Unit 2 test results are summarized in Table 17.  The mercury removal based on the coal is 
variable, from 30 to 56%.  OFA was not in service during these runs, and the ash LOI was about 
3%.  This difference in LOI, in combination with higher baghouse operating temperatures of 
320-330 F (Table 18), may be key to the difference in mercury capture between the two units.  
LOI alone is not seen to have the effect, as discussed in the Crane Unit 1 SCEM results, below. 

Stack 
Oxidized Hg

Stack Total 
Hg

% removal 
based on coal

Crane 1 SCEM FGS SCEM FGS OH OH OH
Run 1 3.1 3.7 1.1 1.1 1.5 1.6 85%
Run 2 2.9 3.2 0.6 0.2 0.8 1.0 91%
Run 3 0.2 0.1 0.2 0.3 0.2 0.4 97%
Average 2.1 2.4 0.6 0.5 0.9 1.0 91%

Coal Hg = 11.2 lb/TBtu

Baghouse Inlet Vapor Baghouse Outlet 
Vapor
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Almost all (95-97%) of the mercury is in the oxidized form at Crane Unit 2.  At the baghouse 
inlet the FMSS method showed less oxidized mercury (71% on average), indicating that mercury 
is oxidizing as the flue gas passes through the baghouse.  This is not unusual based on 
observations at other sites.   

Table 17.  Crane Unit 2 mercury measurements in lb/TBtu.  Full load with OFA out of 
service.  April 2003. 

 

Table 18 summarizes the operating conditions at Crane during Ontario Hydro testing.  The table 
shows that the baghouse operating temperature (which is close to the APH outlet temperature) is 
quite a bit higher on Unit 2 than Unit 1.  This may be a contributor to the lower removal rates on 
Unit 2.  The temperature sensitivity of mercury capture is discussed in the “Mercury Control 
Discussion” section. 

Table 18.  Unit operating data at Crane Station during Ontario Hydro mercury testing. 

Date Unit Run ID Load, MWE OFA, % APH outlet 
T, °F 

Baghouse ∆p, 
“H2O 

4/23/03 1 1,2 200 25 307 6.7-7.4 

4/24/03 1 3 200 25 280 4.8-5.6 

4/24/03 2 1 206 0 330 8.3-9.7 

4/25/03 2 2 205 0 320 6.9-8.5 

4/25/03 2 3 205 0 330 7.6-9.0 

 

Figure 10 shows the SCEM data from the April 17-24 test period on Crane Unit 1.  As shown on 
the figure, the OFA system was in and out of service over this period.  At some periods both with 
and without OFA in service, mercury emissions are much higher than seen during the Ontario 
Hydro testing on this unit.  The Ontario Hydro period may not be representative.  There is not a 
clear correlation between OFA at lower levels than 25% and mercury emissions.  Also during the 
SCEM test period, daily ash samples were combined into a composite sample (mixing ash from 
various hoppers) and analyzed for LOI and Hg content.  These samples ranged from 12 to 20% 
LOI.  At times the mercury coal content and emissions at Crane Unit 1 were 5-10 µg/dncm, and 
it does not appear that temperature or LOI correlate well.  The following is excerpted from 
ADA-ES’ complete Crane Unit 1 results from the SCEM tests, which are in Appendix F: 

Stack 
OH

Total Hg
Oxidized 

Hg
Oxidized 

Hg, % Total Hg
Oxidized 

Hg
Oxidized 

Hg, % Total Hg
Oxidized 

Hg
Oxidized 

Hg, %
% removal 

based on coal

Run 1 8.9 6.8 76% 5.9 5.8 98% 8.0 7.8 97% 30%
Run 2 3.6 2.5 71% 4.9 4.9 99% 5.1 5.0 97% 55%
Run 3 3.6 2.4 65% na na na 5.0 4.7 95% 56%
Average 5.4 3.9 71% 5.4 5.3 98% 6.0 5.8 96% 47%

Baghouse Inlet: IC Trap and 
FMSS

Baghouse Outlet: IC Trap and 
FMSS
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In general there was very little mercury removal across the baghouse.  This goes against 
conventional theory that shows, in most cases, very good removal across the baghouse 
because of the enhanced gas-particle interaction on the dustcake.  However, there are a 
few sites where significant in-flight adsorption of vapor-phase mercury onto fly ash has 
been documented.  This is more likely at sites with higher percentages of oxidized 
mercury, sufficient LOI carbon in the fly ash and temperatures less than 300oF.  At 
Crane Station, it is possible that the fly ash has already reached its capacity for mercury 
with the mercury adsorbed while in-flight.  Thus, when it reaches the baghouse, no 
additional mercury can be adsorbed. 

The control of mercury at Crane is presented more fully later in the “Mercury Control 
Discussion” Section. 

Figure 10.  Mercury trend at Crane Unit 1 over a seven-day period with the mercury 
SCEM.  Figure by ADA-ES. 

Wagner Station 
During Campaign One Wagner Unit 2 was tested at the ESP inlet and at the stack while 
operating at full load.  Two test methods were used; the Ontario Hydro method at the stack, and 
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the sorbent trap method (both total mercury and FMSS traps) at both the ESP inlet and stack 
locations.   

Wagner Unit 3 was tested during both test campaigns to evaluate differences with the ozone 
season NOx controls in place.  Campaign One tests included normal firing configuration without 
SCR in service.  Tests conducted were at full load, steady-state conditions at the ESP inlet and 
outlet and at the stack.  The two test methods were used here as well; the Ontario Hydro method 
at the stack and the sorbent trap method (both total mercury and FMSS traps) at the ESP inlet 
and ESP outlet locations (the stack port length in excess of 6 feet made stack sampling using the 
available equipment impossible).  During Campaign Two Wagner Unit 3 was tested only at the 
stack using Ontario Hydro.  The SCR and low-NOx combustion conditions were in operation.  
Two load conditions were tested: “low” of 140 MW, and “high”, on dispatch, averaging about 
270 MW.   

Average test results for both units are summarized in Tables 19 and 20.  Detailed flue gas results 
are shown in Appendix E.  Operating conditions at Wagner Station during the mercury tests are 
shown in Table 21.  The results show that at Wagner Unit 2, at 131 MW (nominal full load), 
about 50 to 75% of the mercury is in the oxidized form, and an average of 46% is removed based 
on the average coal mercury measurement.  5 to 6 lb/TBtu was emitted.  The relatively low mass 
closure of 66% (Table 11) on this unit may reflect variability in ash mercury within the ESP that 
would be difficult to assess accurately unless many samples are taken.   
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Table 19.  Run-by-run Ontario Hydro results for HA Wagner Station, all in lb/TBtu. 

