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DISCLAIMER 

This technical report was prepared with the support of the U.S. Department of 
Energy, under Award No. DE-FC26-03NT41986.  However, any opinions, findings, 
conclusions, or recommendations expressed herein are those of the author(s) and do not 
necessarily reflect the views of the DOE. 

This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor any 
of their employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned 
rights.  Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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ABSTRACT 

The power industry in the U.S. is faced with meeting new regulations to reduce the 
emissions of mercury compounds from coal-fired plants.  These regulations are directed at 
the existing fleet of nearly 1,100 boilers.  These plants are relatively old with an average age 
of over 40 years.  Although most of these units are capable of operating for many additional 
years, there is a desire to minimize large capital expenditures because of the reduced (and 
unknown) remaining life of the plant to amortize the project.  Injecting a sorbent such as 
powdered activated carbon into the flue gas represents one of the simplest and most mature 
approaches to controlling mercury emissions from coal-fired boilers. 

This is the final site report for tests conducted at AmerenUE's Meramec Station, one 
of five sites evaluated in this DOE/NETL program.  The overall objective of the test program 
is to evaluate the capabilities of activated carbon injection at five plants: Sunflower Electric’s 
Holcomb Station Unit 1, AmerenUE’s Meramec Station Unit 2, Missouri Basin Power 
Project’s Laramie River Station Unit 3, Detroit Edison’s Monroe Power Plant Unit 4, and 
AEP’s Conesville Station Unit 6.  These plants have configurations that together represent 
78% of the existing coal-fired generation plants.   

The goals for this Phase II program established by DOE/NETL were to reduce the 
uncontrolled mercury emissions by 50 to 70% at a cost 25 to 50% lower than the target 
established of $60,000/lb mercury removed.  The results from Meramec indicated that using 
DARCO® Hg-LH would result in higher mercury removal (90%) at a sorbent cost 90% lower 
than the benchmark.  In addition, the estimated costs for control at Meramec are 0.74 
mills/kWh compared to 1.2 mills/kWh for the maximum achievable removal at Pleasant 
Prairie (67% mercury removal) under the DOE Phase I program.  Both units fire PRB coal 
and have ESPs installed for particulate control.  The critical difference in the sorbent costs is 
the improved effectiveness of DARCO® Hg-LH, a bromine-treated activated carbon, over 
DARCO® Hg, a non-chemically treated carbon.  These results demonstrate that the goals 
established by DOE/NETL were exceeded during this test program. 

The increase in mercury removal over baseline conditions is defined for this program 
as a comparison in the outlet emissions measured using the Ontario Hydro method during the 
baseline and long-term test periods.  The average inlet concentration was 26% higher during 
long-term testing compared to baseline testing.  The change in outlet emissions from baseline 
to long-term testing was 89%. 
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INTRODUCTION 

On March 15, 2005, the EPA announced that it would reduce mercury emissions from 
coal-fired power plants through the Clean Air Mercury Rule (CAMR).  Regulations will 
affect both new plants and the existing fleet of nearly 1100 boilers in the United States.  The 
existing plants are relatively old with an average age of over 40 years.  Most of these units 
are capable of operating for many additional years if the capital expenditures associated with 
retrofitting new pollution controls can be minimized. 

ADA-ES, Inc., with support from the Department of Energy’s National Energy 
Technology Laboratory (DOE/NETL) and industry partners, conducted a mercury control 
demonstration using sorbent injection into the electrostatic precipitator (ESP) at AmerenUE’s 
140-MW Meramec Station Unit 2.  This report presents results from the demonstration 
including the effect on mercury emissions when 1) injecting alternative sorbents specifically 
designed to operate in a halogen-deficient flue gas, and 2) injecting chemical additives onto 
the coal. 
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EXECUTIVE SUMMARY 

Power plants that burn PRB coals and have only cold-side ESPs for air pollution 
control represent a challenging configuration for controlling mercury emissions.  Full-scale 
field tests have confirmed that the average native mercury removal at these units is low, 
typically less than 25%.  In addition, the effectiveness of injecting standard, non-chemically 
treated, activated carbon is greatly diminished by the low halogen concentrations in the flue 
gas. 

The test program at AmerenUE’s Meramec Unit 2 was designed to provide a full-
scale evaluation of different technologies that can overcome the limited mercury removal 
achievable at such sites.  Each technology was based on supplementing certain halogens that 
are not available in sufficient quantities in these coals. 

The program was very successful in that two different technologies were found that 
have the potential to achieve high levels (greater than 80%) of mercury removal in this 
difficult configuration.  These technologies are: 

Coal Additives 

• >80% total mercury removal (coal to outlet) achieved at Meramec without carbon 
injection 

o Coal additive testing was conducted over a relatively short period, during 
which combustion conditions in the boiler may have contributed to the 
increased mercury removal.  The tubular air preheater and the relatively long 
duct between the air preheater and the ESP may be other factors that 
contributed to increased mercury removal.  These conditions may not be 
replicated at other boilers burning PRB coals.  For example, results from tests 
conducted at Laramie River Station Unit 3 in this DOE program indicated that 
the mercury removal was limited to less than 20% with coal additives.  
Laramie River is a PRB site configured with a spray dryer absorber followed 
by an ESP.  Additional longer-term tests need to be conducted to fully 
understand the limits of the coal additive technology. 

Treated Activated Carbon Injection (DARCO® Hg-LH) 

• High removal (>90%) achieved at Meramec during the long-term test periods 

o During 30 days of continuous injection of the DARCO® Hg-LH sorbent, the 
average inlet and outlet mercury concentrations were 8.5 and 0.6 µg/Nm3 
(5.98 and 0.44 lb/TBtu), respectively.  This yields an average vapor-phase 
mercury capture of 93% at an average sorbent injection concentration of 
3.3 lb/MMacf.  Ontario Hydro measurements also confirmed that mercury 
removal efficiencies were greater than 90% during continuous sorbent 
injection. 
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• No adverse balance-of-plant impacts were noted 

o To help determine the balance-of-plant impacts associated with sorbent 
injection, sorbent was continuously injected into the Unit 2 ESP for 35 days.  
During this test, there were no measurable increases in stack opacity, nitrogen 
oxides (NOx) or sulfur dioxide (SO2) emissions.  Sorbent injection did not 
appear to be detrimental to ESP electrical parameters.  Fly ash samples were 
collected during the 35-day test and subjected to two different leaching 
protocols.  Results from these tests indicated mercury was below detection 
limit in all the leachate solutions.  During a 30-day leach test, 55% of the 
bromine measured in the ash sample containing activated carbon leached as 
compared to 80% from the control sample. 

The goals for the program established by DOE/NETL were to reduce the uncontrolled 
mercury emissions by 50 to 70% at a cost 25 to 50% lower than the target established by DOE 
of $60,000/lb mercury removed.  The results from Meramec indicated that using DARCO® 
Hg-LH would result in higher mercury removal (90%) at a sorbent cost 90% lower than the 
benchmark.  In addition, the estimated costs for control at Meramec are 0.74 mills/kWh 
compared to 1.2 mills/kWh for the maximum achievable removal at We Energies Pleasant 
Prairie Power Plant (67% mercury removal) during DOE Phase I testing.  Both units fire PRB 
coals and have ESPs installed for particulate control.  The critical difference in the sorbent 
costs is the improved effectiveness of DARCO® Hg-LH over DARCO® Hg.  These results 
demonstrate that the goals established by DOE/NETL were exceeded during this test program. 

The increase in mercury removal over baseline conditions is defined for this program 
as a comparison in the outlet emissions measured using the Ontario Hydro method during the 
baseline and long-term test periods.  The average inlet concentration was 26% higher during 
long-term testing compared to baseline testing.  The change in outlet emissions from baseline 
to long-term testing was 89%. 
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DESCRIPTION OF OVERALL PROGRAM 

This test program is part of a five-site program to obtain the necessary information to 
assess the feasibility and costs of controlling mercury from coal-fired utility plants.  Sorbent 
injection for mercury control was successfully evaluated in DOE/NETL’s Phase I tests at 
scales up to 150 MW, on plants burning subbituminous and bituminous coals, and with ESPs 
and fabric filters.  During the Phase I project, several issues were identified that needed to be 
addressed, such as evaluating performance on other plant configurations, optimizing sorbent 
usage (costs), and gathering longer-term operating data to address concerns about the impact 
of activated carbon on plant equipment and operations. 

The overall objective of this program is to evaluate the capabilities of activated 
carbon injection at five plants with configurations that, taken together, represent 78% of the 
existing coal-fired generation plants.  A short description of the five host sites is given in 
Table 1.  Table 2 shows the program test schedule. 

The technical approach followed during this program allowed the team to 1) 
effectively evaluate activated carbon and other viable sorbents on a variety of coals and plant 
configurations, and 2) perform long-term testing at the optimum condition for at least one 
month.  These technical objectives are accomplished by following the series of tasks, as 
listed below.  These tasks will be repeated for each test site. 

1. Host site kickoff meeting, test plan, and sorbent selection 
2. Design and installation of site-specific equipment 
3. Field tests  
4. Data analysis 
5. Sample evaluation 
6. Economic analysis 
7. Reporting and technology transfer 

 
A detailed description of each task is given in the Test Plan for Meramec included in 

Appendix A. 
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Table 1.  Host Site Key Descriptive Information. 
 Holcomb Meramec Laramie 

River 
Monroe Conesville 

Test Period 3/04–8/04 8/04–11/04 2/05–3/05 3/05–6/05 
 

2/06–5/06 

Unit 1 2 3 4 5 or 6 
Size (MW) 360 140 550 785 400 
Coal PRB PRB PRB PRB/Bit 

blend 
Bituminous 

Particulate Control Joy Western 
Fabric Filter 

American Air 
Filter ESP 

ESP ESP Research-
Cottrell ESP 

SCA (ft2/kacfm) NA 320 599 258 301 
Sulfur Control Spray Dryer 

Niro Joy 
Western 

Compliance 
Coal  

Spray 
Dryer 

 Coal 
Blending 

Wet Lime 
DARCO® Hg 

Ash Reuse Disposal Sold for 
concrete 

Disposal Disposal DARCO® Hg 
Sludge 
Stabilization 

Test Portion (MWe) 180 and 360 70 140 196 400 
Typical Inlet Mercury 
(µg/Nm3) 

10–12 10–12 10–12 8–10 15.8 

Typical Mercury 
Removal  

0–13% 15–30%  <20% Not 
Available 

50% 

 

Table 2.  Field-Testing Schedule. 

2004 2005 
Site 

May Jul Sep Nov Jan Mar May Jul Sep Nov 

Holcomb           

Meramec           

Laramie 
River 

          

Monroe           

Conesville 
Spring ‘06 
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There are more than 100 individual team members from 33 organizations 
participating in this five-site program.  Co-funding for testing at Sunflower’s Holcomb 
Station was provided by a subset of the participants.  The organizations providing co-funding 
for tests at Meramec include: 

ADA-ES, Inc. 
Arch Coal 
ALSTOM 
Arch Coal 
AmerenUE 
American Electric Power 
Babcock & Wilcox 
DTE Energy 
Dynegy Generation 
EPCOR 
EPRI 
MidAmerican 
NORIT Americas 
Ontario Power Generation 
Southern Company 
TVA 

Key members of the test team include: 
Meramec Station 
 Rich Phillips 
 Tom Hart 
ADA-ES, Inc. 
 Project Manager:  Sharon Sjostrom 
 Site Manager:  Travis Starns 
 Project Engineer:  Cody Wilson 
 SCEM Lead:  Jerry Amrhein 
EPRI 
 Project Manager:  Ramsay Chang 
Reaction Engineering International 
 Coal and Byproduct Analysis Interpretation: Connie Senior 
Others 
 Analytical laboratories  
 (SGS, Microbeam, Hawk Mountain Lab, Frontier Geosciences) 
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MERAMEC PROJECT OBJECTIVES AND TECHNICAL 
APPROACH 

The primary objective for testing at AmerenUE’s Meramec Station was to determine 
the cost and effects of sorbent injection for control of mercury in stack emissions.  Meramec 
Station is located in St. Louis County, Missouri.  During the project, the effects of coal 
additives and sorbent injection into an ESP were evaluated and the mercury removal 
performance was documented.  Sorbent injection tests were conducted on one-half of the 
140-MW flue gas stream.  The general technical approach for the field-testing was to follow 
a series of tasks, as listed below. 

1. Sorbent selection and screening 
2. Sample and data collection coordination 
3. Baseline tests 
4. Parametric tests 
5. Long-term tests 

 

Importance of Testing at Meramec 
Meramec Unit 2 was chosen for this evaluation because it fires subbituminous 

Powder River Basin (PRB) coals and is configured with a cold-side ESP (CESP).  This 
configuration is becoming more common in the industry as many U.S. utilities are fuel-
switching to lower-sulfur western coals.  Previous tests at plants with this configuration 
(PRB/CESP) using sorbents available at the time indicated that the mercury removal was 
limited to about 70%.   

A full-scale demonstration of carbon injection for mercury control was conducted by 
ADA-ES at We Energies Pleasant Prairie Power Plant, another PRB/CESP unit, during the 
DOE Phase I tests.  At a sorbent injection concentration of 10 lb/MMacf, mercury capture 
across the ESP was 60–65% and showed little increase even up to an injection concentration 
of 30 lb/MMacf.  Reducing the injection concentration to 5 lb/MMacf decreased the mercury 
removal to 50–55%.1  At 1 lb/MMacf, an average mercury control efficiency of 46% was 
achieved over a five-day period.  These data are presented in Figure 1.  However, since the 
completion of tests at Pleasant Prairie, improved sorbents have been developed, some of 
which were tested at Meramec during this Phase II program. 
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Figure 1.  Data from Previous Full-Scale Evaluation at We Energies Pleasant Prairie 
Power Plant. 