Unit Run Hg0 Hg+2 Hg 
total 

% Removal, 
Coal to Stack 

HAW-2 C1-1 1.5 4.4 5.9  

 C1-2 1.8 4.1 5.9  

 C1-3 2.5 2.5 5.0  

 C1-Stack Avg 1.9 3.7 5.6  

 C1-Coal -- -- 10.4 46% 

   

HAW-3 C1-1 0.4 2.1 2.5  

 C1-2 0.6 3.6 4.2  

Campaign C1-3 0.5 3.4 3.9  

One C1-Stack Avg 0.5 3.0 3.5  

 C1-Coal -- -- 8.4 58% 

   

Low Load C2-Low-1 0.1 4.8 4.9  

Campaign C2-Low-2 0.2 5.1 5.3  

Two C2-Low-3 0.2 5.6 5.8  

 C2-Low-Stack Avg 0.2 5.1 5.3  

 C2-Low-Coal -- -- 5.8 9% 

   

High Load C2-High-1 0.2 5.3 5.5  

Campaign C2-High-2 0.2 4.6 4.8  

Two C2-High-3 0.2 4.6 4.8  

 C2-High-Stack Avg 0.2 4.8 5.1  

 C2-High-Coal -- -- 5.8 12% 

   
Note: Total Hg shown may vary from the sum of the components due to roundoff error. 
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Table 20.  Summary of test results, Wagner Units 2 and 3.  All Mercury Measurements are 
in µg/dncm @ actual O2. 
 Wagner Unit 2 Wagner Unit 3 

   Campaign Two 

 Campaign One Campaign One Low 
Load 

High Load

  

ESP Inlet 

(Trap) 

 

 

Stack 

ESP 
Inlet 

(Trap) 

Stack (OH) 
or ESP 
Outlet 
(Trap) 

 

 

Stack 

 

 

Stack 

OH: total Hg -- 6.9 -- 4.7 5.8 6.8 

OH: oxidized Hg -- 4.5 -- 4.0 5.7 6.5 

OH: % oxidized Hg -- 65% -- 86% 97% 96% 

Sorbent Trap: total Hg 4.8 3.7 5.7 5.5 -- -- 

Sorbent Trap: oxidized 
Hg 

3.1 3.4 4.1 4.8 -- -- 

Sorbent Trap: % 
oxidized Hg 

65% 92% 73% 87% -- -- 

 

At Wagner Unit 3 the operating conditions were also nominal full load (340-350 MW) during 
Campaign One.  86% of the mercury was oxidized per the Ontario Hydro method.  58% of the 
average coal mercury was removed in the unit.  2.4 to 4.2 lb/TBtu was emitted.  This unit had a 
good mass balance closure of 88% (Table 11), indicating that most of the removed mercury was 
confirmed by a separate fly ash mercury analysis.   

With ozone season controls in place, including OFA and SCR, the stack mercury at Wagner Unit 
3 was consistently 95-97% oxidized, in comparison with 86% oxidized mercury measured pre-
ozone season.  4.8 to 5.7 lb/TBtu was emitted, a higher portion of the total mercury than in 
previous tests.  The tests during ozone season showed lower mercury content in the coal and ash 
than during Campaign One.  The mass balance closure was very good, within 8% for both low 
load and high load of tests.  Mercury capture is shown in Table 19 to decrease during ozone 
season operation.  This corresponds to lower LOI in the ash, a correlation that has been seen on 
other bituminous-fired cold-side ESP units.  Examining the mercury in the fly ash, and assuming 
that (stack +ash) may be as good an approximation of the coal mercury than our actual coal 
mercury analyses, 17% of the mercury is found on the ash at low load in Wagner Unit 3 during 
ozone season.  At high load 6% of the mercury is found on the ash.  These are approximations, 
but show a trend that may be correlated, in part, with LOI.  Figure 11 shows the mercury 
removal versus LOI for these few tests.  This is discussed further in the next section. 
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Table 21.  Unit operating conditions at Wagner Station during mercury testing. 
 

 

Figure 11.  LOI Effect on Mercury Removal at Wagner Unit 3. 

 

Date Unit Run ID Load, MW SCR in 
service? 

SCR inlet 
T, °F 

SCR inlet 
NOx, ppm 

APH 
outlet 
T, °F 

Stack 
NOx, 
ppm 

Stack T, °F 

4/14/03 2 1 131 No -- --  297 285 
4/15/03 2 2,3 131 No -- --  292 285 
4/16/03 3 1,2,3 340-350 No -- -- 280 205 315 
9/19/03 3 1,2,3 140 Yes 624 208 272 36 285 
9/20/03 3 1 305 Yes 639 208 289 63 310 
9/20/03 3 2 294 (avg) Yes 640 271 293 82 316 
9/20/03 3 3 228 (avg) Yes 623 252 297 11 314 
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Mercury Control Discussion 
The coal fired in the CPSG units is a low-to-medium sulfur, bituminous, high-chloride coal.  
Bituminous coals vary widely in their native mercury control (across particulate collectors), as 
shown in EPA’s 1999 mercury Information Collection Request (ICR) data.  In the ICR mercury 
capture ranged from 8 to 88% for cold-side ESPs and 50 to 100% for baghouses. 

In a Mercury MACT panel discussion at the Air and Waste Management Association 
(A&WMA) annual meeting in June 2003, industry-suggested mercury limits of 2.2 lb/TBtu or 
73% control of mercury were projected.11  The rule as published states a mercury emission limit 
for bituminous coal-fired units of 2.0 lb/TBtu or alternatively 21 (10-6)lb/MWhr, based on a 12-
month rolling average.  However, in a concurrent action, EPA recommended reversing the 
determination that MACT was appropriate, and proposed an alternative rule, the “Interstate Air 
Quality Rule”.  The latter rule would create a cap and trade program (similar to the existing Acid 
Rain program) that begins in 2010.  In the first phase from 2010 to 2018, mercury reductions 
would be achieved through co-control attributed to retrofit technologies installed to address SO2 
or NOx emissions.  After 2018 mercury emissions from U.S. coal-fired power plants would be 
permanently capped at 15 tons/year. 

This ambiguous ruling means that predicting an appropriate mercury control strategy remains 
challenging.  The unclear regulatory environment does not yet simplify utilities’ choices.  For the 
purposes of the following discussion, mercury emissions are compared with the MACT limit for 
bituminous coals of 2 lb/TBtu.  Control technologies that may be applicable to these units are 
discussed.  Since mercury control is in the early stages of commercialization, many options exist, 
some of which are still at the development stage.  The discussions here are based on currently-
available studies and published results. 

Wagner 2 and 3: Bituminous coal with cold-side ESPs 
From the ICR data the average mercury removal for bituminous coal with a cold-side ESP is 
35%, with a range from 8% to 88% mercury removal.12  There appears, in the limited ICR data 
set of seven units in this target group, to be a negative trend with increasing coal chloride 
content.  It is postulated that the high chloride (or other halide) content overwhelms the available 
sites for mercury adsorption when coal Cl is greater than a few hundred ppm, a similar 
mechanism as proposed for high SO3 levels in the flue gas.  Wagner 2 and 3 showed relatively 
high mercury removals when placed in this context (Figure 12).  Other parameters such as LOI 
have a strong influence on mercury capture.  The LOI at both Wagner units is high relative to the 
ICR data set.   