 

Understanding the impacts to ESP performance and other balance-of-plant issues 
resulting from carbon injection is the single most important step in gaining industry 
acceptance for this technology.  Full-scale data documenting impacts to ESP performance 
from sorbent injection are limited.  Previous mercury control demonstrations, such as the 
Phase I DOE tests at Pleasant Prairie, Brayton Point, and Salem Harbor were limited to a 
continuous injection test period of 15 days or less.  The project at Meramec was designed to 
evaluate sorbent injection over a 30-day period to help identify balance-of-plant impacts that 
may not develop during a shorter test. 

There are two issues related to the impact of activated carbon injection on a 
moderate-sized ESP.  The first is the impact on the bulk properties of the ash collected on the 
plates.  A change in the overall resistivity of the material could result in a change in the ESP 
performance.  At all three Phase I test sites with ESPs, there were no changes observed in the 
fundamental operation of the ESPs.  As an example, Figure 2 shows a plot of the ESP power 
before and during the injection of activated carbon at Dynegy’s Brayton Point Station.  Even 
at injection rates up to 20 lb/MMacf, there was no observable change in ESP operation.  
Similar results were also experienced at Pleasant Prairie and Salem Harbor.  These data are 
available through DOE in the Final Report for the Phase I program.2 

The second issue is whether the activated carbon can be effectively captured in the 
ESP.  Plant operating data indicated that there were no increases in opacity during any of the 
test programs.  Typically, the activated carbon represented an increase to the inlet particulate 
loading of 1–2%.  In addition, the activated carbon had a mass median diameter of 17 
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micrometers, which is not difficult to capture for the medium to large ESPs tested (SCA 
>300 ft2/kacfm).  Therefore, no increase in opacity was expected during these tests.   
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Figure 2.  ESP Power during Injection of Activated Carbon at Brayton Point. 

Meramec Site Description 
Meramec Station is located in St. Louis County, Missouri.  The test unit (Unit 2) is a 

load-following, sub-critical 140-MW (gross) pulverized coal, tangentially fired, electric 
generating unit that burns 100% PRB coals.  The unit is equipped with an ESP for particulate 
removal.  The specific collection area (SCA) of the ESP is approximately 320 ft2/kacfm.  
During the Spring 2004 outage, Units 1 and 2 were retrofitted with low-NOx burners and 
separated overfire air for NOx control. 

The ESP on Unit 2, designed by American Air Filter Company, Inc., is comprised of 
two gas paths, each with five electrical fields and three mechanical fields (i.e., rows of 
hoppers).  For the test program, sorbent was introduced upstream of the east ESP, thus 
treating only one-half of the 140-MW flue gas stream.  A sketch of the east ESP flue gas path 
on Unit 2 is shown in Figure 3 and a photograph is shown in Figure 4.  Key operating 
parameters for Meramec Unit 2 are listed in Table 3.   

Tests were conducted to determine the mercury removal efficiency when injecting 
sorbent upstream of the ESP.  Vapor-phase mercury was monitored at the inlet and outlet of 
the ESP with semi-continuous emissions monitors (SCEMs) throughout testing.  In-situ fly 
ash samples were collected using a cyclone at the inlet of the ESP, and these samples were 
analyzed for mercury to determine the particulate-phase mercury. 
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Figure 3.  Sketch of East Half of Meramec Unit 2 Testing Layout. 
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Figure 4.  Photo of East ESP Inlet Duct – Unit 2. 
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Table 3.  Meramec Key Operating Parameters. 

Unit 2 
Size (MW) 140 
Test Portion (MWe) 70 
Coal PRB 
 Heating Value (lb/MMBTU, as received) 8,738 
 Sulfur (% by weight) 0.25 
 Chlorine (%) <0.01 
 Mercury (µg/g) 0.052 

Particulate Control ESP (American Air Filter) 
SCA = ~320 ft2/kacfm 

Sulfur Control Compliance Coal 
Ash Reuse Sold for Cement or Landfill 

 

Equipment Descriptions 

Carbon Injection and Delivery System 
The carbon injection system, shown installed at Meramec in Figure 5, consists of a 

bulk-storage silo and twin blower/feeder trains.  Powdered activated carbon (PAC) is 
delivered by bulk pneumatic truck and loaded into the silo, which is equipped with a bin vent 
bag filter.  From the discharge section of the silo, the sorbent is metered by variable speed 
screw feeders into eductors that provide the motive force to carry the sorbent to the injection 
point.  Regenerative blowers provide the conveying air.  A programmable logic controller 
(PLC) system is used to control system operation and adjust injection rates.  The unit is 
approximately 50 feet high and 10 feet in diameter with an empty weight of 10 tons.  The silo 
can hold 20 tons of sorbent. 

During testing at Meramec, flexible hose was used to transport the sorbent from the 
feeder to the distribution manifold located on the flue gas duct at the ESP inlet.  The 
distribution manifold supplied sorbent to six injection lances installed in three 4-inch 
injection ports. 

Computational Fluid Dynamics Modeling of ACI 
Several Computational Fluid Dynamic (CFD) models were developed by Fluent, Inc., 

that were specific to Meramec Unit 2 to help determine the mixing rate and trajectory of 
sorbent injected into the flue gas stream via the sorbent injection lances.  For the model 
study, the injection scheme that was simulated involved three injection ports with two lances 
per port placed at one-third and two-thirds of the total depth of the duct.  Sorbent discharged 
at the end of each lance.  The model predicted that the sorbent particles would remain 
streamlined in the flue gas stream and that dispersion was limited until approximately 20 feet 
after the turning vanes located in the transition section from horizontal to vertical duct.  A 
report discussing model results is included in Appendix B. 

Meramec Topical Report 11 
41986R09 



 
Figure 5.  Carbon Injection Storage Silo and Feeder Trains Installed at Meramec. 

Mercury Analyzers 
Two mercury monitors were used during this testing program to provide real-time 

feedback during baseline and sorbent injection testing.  The system is shown in Figure 6.  
The mercury analyzer 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.  The inertial separation probe shown in the figure separates 
the particulate matter from the sample with minimal sampling artifacts from fly ash or 
sorbent. 
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Figure 6.  Sketch of Mercury Measurement System. 

 
The analyzers are capable of measuring both total vapor-phase mercury and elemental 

vapor-phase mercury.  The analyzer determines total vapor-phase mercury concentrations by 
reducing all of the oxidized mercury to the elemental form near the extraction location.  To 
measure elemental mercury, the oxidized mercury is removed while allowing elemental 
mercury to pass through without being altered. 

In-Situ Fly Ash Sampling Device 
The in-situ fly ash sampling device consists of a cyclone separator, venturi flow 

meter, and an eductor.  The PM2.5 cyclone was designed to measure particulate emissions 
under Method 201A.  Although the cyclone is designed to collect particulate 2.5 microns in 
diameter and greater, operating the cyclone at higher than design flow rates alters the 
collection efficiency to smaller diameters.  A photo of the cyclone sampler is shown in 
Figure 7. 
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Figure 7.  In-Situ Fly Ash Sampling Device. 

Sorbent Screening Apparatus 
Several groups have conducted mercury sorbent screening tests over the past few 

years, but sorbent performance was reported as the maximum mercury that can be collected 
by the sorbent, or the capacity of the sorbent.3  Although these data provide valuable 
information to compare the relative performances of several sorbents, they do not provide a 
direct indication of the injection concentration required to achieve a given level of mercury 
removal.  To overcome these shortcomings, ADA-ES developed a sorbent screening device 
(SSD) that allows simultaneous comparison of several sorbents, provides an indication of the 
maximum mercury removal achievable with a sorbent, and provides an estimate of the 
amount of sorbent required to achieve various mercury removal levels in a full-scale 
application. 

The SSD is shown in Figures 8 and 9.  It consists of a heated enclosure that houses 
three sample filters, and was designed to simulate the mercury removal of a full-scale fabric 
filter, or predict mercury removal in a full-scale ESP, depending upon the SSD test 
configuration and operating conditions.  Tests can be conducted on-site with extracted flue 
gas or with simulated flue gas in the laboratory.  Sorbent loading can be varied to provide 
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data over a range of injection concentrations, nominally 1 to 10 lb/MMacf.  A typical test 
lasts two hours or can be terminated when the outlet mercury concentration equals the inlet 
mercury concentration (100% breakthrough). 

The important parameters that are measured and controlled are the SSD temperature, 
the gas flow rate through each of the filters, and the weight of the sorbent sample applied to 
the filter media.  The inlet and outlet elemental mercury concentrations in the flue gas are 
carefully monitored during testing.  The SCEMs are calibrated at the beginning and end of 
each run for quality assurance. 

At Meramec, flue gas was extracted from upstream of the Unit 1 ESP.  An inertial 
separation probe was used to remove particulate from the sample gas.  The gas was then 
transported through a heated line to the SSD.  Test samples consisted of a mixture of sorbent 
and Meramec ESP ash, and were evenly deposited onto glass filter paper in appropriate 
concentrations.  Treated gas exited the heated box through chemical impingers to convert all 
mercury to elemental mercury, and a chiller to remove moisture.  The total vapor-phase 
mercury concentration was measured at the inlet and outlets of the samples using CVAAS 
Hg SCEMs. 

 
Figure 8.  Sorbent Screening Device—Sample Filters. 
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Figure 9.  Sorbent Screening Device—Heated Box and Impingers. 

The SSD, as configured for tests at Meramec, was designed to estimate the sorbent 
injection concentrations required for various levels of mercury removal.  This type of 
information cannot be calculated directly from the usual information provided by vendors or 
from laboratory tests using a fixed bed of sorbent.  Fixed-bed testing can provide both 
capacity and reactivity (slope of the breakthrough curve) data, which can be incorporated into 
a model for predictions.  However, the applicability of the data is limited because, in full-
scale demonstrations, sorbents are typically removed from the gas stream before the 
equilibrium capacity has been reached. 

Description of Field Testing Subtasks 
The field tests were accomplished through a series of five subtasks:  1) sorbent 

selection and screening, 2) sample and data coordination, 3) baseline testing, 4) parametric 
testing, and 5) long-term testing.  The subtasks are independent from each other in that they 
each have specific goals and tests.  However, they are also interdependent, as the results from 
each subtask influenced the test parameters of subsequent subtasks.  A summary of each 
subtask is presented. 

Sorbent Selection and Screening 
A key component of the planning process for this program is identifying potential 

sorbents for testing.  At the onset of the testing period at Meramec, the test team determined 
that no sorbents were available in quantities large enough for full-scale testing that were 
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substantially different from materials tested at other PRB sites.  Therefore, the sorbent 
selection process for full-scale parametric testing did not include sorbent screening.  
However, a series of screening tests was conducted to advance sorbent technology.  ADA-ES 
invited sorbent developers and manufacturers to provide material designed for effective 
mercury removal in PRB flue gas, regardless of the availability of the material in large 
quantities.  Ten sorbents from seven manufacturers including NORIT Americas, Cal-Pacific 
Carbon, Northeastern Technologies, Calgon Carbon, Zinkan Enterprises, Nonoscale 
Materials, and CDEM were evaluated at Meramec.  Materials included bromine-treated 
activated carbon from lignite coal; activated carbon from bituminous coal, coconut shells, 
and wood; carbon nonotubes; and non-carbon mineral- and zeolite-based sorbents.  

Sample and Data Coordination 
Collecting, analyzing, and archiving samples and plant operating data are key aspects 

of any field test program.  A copy of the Sample and Data Management Plan for the test 
program at Meramec is included in Appendix C.  An example of samples and data collected 
during testing is presented in Table 4. 

Table 4.  Data Collected during Field Testing. 

Parameter Sample/Signal/Test Baseline Parametric/
Long-Term 

Coal Batch sample Yes Yes 
Coal Plant signals:  burn rate (lb/hr) 

quality (lb/MMBTU, % ash) 
Yes Yes 

Fly ash Batch sample Yes Yes 
Unit operation Plant signals:  boiler load, etc. Yes Yes 
Temperature Plant signal at AH inlet and ESP 

inlet/outlet 
Yes Yes 

Temperature Full traverse at ESP inlet/outlet Yes No 

Duct gas velocity Full traverse at ESP inlet/outlet Yes No 
Mercury (total 
and speciated) 

Hg Monitors at ESP inlet/outlet Yes Yes 

Mercury (total 
and speciated) 

ASTM M6784-02 (Ontario Hydro) 
at ESP inlet/outlet 

Yes 
(1 set) 

No/Yes 
(2 sets) 

Multi-metals 
emissions 

Method 29 at ESP inlet/outlet Yes, 
outlet 

No/Yes, 
outlet 

HCl, HF, Br EPA Method 26a at ESP inlet/outlet Yes Yes 
Sorbent injection 
rate 

PLC, lbs/min No Yes 

Plant CEM data 
(NOx, O2, SO2, 
CO) 

Plant data – stack Yes Yes 

Stack opacity Plant data – stack Yes Yes 
Pollution control 
equipment  

Plant data 
(Sec mA, Sec. Voltage, Sparks, etc.) 

Yes Yes 
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Grab samples of ash were collected from the ESP hoppers each day of testing and 
analyzed for mercury.  A sketch of one ESP showing how the hoppers were numbered is 
presented in Figure 10 

Gas Flow

Test Side Control Side

2C-10 2C-9

2C-6 2C-5

2C-2 2C-1

 

2C-12 2C-11

2C-8 2C-7

2C-4 2C-3

Figure 10.  Sketch of ESP Hoppers showing Module Numbering. 