With the SCR in service Wagner 3 did not exhibit improved capture of mercury in the ESP ash.  
Although the oxidized fraction of the mercury increased, the stack emissions of mercury were 
higher, and the capture of mercury by the ash lower, when the SCR was in service.  The removal 
does trend with the LOI, which was highest pre-ozone season at 16.5% (mercury removal of 
58%), lower during low load operation in ozone season at 12.7% (mercury captured in the ash of 
about 20% of the total mercury), and lowest during full load operation during ozone season at 
7.7% (about 5% mercury capture by the ash).  This trend with LOI (shown on Figure 11) may be 
something the units can work with to tune operations for improved mercury capture.  However, 
with a target emission of about 2 lb/TBtu, 58-70% additional mercury capture would be required.  
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This may not be feasible with combustion modifications, in which case sorbent injection into the 
ESP could be an option. 

 

Figure 12.  EPA ICR data showing coal chloride, with Wagner 2 and 3 Campaign One 
results superimposed. 

 

Full-scale injection of powdered activated carbon (PAC) sorbents into ESPs and baghouses has 
been demonstrated on several utility boilers over the past few years13.  These field test results 
have shown that PAC injection is effective for mercury capture in both ESPs and baghouses, 
with much better performance in baghouses.  The captured mercury tends to be very stable, so 
that the ash remains suitable to landfill.  When ash is sold for pozzolanic use however, the PAC 
present in the ash will render it unusable.14   

Based on full-scale sorbent injection tests in published data,15 PAC injection into ESPs has 
diminishing returns as sorbent injection rate is increased.  Mercury sorbent injection rate is 
commonly expressed as lb/MMacf (pounds of sorbent per million actual cubic feet of flue gas).  
An approximate cutoff point for the economics of PAC injection into an ESP is 10 lb/MMacf.  
At a greater sorbent injection concentration, the economics would tend to support installation of 
a baghouse or TOXECON™ (COHPAC™ baghouse with sorbent injection for toxics control.  
This configuration places a high air-to-cloth ratio baghouse downstream of the existing ESP, and 
injects PAC in between the ESP and the baghouse).  With a baghouse, the improved contact 
between the sorbent and flue gas means that much less sorbent is needed for mercury removals 
up to 80-90%.   

PAC injection in the range of 5 to 10 lb/MMacf has been demonstrated to yield 40-75% removal 
in bituminous coal ESP sources with ESP temperatures below 330°F.  The high chloride content 
of the coal at Wagner may inhibit PAC effectiveness.  This would need to be tested at the pilot or 
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full scale.  Ideally the unit would be tested in circumstances when both combustion conditions 
(LOI) and injection rate can be varied to determine whether the target emission of 2 lb/MMacf is 
achievable at reasonable PAC injection rates (below 10 lb/MMacf).   

 

Brandon Shores Units 1 and 2 : Bituminous coal with hot-side ESPs 
Assuming a target mercury emission of 2 lb/TBtu, the Brandon Shores units would need to 
capture about 70% of the currently-emitted mercury.  Hot-side ESPs do not exhibit mercury 
control due to their high operating temperatures, and this was confirmed by the Brandon Shores 
tests.  Mercury is typically captured at temperatures less than 350°F, and Brandon Shores 
economizer remix zone (ESP inlet) temperatures were well over 500°F for all tested conditions.  
On a hot-side ESP unit, other retrofit air pollution control systems can be designed for control of 
mercury.  Predicting the degree of mercury control can be difficult, and some options for 
evaluating this are described here.   

Either an SO2 control scrubber, dry or wet, or a COHPAC baghouse would probably be required 
to achieve appreciable mercury control at Brandon Shores.  In any case, pilot testing would raise 
the degree of confidence in predicting the ambitious degree of mercury control that may be 
required in the future.   

Sorbent injection into a COHPAC baghouse, a configuration patented by EPRI as TOXECON, 
has been tested at the pilot- and full-scale on several bituminous coal-fired utility boilers.  An 
important parameter for COHPAC retrofit is the flue gas temperature.  At Brandon Shores Unit 1 
the stack temperature without the SCR in service is about 300°F, but closer to 350°F with the 
SCR in operation.  The high end of these temperatures is risky for sorbent injection, as decreased 
capture has been demonstrated around 340°F.16   

This temperature sensitivity was also seen at Hudson Station in New Jersey, when pilot-scale 
testing on EPRI’s 1-MW slipstream unit demonstrated that PAC injection could obtain high 
mercury removal rates of 80-90% with less than 5 lb/MMacf carbon over a range of temperatures 
up to 290°F .  Lowering the compartment temperature to around 240°F cut the PAC consumption 
in half, for 60-75% mercury removal by the sorbent.17 

In an ongoing full-scale demonstration at Alabama Power’s Gaston Station, PAC injection into 
COHPAC resulted in mercury removal of 80-90% at a sorbent injection concentration of 1.5 
lb/MMacf.  These test results are encouraging, and the suitability of Brandon Shores flue gas for 
this technology application can be evaluated through slipstream testing.  Pilot tests operated by 
EPRI and by ADA-ES have shown good scalability when applied in the field. 

Sorbent injection into a hot-side ESP is a different approach that is under investigation.  A test 
program planning injection directly into a hot-side ESP of a proprietary sorbent has been 
reported in the 2003 Mega-Symposium, by Sorbent Technologies Corporation.  The planned test 
at Duke Cliffside Plant was supposed to be conducted in the fall of 2003.18  Other sorbent 
developers are working on identifying hot-side ESP mercury sorbents also, one of which is 
ADA-ES. 

Wet or dry scrubbers for SO2 control are another retrofit process that would result in some 
mercury capture.  In an evaluation of the ICR data it was found that a spray dryer absorber plus 
particulate collector combination was the most reliable FGD system control for bituminous 
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coal.19  Greater than 90% mercury removal was consistently reported.  These examples include 
coal chloride ranging from about 900 to 1900 ppm, and so cover the coal chloride range seen at 
Brandon Shores.  However, the spray dryers are in high-dust environments, a key difference 
between these applications and Brandon Shores.  

Of the ICR units tested, six were hot-side ESPs with wet scrubbers following, and 13 were spray-
dryers with ESPs or baghouses downstream.  These data are worth extracting for further analysis 
of the possible applicability to Brandon Shores.   

A wet scrubber will capture only oxidized mercury.  In addition, some of the oxidized mercury 
that is captured in a wet scrubber is reduced and re-emitted as elemental mercury.  The overall 
removal of mercury by wet FGD, netted between oxidized and elemental mercury, has been 
demonstrated by ICR data at about 5 to 85% for bituminous coals.19  Babcock and Wilcox has 
reported on pilot and full-scale tests20,21 that have shown 46 to 71% baseline mercury removal by 
wet FGD systems.  They have been developing proprietary reagent additives to enhance and 
stabilize the capture of mercury, which have yielded varying results.  In full-scale tests at 
Zimmer station, for example, only 50% mercury capture was realized.  Better performance was 
obtained at Endicott Station of 77% average mercury capture.  However, these sites did not have 
as high a proportion of oxidized mercury as Brandon Shores.  The oxidized mercury was 
captured at 87-95% efficiency.  The mercury was reported to be stable in the scrubber slurry.   

Researchers at EPRI and URS Corporation have been demonstrating catalysts that specifically 
oxidize mercury upstream of scrubbers for improved removal22.  These are in the pilot-scale, 
with ongoing work at full scale.  This may be of interest if future SCR degradation at Brandon 
Shores results in lower mercury oxidation levels, or if fuel specification changes result in lower 
overall oxidation of the mercury.  However the SCR oxidation is likely to be stable as long as the 
catalyst remains the same, since the SCRs were at the end of their second to third season of 
operation at the time of the tests.   