Baseline Testing (No Sorbent Injection) 
One week of baseline testing was conducted.  During this period, Meramec Unit 2 

fired 100% PRB coals, obtained from several different mines.  At full-load, the unit operated 
at sub-stoichiometric oxygen levels in the combustion zone to control NOx.  The operation of 
the combustion zone may affect the amount of unburned carbon in the ash (loss on ignition 
(LOI)).  The unit was maintained at standard full-load conditions, 140 MW, between the 
hours of 08:00 and 19:00.  At night, the load was reduced to as low as 40 MW.  Independent 
gas testing, including ASTM Method 6784-02 (Ontario Hydro) mercury measurements, M29 
multi-metal measurements, and M26A, HCl, and HF measurements, were conducted in 
conjunction with the continuous measurements from mercury monitors during this subtask. 

Parametric Testing 
Following baseline testing, two weeks of parametric testing were conducted.  Tests 

included two activated carbon sorbents and one coal additive.  A second coal additive was 
evaluated by ADA-ES for AmerenUE and these data are included for comparison.  The 
parametric tests are listed in the test matrix in Table 5.   
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Table 5.  Field Testing Sequence Completed at Meramec Unit 2. 

Test 
Description 

Start 
Date 

Parameters/Comments Boiler Load 

Baseline 
 

08/23/04 Day 1 - Test crew set-up no restrictions on boiler 
load 
Day 2 - ASTM M6784-02, M26a 
Day 3 - ASTM M6784-02, M26a 
Day 4 - ASTM M6784-02, M26a 
Day 5 - No restrictions on boiler load 

Full Load 24 
hours per day 
Days 2–4 

Parametric 
Week 1 
Benchmark 
Testing 
 

08/30/04 Day 1 - DARCO® Hg, 5 lb/MMacf 
Day 2 - DARCO® Hg, 1 & 10 lb/MMacf 
Day 3 - DARCO® Hg, 0.5 & 5 lb/MMacf 
Day 4 - DARCO® Hg, 1 lb/MMacf 
Day 5 - DARCO® Hg, 5 & 15 lb/MMacf 

Full Load 
6 AM–6 PM 

Parametric 
Week 2 
Enhanced 
Sorbent Testing 

09/13/04 Day 1 - Contingency 
Day 2 - DARCO® Hg-LH, 1 lb/MMacf  
Day 3 - DARCO® Hg-LH, 0.5 lb/MMacf  
Day 4 - DARCO® Hg-LH, 3 lb/MMacf 
Day 5 - Contingency 

Full Load 
6 AM–6 PM 

Parametric 
Week 3 KNX 
Coal Additive 
Testing 

09/20/04 Day 1-3 – KNX 
Day 4 - KNX + DARCO® FGD, 1, 3, & 5 
lb/MMacf 
Day 5 - Contingency 

Full Load 
6 AM–6 PM 

AmerenUE 
Testing:  SEA2 
Coal Additive 
Testing 

09/27/04 Day 1 - Baseline 
Day 2 - SEA2, rate 1 
Day 3 - SEA2, rate 2 
Day 4 - SEA2 + DARCO® Hg, 3 lb/MMacf 
Day 5 - SEA2 + DARCO® Hg, 1 lb/MMacf 

Full Load 
6 AM–6 PM 

Long-Term 
Tests  

10/15/04 Operate at consistent injection rate 24 hours a 
day, 4 weeks, while load following.  Conduct 
ASTM M6784-02 during week 1 and week 4, 
ASTM M6784-02 and M26A tests during week 
4.  Sorbent and rate TBD. 

Full Load 
only during 
Ontario 
Hydro  

 

Parametric Week 1:  DARCO® Hg.  This sorbent, manufactured by NORIT Americas 
Inc, has been tested in various lab-, pilot-, and full-scale mercury control demonstrations and 
is considered the benchmark for performance comparisons.  Properties of DARCO® Hg are 
included in Table 6.  Tests were conducted during the day while the unit operated at full load. 

Parametric Week 2:  DARCO® Hg-LH.  A bromine-treated lignite activated carbon 
product, DARCO® Hg-LH, was evaluated at several injection rates.  Properties of DARCO® 
Hg-LH are included in Table 6.  DARCO® Hg-LH was chosen for testing at Meramec 
because of its potential to achieve mercury removal levels higher than possible with non-
chemically treated carbons.  During the test with DARCO® Hg-LH, it is important to note 
that one of the four coal mills, Mill B, was out of service.  Meramec Unit 2 is tangentially 
fired and Mill B feeds the second from the bottom of the four burner levels.  On a 
tangentially-fired unit, all mills are very important to proper staging.   
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Table 6.  Material Properties for the DARCO® Hg Sorbent. 

Typical Properties* DARCO® Hg DARCO® Hg-LH 
Iodine Number, mg/g 550 500 
Total Sulfur, % 1.2 1.2 
Bulk density, tamped, lb/ft3 32 37 
Surface Area, m2/g 600 550 
Ignition Temperature, ºC ≥400 ≥400 
* Data supplied by NORIT Americas Inc. 

Parametric Week 3:  Coal additive.  During the final week of parametric testing, a 
halogen-based coal additive was evaluated for its effect on mercury removal both by native 
fly ash and when injecting untreated activated carbon.  The coal additive, KNX, was 
developed by ALSTOM Power.  It was applied to the coal prior to entering the boiler.  The 
same material was tested at Sunflower Electric’s Holcomb Station and demonstrated the 
ability to alter the mercury speciation at the air preheater (APH) exit.  The KNX coal 
additive, combined with DARCO® Hg injection, demonstrated mercury removal efficiencies 
greater than 80% at the Holcomb Station.   

Before the start of the KNX coal additive test, Mill B had been returned to service; 
however, the changes made to Mills A, C, and D to compensate for the loss of Mill B had not 
been reset for four-mill operation.  This resulted in increased LOI carbon entering the ESP. 

While the necessary equipment was on-site, AmerenUE sponsored the evaluation of a 
second coal additive, SEA2.  The Energy & Environmental Research Center (EERC) 
developed this product.  Pilot-scale testing has shown this non-carbon-based material has 
potential for reducing mercury emissions without affecting the resale value of the fly ash.  
This material was added upstream of the coal pulverizers.   

Long-Term Testing 
Long-term testing was conducted at the “optimum” settings as determined by the 

parametric tests and approved by the DOE and AmerenUE/Meramec.  It was the intent of 
DOE that these settings represent the most cost-effective conditions for mercury removal.  
The long-term test period was divided into two phases.  For the first phase, the goal was to 
determine if the sorbent injection concentration could be minimized to maintain ash sales 
while achieving 60–70% mercury removal.  This test was conducted for 5 days.  During the 
second phase, the mercury removal target was 85 to 95%.  This phase was conducted for 30 
days.  The goals of the second phase were to obtain long-term (30-day) data on removal 
efficiency, determine the effects on the particulate control device, determine the effects on 
byproducts, evaluate impacts to the balance-of-plant equipment to prove viability of the 
process, and to determine the process economics.  During this test, ASTM M6784-02, M29, 
and M26A measurements were conducted at the inlet and outlet of the ESP. 

The long-term test of continuous sorbent injection is considered the single most 
important step in gaining acceptance from the utility industry as to the practical 
implementation of mercury removal technologies on coal-fired power plants. 
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RESULTS FROM MERAMEC TESTING 

Results from each test series are included in this section. 