Crane Station Units 1 and 2 : Bituminous coal with baghouses 
Fabric filters are effective mercury control devices on bituminous coals.  In the ICR database 
four comparable units showed 51, 87, 99 and 100% mercury removal.  The average is 84%.  The 
mercury removal is consistent at baghouse outlet temperatures below 305°F.12  Crane Unit 1’s 
outlet temperature stayed below 300°F during these tests, which is promising for mercury 
removal.  However Crane Unit 2 showed higher baghouse temperatures, which may be a 
contributor to low mercury capture by the ash.  The temperature sensitivity of mercury removal 
by sorbent, discussed above, is even more pronounced when ash LOI is relied upon for mercury 
capture. 

The mercury capture on Crane Unit 1 was quite high during Ontario Hydro testing at 91%.  This 
was the only unit that obtained emissions below the MACT “target” of 2 lb/TBtu (with an 
average emission of 1.0 lb/TBtu).  The high removal corresponded to high LOI content of the ash 
at 16.5% and low baghouse inlet temperatures of 280-307 F, compared with Unit 2’s LOI at 3% 
and higher baghouse temperatures of 320-330 F.  Unit 2 had corresponding variable mercury 
capture from 30-56%.  This may indicate a trend with LOI and mercury capture, but further work 
would have to be done to understand the exact correlation.  The LOI on Unit 1 during the 7-day 
SCEM test ranged from 12-20%, and mercury control was quite variable (<30-90%).  Emissions 
ranged from <1 to 10 µg/dncm.  The periodically higher emission rate is not clearly correlated to 
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the unit operating parameters tracked (Figure 10).  However it does appear that the Crane ash has 
reached its capacity for mercury capture, because additional capture is not routinely seen across 
the baghouse.   

The higher LOI with OFA in service, in combination with a lower baghouse operating 
temperature (close to 300 F) is probably a contributor to the mercury removal at Crane Unit 1.  
High LOIs measured during the SCEM test period, however, do not correlate to high mercury 
content in the ash in every case.  Figure 6 shows that the range of mercury in the ash as a 
function of LOI is wide.  For example at an LOI of about 15%, from 0.7 to 1.1 ppm mercury is 
measured in the same ash sample.  At 20% LOI the mercury content varies by almost a factor of 
two.  This confirms the SCEM result of periodic poor mercury capture.  With this variability, 
further work is needed to ascertain operating conditions at Crane that maintain the lower-end of 
mercury emissions.   

Alternately, or in addition to the extent of control available via combustion controls, the Crane 
baghouses are potential candidates for mercury control via PAC injection.  The temperature 
range, coal type, and existing mercury removal make this a good application.  PAC injection in 
the range of 0.5 to 1.5 lb/MMacf should have a dramatic effect on mercury control.  Since the 
capital costs of PAC injection systems are relatively low, it could be feasible to install a system 
that would be used as-needed, in those cases where combustion controls were not reliable for 
mercury capture.  Although carbon injection systems are not in wide use, commercial guarantees 
are now available. 

Conclusions and Recommendations 
This cooperative program between MDNR’s PPRP Program, CPSG, and MDE was a successful 
effort in providing additional mercury characterization data for CPSG’s coal-fired units.  The test 
program demonstrated the short-term emission rate and speciation of mercury emissions, as well 
as the applicability of selected test methods for use at these units.  Current native mercury 
control was reviewed at various process conditions, and put in the context of the available retrofit 
control technology options.  Recommendations are made for a course of action to more precisely 
define the unit-specific future control levels. 

Brandon Shores Units 1 and 2 

• The Brandon Shores units emit 4-7 lb/TBtu mercury, with 65% in the oxidized form with 
“normal” full-load operation, and ~95% oxidized mercury with ozone season low-NOx 
combustion controls and SCR in service (with the exception of one test run on Unit 1 that 
showed 82% oxidized). 

• These units have low native mercury control.  This is not surprising with a HESP, which 
collects the ash at temperatures too high for mercury capture.  This low capture is typical 
of results on units with similar configurations to Brandon Shores. 

• The high degree of oxidation makes this mercury easier to remove than elemental 
mercury.  Oxidation by the SCR may diminish over time, but these SCRs are at the end 
of their third season of operation, so may maintain their mercury oxidation effect.  The 
oxidation of mercury would need to be a consideration in any future change in the 
catalyst design if mercury controls are implemented that are dependent upon it. 
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• Retrofit technologies that could be evaluated further for mercury control at Brandon 
Shores include: 

o Direct injection of a sorbent into the HESP for mercury control.  This is not 
commercial today, but work is being done by some sorbent developers that may 
have positive results over the next year or two.  The cost and applicability, 
including impact on the marketed ash, would need to be evaluated for any sorbent 
proposed.   

o TOXECON retrofit, which would entail adding a PAC injection system and high 
air-to-cloth ratio baghouse downstream of the air preheater.  This technology 
would remove mercury regardless of the speciation, and should have the ability to 
capture up to 90% of the mercury.  The configuration could be tested at the pilot 
scale in a slipstream test, using equipment that has been demonstrated to produce 
scalable results.  Since high chloride content and high operating temperatures with 
SCR exist at Brandon Shores, a pilot-scale test is recommended for any serious 
evaluation of this approach. 

o Wet FGD scrubber technology would remove some portion of the oxidized 
mercury, and none of the elemental mercury.  With SCR in service, almost all of 
the mercury would be available for reaction in the scrubber.  Without SCR in 
service, about 65% would be available.  Reports on wet scrubber mercury control 
have been mixed, ranging from 5 to 85% mercury control.  Further evaluation of 
the ICR database applicability to Brandon Shores is recommended.  Pursuit of wet 
scrubber technology should be preceded by small-scale slipstream tests that would 
add confidence to actual removal predictions. 

o Dry FGD has been the most successful for mercury control on bituminous coals, 
but in high-dust applications.  Applying this data to Brandon Shores requires 
further evaluation of the existing applications. 

Crane Station Units 1 and 2 

• Crane Unit 1 was the only unit tested that exhibited a high level of mercury control 
during Ontario Hydro testing (91% on average).  This places the emission rate at 1.0 
lb/TBtu.  This high level of control and low emission rates were not consistent over the 7-
day SCEM test period, however. 

• Crane Units 1 and 2 exhibit a wide range of mercury content in the coal and of capture by 
the ash.  In Ontario Hydro runs, Unit 1 showed 91% mercury removal while Unit 2 
showed 30-56% capture (both based on average coal mercury).  Unit 1 was operated with 
OFA in service and high LOI (16.5%), while Unit 2 had OFA out of service and low LOI 
(3%).  However, the mercury control exhibited may not be a straight function of OFA or 
LOI since 7-day SCEM testing indicated a wide range of mercury emissions, <1 to 10 
µg/dncm, in spite of LOI of 12 to 20%.  The mercury at Crane is highly oxidized.   