Baseline Testing Results 
Pre-baseline mercury measurements were made at the ESP inlet and outlet on 

June 22, 2004, using the Sorbent Trap Method (STM) that is based, in part, on the method 
described in 40 CFR Part 75 Appendix K (previously EPA draft Method 324).  A description 
of the method is included in Appendix D.  Results showed the average mercury 
concentrations at the ESP inlet and outlet were 6.0 lb/TBtu and 4.8 lb/TBtu respectively, 
yielding a native vapor-phase mercury removal efficiency of about 20%.  At the beginning of 
baseline testing, August 24–26, 2004, the full-load mercury concentration at the ESP inlet 
and outlet was relatively steady.  The native, daily average vapor-phase mercury removal 
across the ESP ranged from 15 to 18%.  Both the June and August data agree well with 
results from other sites firing PRB coals with cold-side ESPs.  The average mercury 
concentrations from the pre-baseline and baseline test periods are shown in Figure 11. 
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Figure 11.  Pre-Baseline and Baseline Test Results at Meramec Unit 2. 
 

Mercury, SO2, and temperature data from the baseline period are presented in 
Table 7.  The coals burned during this test period were obtained from more than one mine, as 
indicated by the change in the average SO2 concentration measured at the stack.  However, 
the source of PRB coals did not appear to influence the native mercury removal of the ash. 
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Table 7.  Baseline Vapor-Phase Mercury Concentrations at Unit 2 ESP Inlet and Outlet 
and other Plant Data. 

Date Inlet 
Hg 

Total 
(µg/Nm3) 

Inlet Hg
Elem. 

(µg/Nm3) 

Outlet 
Hg 

Total 
(µg/Nm3) 

Outlet 
Hg Elem.
(µg/Nm3) 

Vapor-
Phase Hg 
Removal 

(%) 

SO2 
(lb/MM
BTU) 

 

Stack 
Temp 

(F) 
 

8/24/04 
08:00–21:00 10.8 8.8 8.9 6.3 18 1.04 312 

8/25/04 
08:00–21:00 12.2 9.9 10.0 7.1 18 1.61 320 

8/26/04 
08:00–23:59 10.7 8.4 9.1 6.3 15 1.22 326 

 

The mercury concentration in the fly ash collected in the first field ESP hoppers 
during baseline testing ranged from 0.374 to 0.624 ppm.  This is equivalent to a particulate-
phase mercury concentration of 2.88 to 4.8 µg/Nm3 at an ash loading of 3.13 gr/dscf (based 
on combustion calculations).  Comparing these values to the calculated mercury 
concentration based on the coal fired during this period suggest that the average fraction of 
mercury being collected on the fly ash was approximately 37%, as compared to 18% as 
measured with the SCEMs.  This suggests that there was some particulate mercury present at 
the ESP inlet sample point and that in the duct between the ESP inlet and outlet sample 
points, a portion of the vapor-phase mercury (18%) was converted to particulate mercury.  
These data are presented in Table 8 below.   

Table 8.  Results from Samples Collected during Baseline Testing. 

Date Est Hg 
from Coal 
(µg/Nm3) 

Inlet 
SCEM 

(µg/Nm3) 

Est Outlet 
Vapor (Coal 

- Fly Ash) 
(µg/Nm3) 

Outlet 
SCEM 

(µg/Nm3) 

Hg 
Removal 
(Coal and 
Ash) (%) 

Hg 
Removal
(SCEM) 

(%) 

8/24/04 14.27* 10.8 6.6 8.9 54 18 

8/25/04 9.97* 12.2 6.5 10.0 35 18 

8/26/04 8.48* 10.7 4.3 9.1 49 15 

* Some variability in coal mercury concentrations within sample noted.  Discussion included 
in section on Characterization of Process Solids. 

Ontario Hydro and EPA Method 29 measurements were conducted during the 
baseline test.  However, anomalies in the results indicated a problem with the sampling or 
analysis procedures.  Therefore, the samples were submitted to URS Group for secondary 
analysis in an attempt to recover the data.  URS indicated that their measurements were 
higher than the original analyses, but because of the handling procedures, mercury had likely 
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been lost between the time the solutions were analyzed by the original lab and URS.  
Therefore, although the URS data showed that the original results were biased low, the URS 
data could not be used to determine the actual flue gas mercury concentrations.  The original 
test report and a memo from URS are included in Appendix E. 

Sorbent Screening Results 
A series of sorbent screening tests was conducted to evaluate the mercury removal 

performance of various sorbents at operating conditions designed to predict sorbent 
performance when injected into a full-scale ESP.  This evaluation utilized the sorbent 
screening device described earlier in this report.  Tests were completed from October 4–8, 
2004.  These tests were not conducted for the purpose of choosing sorbents for parametric 
testing at Meramec, but to evaluate potential sorbents for future applications on units firing 
PRB coal and configured with ESPs.   

The DARCO® Hg and DARCO® Hg-LH sorbents were used as the benchmark 
sorbents for the sorbent screening test since they were tested at full-scale at Meramec prior to 
the screening tests.  The best performance was obtained with the DARCO® Hg-LH closely 
followed by Sorbent A.  Sorbent B also showed significant mercury capture at 76%.  The 
best non-carbon sorbent was Sorbent C, which captured 47% of the mercury at a loading of 
6 lb/MMacf.  These results are included in the test summary in Table 9. 

Table 9.  Sorbent Screening Test Results at Meramec. 

Sorbent Equiv. Loading 
(lb/MMacf) 

15-minute average 
Hg Removal % 

DARCO® Hg 1 67 
DARCO® Hg-LH 1 90 
A 1 89 
B 1 76 
C* 6 47 
D 1 31 
E* 6 19 
F* 6 9 

* Non-carbon-based materials. 

Parametric Test Results 
There were inconsistencies in unit operation throughout the test program.  One of the 

four coal mills, Mill B, was out of service during the second week of parametric testing.  
Because of this, Unit 2 was operated at a reduced load of about 115 MW, and higher 
variations were observed in the vapor-phase mercury concentration at the ESP inlet than 
during previous tests.  These variations were likely caused by rapid changes in unburned 
carbon as measured by the LOI test method.  Changes in the quantity and form of LOI carbon 
can result in different fractions of particulate and vapor-phase mercury in the flue gas.  
During coal blending tests, Mill B was returned to service, but the classifiers on the other 
three mills were not readjusted for optimal, four-mill operation. 
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The tubular air preheater design and long duct run between the air preheater and ESP 
at Meramec may have enhanced the effects of both the LOI carbon and the coal additive 
performance.  Modeling studies of the tubular air preheater and long duct at Meramec, 
conducted by Reaction Engineering International, indicate this configuration was predicted to 
contribute to mercury oxidation in the flue gas.  Oxidized mercury is predicted to be more 
reactive with LOI carbon than elemental mercury.  The report from Reaction Engineering is 
included in Appendix F. 