• Further testing with OFA in service, over a range of LOI, is recommended in order to get 
a handle on predictably controlling emissions to the low level seen during Unit 1 Ontario 
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Hydro testing.  Possibly mercury emissions could be consistently controlled by using the 
available combustion controls.   

• The baghouses are good candidates for mercury control by PAC injection if further 
control is needed.  This could be demonstrated via slipstream testing, in combination with 
testing of combustion control mercury benefits.  Any sorbent would need to be evaluated 
for ash sales impacts and baghouse operational impacts. 

Wagner Units 2 and 3 

• Wagner 2 captured about 46% of the mercury and Wagner 3 captured about 58% of the 
mercury in the coal during pre-ozone season Ontario Hydro tests.  Wagner 2 emitted 5.6 
lb/TBtu, while Wagner 3 emitted 3.5 lb/TBtu. 

• With the SCR in service, Wagner 3 did not show higher mercury removal, but did 
increase the fraction of oxidized mercury from 86% to 96%.  The mercury capture by the 
ash during ozone season corresponded to about 6 to 17% of the total mercury, a quite low 
mercury removal. 

• Wagner Unit 3 appears to have a good correlation between ash LOI and Hg content 
(Wagner 2 does not).  This can be useful for future test planning based on combustion 
modifications for improved mercury capture. 

• Possible retrofit technologies for mercury control at Wagner Unit 3 include: 

o Combustion control evaluation to determine the unit operating impacts if higher 
LOI is used to obtain improved mercury capture.  Also determination of the limits 
of mercury control using this method. 

o PAC injection into the ESP.  This technology would require probably 5-10 
lb/MMacf sorbent injection, and would render the ash unusable for concrete 
(other uses, if applicable, would need to be evaluated).  The unit is a good 
candidate for PAC injection technology, and pilot-scale slipstream testing could 
identify the range of PAC injection needed.   

o TOXECON: PAC injection into a retrofit COHPAC baghouse.  This 
configuration would be likely to result in high mercury control at relatively low 
PAC consumption rates, on the order of 0.5-3.0 lb/MMacf. 
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FRONTIER GEOSCIENCES INC.     
414 PONTIUS AVENUE NORTH     
SEATTLE, WA 98109 
 

 FLUEGAS MERCURY SORBENT SPECIATION (FMSS) METHOD 
 
The FMSS method relies on sequential selective capture to separate and quantify three mercury 
species, particulate Hg (PHg), gaseous oxidized (Hg(II)g), and gaseous elemental (Hg0).  A known, 
precise volume (±0.1 liter) of gas is pulled through the FMSS sorbent train using standard sampling 
equipment including a quartz probe liner, heated probe, silica-gel water trap, mass flow meter and 
pump (FGS MFM Fluegas SOP).  The FMSS method is setup to sample semi-isokinetically to more 
accurately quantify PHg using a buttonhook nozzle directed into the vent gas flow. The PHg is 
captured on a quartz-fiber filter with the gas phase Hg(II) and Hg0 passing through to be captured 
on a potassium chloride (KCl) coated quartz sorbent trap and finally the iodinated (IC) sorbent trap, 
respectively.   The temperature of the FMSS sorbent train is kept at 95 ± 5 °C during sampling to 
avoid water condensation in the trap.  The water in the vent gas condenses in a silica gel water-trap 
behind the FMSS sorbent train.  The water can be quantified by weight difference to provide a 
backup value for percent water and also to calculate wet sample volume as needed for select vents.  
The sorbed Hg0 on iodinated carbon and the PHg on the quartz filter is leached of collected Hg in 
the clean lab using hot-refluxing HNO3/H2SO4, then further oxidation in BrCl solution (FGS SOP-
009.3).   The sorbed Hg (II) on the KCl-quartz trap is dissolved in (v/v) BrCl solution (FGS SOP-
031.2).  Aliquots of all three Hg species digests are analyzed using cold vapor atomic fluorescence 
spectroscopy (CVAFS) following the analytical principles of EPA Method 1631 (FGS SOP-069.2).  
The FMSS and precursor method have been widely used for both speciated Hg in flue gas matrices 
(Bloom, 1993; Bloom et al., 1995; Prestbo and Bloom, 1995; Nott, 1995; Laudal et al., 1997; Grover 
et al., 1999).  The FMSS method has recently undergone rigorous validation experiments in coal flue 
gas against the ASTM promulgated Ontario-Hydro Method (DOE-NETL, 2001; EERC, 2001).  
Quality assurance of the method usually includes field duplicates, field blanks, trip blanks, lab 
reagent blanks, 5-point calibration curve, continuing calibration verification, duplicate analyses, 
analytical spike recoveries, initial calibration blanks, continuing calibration blanks and standard 
reference material recovery.   
 
Figure A-1.  Schematic of the FMSS Method sample train. 
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Figure A-2.  Comparison of coal analyses by CVAA and CVAFS.  Provided by Frontier 
Geosciences. 
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Example using figure below:
1) Assume your mean coal [Hg] is 0.04 ppm and number of analyses/quarter is 10.
2) The results below only include the method uncertainty - natural coal variability will increase the 90% 
confidence interval calculated below - this is a best case scenario!
3) For the CVAA method the relative uncertainty at 0.04 ppm is 38% (from upper curve) or 0.019 ppm
4) For the CVAFS method the relative uncertainty at 0.04 ppm is 3.8% (from lower curve) or 0.0019 ppm
5) Now calculate the 90% confidence interval to see if it is within 10% of the mean?
6) For CVAA,  the 90% confidence interval would be 0.012 ppm or 30% of the mean - answer NO
7) For CVAFS, the 90% confidence interval would be 0.0012 ppm or 3% of the mean - answer YES
Conclusion: The only chance to keep sampling frequency at a minimum is to use a proven method 
to stay within EPA set level of 10% (now 30%) of the mean at 90% confidence interval - or - a more 
expensive per sample method may cost less overall if it decreases the number of samples required. 
The EPA-1631 CVAFS method will give more accurate and precise coal Hg concentration than the 
ASTM CVAA method.   
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Mercury S-CEM 

 

A semi-continuous mercury analyzer will be used during this program to provide near real-time 
feedback during baseline, parametric and long-term testing.  Continuous measurement of 
mercury at the inlet and outlet of the particulate collector is considered a critical component of a 
field mercury control program where mercury levels fluctuate with boiler operation (temperature, 
load, etc.) and decisions must be made concerning parameters such as sorbent feed rate and 
cooling.  The analyzers that will be used for this program consist of a commercially available 
cold vapor atomic absorption spectrometer (CVAAS) coupled with a gold amalgamation system 
(Au-CVAAS).  Radian developed this type of system for EPRI (Carey, et al., 1998).  A sketch of 
the system is shown in the figure below.  One analyzer will be placed at the inlet of the 
particulate collector and one at the outlet of the particulate collector during this test program. 

 

Chilled 
Impingers

Flue Gas

Waste

Carbon Trap

CVAA

Mass Flow 
Controller

Gold Trap

Waste

Timed
12V, 5A

  Micro controller 
with Display 

Purge Air

 

Figure C-1 
Sketch of Mercury Measurement System 

 

 

Although it is very difficult to transport non-elemental mercury in sampling lines, elemental 
mercury can be transported without significant problems.  Since the Au-CVAAS measures 
mercury by using the distinct lines of UV absorption characteristic of elemental Hg (Hg0), the 
non-elemental fraction is either converted to elemental mercury (for total mercury measurement) 
or removed (for measurement of the elemental fraction) near the sample extraction point.  This 
minimizes any losses due to the sampling system.   
 
For total vapor-phase mercury measurements, all non-elemental vapor-phase mercury in the flue 
gas must be converted to elemental mercury.  A reduction solution of stannous chloride in 
hydrochloric acid is used to convert Hg2+ to Hg0.  The solution is mixed as prescribed in the draft 
Ontario Hydro Method for manual mercury measurements.   
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To measure speciated mercury, an impinger of potassium chloride (KCl) solution mixed as 
prescribed by the draft Ontario Hydro Method is placed upstream of the stannous chloride 
solution to capture oxidized mercury.  Unique to this instrument is the ability to continuously 
refresh the impinger solutions to assure continuous exposure of the gas to active chemicals. 
 
The Au-CVAAS system is calibrated using elemental mercury vapor.  The instrument is 
calibrated by injecting a metered volume of mercury-laden air into the analyzer.  The mercury-
laden air is from the air-space of a vial containing liquid mercury at a precisely measured 
temperature.  The concentration of the mercury in the air is determined by the vapor pressure of 
the mercury at that temperature.   
 
The Au-CVAAS can measure mercury over a wide range of concentrations.  Since the detection 
limit of the analyzer is a function of the quantity of mercury on the gold wire and not 
concentration in the gas, the sampling time can be adjusted for different situations.  Laboratory 
tests with stable permeation tube mercury sources and standard mercury solutions indicate that 
the noise level for this analyzer is 0.2 ng mercury.  It is reasonable to sample at 50 – 100 times 
the noise level, therefore, during field testing the sampling time is set so at least 10 ng mercury is 
collected on the wire before desorption.  The following table shows the sampling time required 
for different concentrations of mercury in the flue gas with 2 liters per minute sample flow. 
 

Sampling Time Required for Au-CVAA Analyzer 
 

VAPOR-PHASE MERCURY 
CONCENTRATION 

(µG/M3) 

MINIMUM 
SAMPLE TIME

(MIN) 

NOISE LEVEL 
(µG/M3) 

5 1 0.1 
2.5 2 0.05 
1 5 0.02 

0.5 10 0.01 
 

An oxygen analyzer will be placed downstream of the Au-CVAAS to monitor and store the 
oxygen levels in the gas stream.  This is particularly useful when measuring changes in mercury 
across a pollution control device on a full-scale unit where air inleakage into the unit may dilute 
the gas sample and bias results.  It is also useful to assure that no leaks develop in the sampling 
system over time. 
 
Particulate is separated from the gas sample using a self-cleaning filter arrangement modified for 
use with this mercury analyzer under an EPRI mercury control program.  This arrangement uses 
an annular filter arrangement where excess sample flow continuously scours particulate from the 
filter so as to minimize any mercury removal or conversion due to the presence of particulate. 
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The mercury analyzer described has been used extensively for lab testing and field testing at 
three full-scale coal-fired power plants burning Powder River Basin (PRB), eastern bituminous, 
and lignite coals under EPRI programs.  Although draft Ontario Hydro mercury measurements 
were not conducted while the analyzer was on-site, levels measured by the analyzer were well 
within the range expected based on previous measurements with either the draft Ontario Hydro 
Method or a solid carbon trap.   
 
In order to assure the quality of the data to be obtained during the field operations, Standard 
Operating Procedures have been developed and will be followed for these tests.  
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Executive Summary 

On December 14th 2000, EPA announced that it would regulate mercury emissions from 
coal-fired boilers under Title III of the Clean Air Act Amendments of 1990.  There is 
limited information available on the capability of existing pollution control technologies 
for mercury control.  Constellation Power Source Generation (Constellation) tested six 
coal-fired utility boilers to better understand their mercury emissions and the potential 
applicability of control technologies.  The Maryland Department of Natural Resources 
(MDNR) Power Plant Research Program (PPRP) participated in this program by funding 
portions of the mercury testing, and providing technical analysis of the results.  Emission 
Strategies, Inc. provided coordination among the various participants, test crews, and 
laboratories; and will prepare the final report for the overall program. (2) 

As part of the mercury characterization effort, Emission Strategies subcontracted to ADA 
Environmental Solutions (ADA-ES) to measure the mercury concentration and speciation 
on Unit 1 of the C.P. Crane Station using a semi-continuous emissions monitor (S-CEM).  
This report presents only the results from of the ADA-ES portion of the program. 

 A summary of ADA-ES results is shown in Table ES-1.  The data collected 
suggest that little vapor-phase mercury is captured with the Unit 1 fabric filter. 

 During periods of high load following periods of low load and lower 
temperatures, the vapor-phase mercury at the outlet was higher than the inlet, 
indicating thermal desorption of mercury from the collected ash. 

 The mercury at the inlet to the fabric filter was nominally 90% oxidized and 
increased to nominally 99% at the outlet.   

 Large spikes in the inlet mercury concentration were observed.  These appeared to 
be related to rapid changes in boiler operation.  The spikes did not appear to affect 
the outlet mercury concentration. 

Detailed discussions and presentations of all test data are provided in the report. 

Table ES-1.  Summary of Results from C.P. Crane 

Location Total Hg 
(µg/Nm3) 

Elemental Hg 
(µg/Nm3) 

Inlet 0.2 to 10 0.3 to 0.5 

Outlet 0.2 to 13 <0.1 
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1.0  Introduction 

Mercury from combustion sources is recognized as a major concern to the nation’s air quality.  The U.S. 
Environmental Protection Agency (EPA) submitted a Mercury Study Report to Congress that states that 
52 of the 158 tons of anthropogenic Hg emissions in the United States are from coal-fired utility boilers 
(1).  On December 14th 2000, EPA announced that it would regulate mercury emissions from coal-fired 
boilers under Title III of the Clean Air Act Amendments of 1990.  EPA plans to issue final regulations by 
December 15th 2004 and is expected to require compliance by December 2007.   

Constellation Power Source Generation (Constellation) tested six coal-fired utility boilers to better 
understand their mercury emissions and the potential applicability of control technologies.  The Maryland 
Department of Natural Resources (MDNR) Power Plant Research Program (PPRP) participated in this 
program by funding portions of the mercury testing, and providing technical analysis of the results.  
Emission Strategies, Inc. provided coordination among the various participants, test crews, and 
laboratories; and will prepare the final report for the overall program.(2). 

As part of the mercury characterization effort, Emission Strategies subcontracted to ADA Environmental 
Solutions (ADA-ES) to measure the mercury concentration and speciation on Unit 1 of the C.P. Crane 
Station using a semi-continuous emissions monitor (S-CEM).  This report presents only the results from 
of the ADA-ES portion of the program. 

1.1  Purpose of Test 

The purpose of the ADA-ES portion of this test program was to continuously measure the mercury 
concentration and speciation at the inlet and outlet of the Crane Unit 1 fabric filter over a 7-day test 
period.  To accomplish this, a mercury S-CEM was used during this program to provide near real-time 
feedback of mercury concentration and speciation at each sampling location.   