Sorbent Injection 

DARCO® Hg Evaluations 
During the first week of parametric testing, the performance of the benchmark 

sorbent, DARCO® Hg, was evaluated at various injection rates.  All tests were conducted at 
standard, full-load conditions.  The injection duration ranged from three to seven hours 
except for a high-injection-rate test on September 3 that was conducted for only one hour.  
The baseline (no sorbent injection) vapor-phase mercury removal was measured at the 
beginning of each test day and ranged from 13% early in the week to a high of 53% in the 
middle of the week.  Although sorbent injection was stopped by 18:00 every day, residual 
sorbent in the ESP may have contributed to the variability in the baseline removal the 
following morning.  Changes in combustion conditions may have also contributed to changes 
in the native mercury removal. 

Table 10 presents the results with DARCO® Hg and shows that the hour-average 
mercury removal peaked at 74% at an injection concentration of 5 lb/MMacf and showed no 
further increase up to the maximum tested sorbent injection concentration of 20 lb/MMacf.  
Because of the variability in baseline removal discussed above, the mercury removal based 
on the change in the ESP outlet mercury concentration that resulted immediately upon the 
initiation of sorbent injection was also calculated.  This value peaked at 72% removal at an 
injection concentration of 5 lb/MMacf. 

The results obtained at Meramec with DARCO® Hg are similar to those achieved at 
other cold-side ESP sites burning low-rank coals (PRB and North Dakota lignite), as shown 
in Figure 12.  In all cases, the mercury removal was limited to below 80% regardless of 
carbon injection concentration.  It is speculated that the mercury removal is limited because 
there is insufficient HCl in the flue gas.  Halogen species, such as HCl, are needed by 
activated carbon for effective mercury removal, and halogen concentrations in low rank coals 
(PRB) are typically relatively low.  Activated carbon injection concentrations of 3 to 10 
lb/MMacf are sufficient to absorb the available halogens from burning most low-rank coal, 
so that subsequent increases in carbon injection rates are ineffective at producing additional 
mercury capture. 
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Table 10.  Mercury Concentrations at Unit 2 ESP Inlet and Outlet during DARCO® Hg 
Testing. 

Date/Time* 
Inlet Hg 

Total 
µg/Nm3 

Inlet Hg 
Elem. 

µg/Nm3 

Outlet 
Hg Total
µg/Nm3 

Outlet Hg 
Elem. 

µg/Nm3 

Hg 
RE 
% 

Injection 
Conc. 

lb/MMacf

Load 
 

MW 

SO2 
 

lb/MMBtu

Stack 
Temp 

°F 
8/30/04 
09:00–10:00 7.3 5.7 6.3 3.3 13 0 141 0.61 302 

8/30/04 
15:00–16:00 6.9 4.9 1.8 1.7 74 5.1 140 0.66 318 

8/31/04 
09:00–10:00 6.3 4.9 3.9 2.5 38 0 135 0.70 311 

8/31/04 
12:00–13:00 6.9 4.8 2.8 2.2 60 1.1 134 0.67 326 

8/31/04 
16:00–17:00 6.6 4.5 1.9 1.9 74 10.0 134 0.64 328 

9/1/04 
10:00–11:00 5.5 3.9 4.0 2.0 28 0 142 0.63 315 

9/1/04 
13:00–14:00 6.0 3.7 3.2 1.9 47 0.6 141 0.62 320 

9/1/04 
16:00–17:00 5.8 3.3 1.8 1.4 69 3.2 142 0.62 320 

9/2/04 
09:00–10:00 6.0 3.9 2.9 2.0 53 0 143 0.63 307 

9/2/04 
16:00–17:00 5.7 3.1 2.3 1.7 64 1.1 143 0.55 316 

9/3/04 
06:00–07:00 10.9 5.1 7.5 2.5 31 0 97 1.18 270 

9/3/04 
10:00–11:00 10.1 6.0 3.2 2.5 68 5.1 143 1.47 311 

9/3/04 
12:00–13:00 8.7 5.7 3.1 2.6 64 20.0 143 1.30 316 

* Times shown are average periods and do not represent periods of carbon injection. 
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Figure 12.  DARCO® Hg Results at Meramec and Other Low-Rank Fuel Test Sites. 

DARCO® Hg-LH Evaluations 
Because of the mercury removal limitations observed with DARCO® Hg at low-rank 

fuel sites, a series of tests was conducted with a brominated sorbent, DARCO® Hg-LH, that 
is specifically designed for use in halogen-deficient flue gas. 

During the second week of parametric testing, the performance of DARCO® Hg-LH 
was evaluated at several injection rates.  One of the four coal mills, Mill B, was out of 
service during this week.  Because of the mill outage, Unit 2 was operated at a reduced load 
of about 115 MW, and higher variations were observed in the ESP inlet mercury 
concentration than during previous tests (average hourly standard deviation was 0.9 µg/Nm3 
compared to 0.6 µg/Nm3 during earlier tests).  These variations were likely caused by rapid 
changes in LOI carbon.  Changes in LOI carbon can result in different fractions of 
particulate- and vapor-phase mercury in the flue gas. 

Table 11 presents the hourly average mercury concentrations measured just prior to 
and during DARCO® Hg-LH injection.  At an injection concentration of 0.6 lb/MMacf, the 
total mercury removal was 78%.  This increased to 97% removal at 3.2 lb/MMacf.  The 
maximum mercury removal based on the change in the ESP outlet mercury concentration due 
to DARCO® Hg-LH injection was 91% at 3.2 lb/MMacf.  These data clearly demonstrate that 
enhanced mercury removal performance can be achieved using a brominated activated 
carbon. 
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Table 11.  Mercury Concentrations at the Unit 2 ESP Inlet and Outlet during DARCO® 
Hg-LH Testing. 

Date/Time 
Inlet Hg 

Total 
µg/Nm3 

Inlet Hg 
Elem. 

µg/Nm3 

Outlet 
Hg Total
µg/Nm3 

Outlet Hg 
Elem. 

µg/Nm3 

Hg 
RE 
% 

Injection 
Conc. 

lb/MMacf

Load 
 

MW 

SO2 
 

lb/MMBtu

Stack 
Temp 

°F 
9/14/04 
10:00–11:00 6.2 5.0 4.2 2.0 32 0 115 0.59 297 

9/14/04 
15:00–16:00 6.3 4.5 1.5 0.6 75 1.4 110 0.53 303 

9/15/04 
10:00–11:00 5.8 4.0 2.6 1.2 55 0 110 0.49 301 

9/15/04 
14:00–15:00 7.8 3.8 1.5 0.8 81 0.6 115 0.49 304 

9/17/04 
10:00–11:00 9.5 3.9 3.7 1.1 61 0 115 0.44 278 

9/17/04 
15:00–16:00 10.1 4.3 0.34 0.24 97 3.2 115 0.45 296 

Sorbent Screening vs. Full-Scale Results 
Figure 13 is a comparison of the results from the sorbent screening tests and full-scale 

parametric testing at Meramec for DARCO® Hg and DARCO® Hg-LH.  The figure shows 
that the data from the SSD agree very well with full-scale results.  DARCO® Hg-LH clearly 
outperforms DARCO® Hg as predicted by the SSD tests.  These data suggest that the SSD 
and corresponding method of data analysis can be used to collect the data necessary to 
estimate the full-scale mercury removal performance of an ESP. 
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Figure 13.  Sorbent Screening vs. Full-Scale Test Results. 
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Coal Additives 
Another option for enhancing mercury removal at sites firing PRB coals is adding 

chemicals to the coal.  Two coal additives were tested for mercury control at Meramec.  The 
first coal additive tested was a halogen-based coal additive, KNX, developed by ALSTOM 
Power.  This material was evaluated during the final week of parametric testing under this 
DOE program.  The second material tested was SEA2, an additive under development at the 
EERC, which was evaluated during an additional week of testing funded by AmerenUE.   