1.2  Facility Description 

Crane Units 1 & 2 are identical Babcock & Wilcox, opposed-wall-fired, wet-bottom, cyclone-burner 
boilers with a capacity of 200 MWe each.  There are four cyclones per unit that burn Eastern Bituminous 
coal with a sulfur content of about 1.9 percent and mercury content ranging from 0.1 to 0.3 µg/g.  These 
units utilize the overfire air (OFA) portion of a retrofitted gas reburn system for NOx control during the 
peak ozone season.  The OFA system was used periodically during testing to determine its effect on gas 
phase mercury concentration.   

Each unit is equipped with a GEESI reverse-gas style fabric filter with a design air-to-cloth ratio of 1.96 
(ft2/1000 acfm).  There are ten modules in each fabric filter with 540 bags per module.  Sonic horns are 
used to augment the reverse-air cleaning.  Flue gas is exhausted to the atmosphere through a 384 foot 
stack.   
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1.3  Key Personnel   

The Key Personnel coordinating efforts during ADA-ES testing at Crane are identified in Table 1-1. 

Contact 
Name 

Company Telephone Number Email Address 

Stephen J. 
Matousek -  

CPSG Office: 410-787-5275 
Cell: 410-802-8079 

Stephen.J.Matousek@constellation.com 

Ed Much  CPSG Office: (410) 787-9073 
Cell: (410) 530-4913 

edwin.much@constellation.com 

Sheila 
Glesmann  

Emission 
Strategies 

Office: (410) 544-5292 
Cell: (443 310-7169 

sheila.glesmann@verizon.net 

Sharon 
Sjostrom  

ADA-ES Office: (303) 734-1727 
Cell: (303) 919-8538 

sharons@adaes.com 

Gerald 
Amhrein  

ADA-ES Office: (303) 734-1727 
Cell: (303) 921-8138 

jerrya@adaes.com 

 

C.P. Crane 
Lou Gable at storeroom (682-9737) 
C. P. Crane 
1001 Carroll Island Rd. 
Baltimore, MD 21220 
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2.0  Plant Description and Test Locations 

2.1 C.P.Crane Unit 1 

Unit 1 burns a bituminous coal in a B&W opposed-fired cyclone boiler with a nameplate capacity of 200 
MW.  A fabric filter is used for particulate control.  Operating parameters for Unit 1 are summarized in 
Table 1.   

Table 1.  Plant Yates Unit 1 Operation 

Parameter Description 
Boiler  

Type B&W opposed-fired 
Burner Type Cyclone 
Equivalent Mwe 200 

Coal  
Coal Type Bituminous 

Particulate Control  
Type Fabric Filter 
Manufacturer GEESI 
Design Reverse Gas with Sonic Horns 
Air-to-cloth Ratio (ft/min) 1.96 

 

Mercury measurements were made both upstream and downstream of the fabric filter.  Figure 1 is a 
schematic of Unit 1 showing the sampling locations.  Coal and ash samples were not collected by ADA-
ES but were collected as part of the overall program. 

The inlet sampling location, shown in Figure 2, was a single horizontal sampling port located at the inlet 
of the unit 1 fabric filter.  The port was approximately five feet below the top of the duct and was the 
second from the top port in a row of seven vertical ports.  The extraction probe was made up of three 
sections and extended eight feet into the duct from the flange.  It could be shortened by removing sections 
of the probe.   

The outlet sampling location, shown in Figure 3, was a single horizontal port located at the outlet of the 
fabric filter upstream of the ID fans.  The port was the middle of three vertical ports at this location.   The 
extraction probe extended eight feet into the duct from the flange.  The length of the probe could be 
adjusted by removing or adding sections. 
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Figure 1.  Mercury sampling locations at C.P. Crane Unit 1.  

 

     

Figure 2.  Inlet Test Port Figure 3.  Outlet Test Port 
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3.0  Summary and Discussion of Results 

3.1  Presentation of Results 

The program objective was to continuously measure vapor phase mercury concentration and periodically 
measure speciation at the inlet and outlet of the C.P. Crane Unit 1 fabric filter during a 7-day period.  To 
achieve this objective, ADA-ES used a single mercury S-CEM that alternately sampled gas at the inlet 
and outlet of the fabric filter.  The S-CEM was capable of measuring either the total or elemental mercury 
concentration at each location.   

The results from the S-CEM were later analyzed along with various plant operating data to develop short-
term mercury concentration trends and to see if  variables such as pressure drop across the fabric filter, 
gas temperature, boiler load, or other plant operating characteristics affected these trends.   

The mercury S-CEM at Crane operated continuously from April 18 through April 25.  Time trends of the 
mercury measurements, duct temperature at the sampling locations, and boiler load are shown in Figure 4.  
The mercury removal shown in Figure 4 is calculated using the mercury concentrations corrected to 3% 
oxygen to account for any change in mercury concentration resulting from air in leakage between the inlet 
and outlet sampling locations.  

3.2  Summary of Results 

The data collected at Crane, Unit 1 suggests that the change in vapor-phase mercury across the fabric 
filter (removal efficiency) is variable and, at times, the vapor-phase concentration at the outlet was higher 
than measured at the inlet, as shown in Figure 4.  This observation could be caused by stratification in the 
mercury concentration (for example, if the mercury concentration at the inlet extraction location was 
below the average across the duct), or it could be caused by high mercury adsorption onto the fly ash prior 
to reaching the inlet extraction location.   

Table 2 presents average mercury concentrations as measured by the S-CEMs at the inlet and outlet to the 
baghouse during the Ontario Hydro measurements.  This table shows both a variation in total vapor phase 
mercury at the inlet (ranged from 0.31 to 4.92 µg/dNm3) and removal efficiency (6 to 80%).  These data 
illustrate the dynamic nature of mercury in flue gas as it flows through the system.  Trends observed 
during this test included: 

• The inlet and outlet mercury concentrations tracked fairly closely except for periods immediately 
following a large increase in boiler load (e. 125 to 200 MW) when mercury levels increased at 
both locations, but the outlet was often higher than the inlet.  Except for these transition periods, it 
is likely the reactive vapor-phase mercury is adsorbed onto the fly ash prior to reaching the inlet 
measurement location and very little additional reduction in vapor-phase mercury takes place on 
the bags.  During these transitions, several key variables are changing that could cause this 
phenomena.   

o Temperature is one of the variables that can cause variations in mercury behavior because 
it determines when and the quantity of mercury a carbon/fly ash based sorbent can adsorb.  
The S-CEM measurements suggest that vapor phase mercury is adsorbed by the fly ash 
while in-flight at fairly significant levels.  At lower boiler load conditions, temperatures are 
typically lower which improves the ability of fly ash to collect mercury, especially 
oxidized mercury (3).  However, when temperature increases, such as often happens when 
the boiler load increases, the capacity of mercury that the fly ash (sorbent) can hold 
decreases.  Thus, under certain conditions the mercury can be desorbed from the fly ash.  
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The outlet may be higher than the inlet for several hours as mercury slowly desorbs off the 
fly ash collected in the baghouse.   

o Figure 4 shows that mercury concentration varies from 0.2 to 10 µg/dNm3 at the inlet.  This 
is probably a combination of differences in in-flight adsorption onto fly ash, partially 
explained above, and changes in coal and combustion conditions.  For example, changes in 
amount and characteristics of the LOI carbon can cause differences in mercury 
concentration and removal efficiencies.  This may have been occurring when inlet and 
outlet mercury levels diverged on April 22 and 23. 

• In general there was very little mercury removal across the baghouse.  This goes against 
conventional theory that shows, in most cases, very good removal across the baghouse because of 
the enhanced gas-particle interaction on the dustcake.  However, there are a few sites where 
significant in-flight adsorption of vapor-phase mercury onto fly ash has been documented.  This is 
more likely at sites with higher percentages of oxidized mercury, sufficient LOI carbon in the fly 
ash and temperatures less than 300oF.  At Crane Station, it is possible that the fly ash has already 
reached its capacity for mercury with the mercury adsorbed while in-flight.  Thus, when it reaches 
the baghouse, no additional mercury can be adsorbed. 

• The fraction of elemental mercury is low at both extraction locations, as shown in Figures 5 and 6.  
At the inlet, the measurements indicate 90% of the mercury is in the oxidized form.  At the outlet, 
99% is in the oxidized form.  The higher fraction of oxidized mercury at the outlet suggests that 
the mercury may be interacting with the fly ash and being further oxidized. 

o Researchers have documented that mercury is typically desorbed from sorbents in the 
oxidized form. 

• Another interesting observation noted during testing was the periodic spikes in the inlet mercury 
concentration (4/20 – 4/22).  These typically corresponded to spikes in both the boiler oxygen and 
the oxygen measured at the inlet extraction location (see Figure 7).  Some of the oxygen spikes 
can correspond to momentary losses in coal feed to one of the mills and fluctuations in the cyclone 
air flow.  The behavior of the mercury suggests that it is adsorbed on fly ash prior to the inlet 
extraction location and a portion of the collected mercury can be readily desorbed.  No mercury 
spikes were observed at the outlet extraction location. 

Table 2.  Average Vapor-Phase Mercury Concentrations Measured by the SCEM During OH Runs 

OH 
Run Start Time Stop Time 

Inlet Total 
Vapor Hg 
µg/dNm3 

(@ 3% O2) 

Outlet Total 
Vapor Hg 
µg/dNm3 

(@ 3% O2) 

Inlet  
Elemental 

Hg 
µg/dNm3 

(@ 3% O2) 

Total 
Vapor Hg 
Removal 

(%) 

Run 1 4/23/2003 12:25 4/23/2003 14:46 4.92 1.77 0.43 64 

Run 2 4/23/2003 15:55 4/23/2003 18:15 4.49 0.90  80 

Run 3 4/24/2003 8:50 4/24/2003 11:06 0.31 0.29  6 
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On the morning of April 23, the inlet extraction probe was shortened from 8-feet to 6-feet in an effort to 
determine if mercury stratification was the cause of the mercury concentrations measured at the inlet 
periodically exceeding the measurements at the outlet.  In Figure 4, an interruption in the inlet mercury 
measurement can be noted from 9:00 to 11:45 am.  Prior to 9:00 am, the probe was 8-feet long.  After 
11:45, the probe was 6-feet long.  No change in mercury concentration or extraction temperature at the 
inlet was noted following the change in probe length. 
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Figure 4.  Variations in boiler load, temperature, and mercury concentrations at the inlet 
and outlet of the fabric filter at Crane Unit 1. 
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Figure 5.  Inlet vapor-phase mercury concentration measured at Crane Unit 1 
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Figure 6. Outlet vapor-phase mercury concentration measured at Crane Unit 1 
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Figure 7.  Comparison of oxygen spikes and inlet mercury spikes 
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4.0  Description of Mercury Monitors and Sampling Procedures 

4.1  Description of Mercury Monitor 

A semi-continuous mercury emissions monitor (S-CEM) was used during this program to 
provide near real-time measurement of mercury at the inlet and outlet of the fabric filter 
during one week of typical plant operation.  The analyzer used for these tests consisted of 
a cold vapor atomic absorption spectrometer (CVAAS) coupled with a gold 
amalgamation system (Au-CVAAS).  The system is calibrated using vapor phase 
elemental mercury.  A schematic of the system is shown in Figure 5.  The S-CEM was 
configured to automatically switch between two channels and so could measure either the 
total or elemental vapor phase mercury at the inlet and outlet of the fabric filter.  A 
photograph of the S-CEM installed at Crane is shown in Figure 6. 

 

Figure 5.  Schematic of the Mercury Measurement System. 
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Figure 6.  Photograph of ADA-ES mercury S-CEM during installation at C.P. 
Crane Unit 1. 

Although it is very difficult to transport non-elemental mercury in sampling lines, 
elemental mercury can be transported without significant problems.  Since the Au-
CVAAS measures mercury by using the distinct lines of the UV absorption characteristic 
of Hg0, the non-elemental fraction is either converted to elemental mercury (for total 
mercury measurement) or removed (for measurement of the elemental fraction) near the 
sample extraction point.  This minimizes losses in the sampling lines.   

For total vapor phase mercury measurements, all non-elemental vapor phase mercury in 
the flue gas must be converted to elemental mercury.  A reduction solution of stannous 
chloride in hydrochloric acid is used to convert Hg2+ to Hg0.  To measure speciated 
mercury, an impinger of potassium chloride (KCl) solution, mixed as prescribed by the 
draft Ontario Hydro Method, is used to capture oxidized mercury so that only the 
elemental fraction of the vapor phase mercury passes to the analyzer.  Oxidized mercury 
can be calculated as the difference between the total mercury and the elemental mercury.  
The impinger solutions are continuously refreshed to assure adequate exposure of the gas 
to active chemicals.   
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4.2  Sampling Procedures and QA/QC 

The analyzer sampling time is set to collect nominally 20 ng of mercury per sampling 
cycle.  The noise level of the analyzer operating at a field site is approximately 1 ng, thus 
collecting 20 ng provides a signal to noise ratio of 20.   

The analyzer is calibrated daily for mercury.  The mass flow controller, oxygen cell, and 
temperature transmitters were calibrated before shipping the system to the site.  Mercury 
calibration is achieved by injecting precise volumes of air saturated with elemental 
mercury vapor into the analyzer upstream of the gold trap.  The mercury vapor  is drawn 
from a vial containing liquid elemental mercury.  Mercury concentration is calculated 
from a well-known correlation with barometric pressure and temperature.  Vial 
temperature is measured with a precision thermometer.  Calibration of the mass flow 
controller is periodically checked with a gas flow meter.  Mercury vapor was also spiked 
upstream of each set of conversion impingers as part of the daily calibration routine to 
insure that gas preconditioning system was not removing mercury. 

Documentation of analyzer calibrations, along with any system maintenance or changes, 
are recorded in a project notebook.  A calibration file for the other instrumentation, which 
contains manufacturers’ certification of calibration, is maintained by ADA-ES.   

Data verification of computer calculations is conducted manually on a periodic basis.  
Any data collected during periods of suspected operational inconsistencies is rejected as 
questionable data. 
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