Prior to the start of coal additive testing, Mill B was repaired and had been returned to 
service.  However, the changes made to Mills A, C, and D during the outage had not been 
reset for four-mill operation.  This may have altered the LOI concentration and form. 

Some forms of LOI carbon can be effective at mercury capture.  When large 
variations in LOI exist, large fluctuations in the fractions of vapor- and particulate-phase 
mercury may result.  The ESP inlet vapor-phase mercury concentration, as measured by the 
SCEM, was more stable than when Mill B was out of service, which suggests that large 
fluctuations in the LOI were no longer present.  However, changes to the mill operation may 
have resulted in changes to the form or concentration of the LOI present in the fly ash and, 
consequently, a change in the stable fractions of vapor- and particulate-phase mercury. 

KNX Evaluations 
KNX was introduced onto the coal through the foam dust suppression system on the 

coal belt upstream of the tripper deck and coal bunker during each period of coal loading from 
Monday, September 20 through Thursday, September 23, 2004.  Thus, all coal fired during 
this period was treated with KNX.  During the final day of KNX testing, September 23, 
DARCO® Hg was injected upstream of the ESP to determine if the KNX improved the 
mercury removal effectiveness of the sorbent.  Coal treated with KNX reached the Unit 2 
boiler at nominally 8:00 a.m. on Monday, September 20, 2004. 

Mill B was brought back into service shortly before KNX testing.  It is expected that 
combustion conditions were different after the mill was returned to service and that under 
these conditions the “baseline” removal with no coal additive or activated carbon may have 
changed.  Therefore, data from September 20 to 23 with KNX addition were compared to the 
“baseline” data from September 25 to 27 without KNX or DARCO® Hg injection.  During 
September 25 to 27, the mercury removal during full-load operation ranged from 22 to 34%. 

The results from KNX testing, summarized in Table 12, indicated that KNX:  

1) Enhanced native mercury removal 

2) Enhanced the ability of DARCO® Hg to remove mercury 

3) Increased the fraction of oxidized mercury 

These findings are discussed in this section. 
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Native Removal with KNX 
The overall mercury removal based upon the mercury concentration in the coal and 

the vapor-phase measurements of the outlet SCEM was 88%. 

Recall that the mercury SCEM only measures vapor-phase mercury.  Because KNX is 
added with the coal, there is a potential that some additional mercury may be associated with 
the ash at the inlet measurement location.  To account for the particulate fraction, the total 
mercury can be calculated using coal mercury concentrations, or measured using the in-situ 
ash collection device.  To verify the measurements, the mercury concentration in the ash can 
be measured to determine the mass balance between the mercury provided by the coal, the 
mercury removed with the ash, and the mercury exiting the ESP as measured by the SCEM.  
Coal, ash, and SCEM mercury contributions are listed below: 

• Inlet vapor-phase mercury:  1.7 to 3.4 µg/Nm3 based on average SCEM 
measurements from daytime, full-load operation September 20 through 22.  This is 
lower than during previous tests.   

• Total inlet mercury:  4.2 to 6.5 µg/Nm3 based upon mercury concentration in coal 
samples collected on September 21 and 22.   

• Outlet vapor-phase mercury:  0.7 to 1.5 µg/Nm3 based on average SCEM 
measurements from daytime, full-load operation September 20 through 22. 

• Inlet particulate-phase mercury:  The difference in the predicted total inlet mercury 
concentration and the measured inlet vapor-phase concentration suggests there was 
significant particulate-phase mercury at the inlet to the ESP during these tests.  
Unfortunately, in-situ ash samples were not available for most of the KNX test period 
to confirm the high particulate fraction of mercury. 

• Ash samples collected in the first field of the ESP were available and the particulate 
mercury concentration based upon these samples ranged from 2.6 to 7.3 µg/Nm3.  
Estimated mercury concentrations in the flue gas based on mercury in the coal and 
ash during coal additive testing are presented in Figure 14.  The estimated particulate-
phase mercury at the inlet to the ESP based upon the mercury concentration in the 
coal and the vapor-phase measurements of the inlet SCEM was 58%.   

The change in vapor-phase mercury across the ESP can be calculated by comparing 
the inlet and outlet SCEM concentrations.  With KNX only, the change in the vapor-phase 
mercury measured with the SCEMs ranged from 57 to 64%, as compared to 22 to 34% 
without KNX.  These data also suggest that KNX alone enhanced the effectiveness of the 
native fly ash at Meramec.   

The LOI carbon content of fly ash samples collected in the first field during KNX-
only testing, September 21 through 22, ranged from 0.43 to 3.81%, with an average of 1.8%.  
It is believed that the LOI content of the fly ash may have contributed to the effectiveness of 
the KNX for mercury capture.  More details on the LOI concentrations during coal additive 
testing are included in the section on Characterization of Process Solids. 
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Figure 14.  Flue Gas Mercury Concentrations Based upon Analyses of Ash and Coal 
during Coal Additive Testing. 

Enhanced Effectiveness of DARCO® Hg with KNX 
While injecting KNX on September 23, DARCO® Hg was injected at the ESP inlet at 

injection concentrations from 0.6 to 5 lb/MMacf.  Sorbent was injected at 5 lb/MMacf for 
slightly over an hour.  The average mercury removal for the hour at this injection 
concentration was 82%.  The average vapor-phase mercury removal based upon SCEM 
measurements during the final 30 minutes of testing at 5 lb/MMacf was 88%.  A summary of 
these data is included in Table 12 and hour-average mercury removal during testing on 
September 23 is presented in Figure 15. 

The total mercury content in the coal sample collected on September 23 was 0.108 
µg/g (dry basis), which yields an equivalent total mercury concentration of 12.0 µg/Nm3 in 
the flue gas.  Thus, the particulate-phase mercury fraction at the ESP inlet was estimated to 
be around 8.6 µg/g, which represented a total mercury removal of 97%.  The mercury content 
of an ash sample collected from the first field hopper contained 0.859 µg/g mercury.  This 
was equivalent to approximately 6.61 µg/Nm3 in the flue gas, or 55% removal based on the 
coal and ash.  This ash sample was collected before the injection concentration was increased 
to 3 lb/MMacf. 
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Figure 15.  Hour-Average Mercury Removal during KNX + DARCO® Hg Testing. 
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Some coal samples were submitted to more than one laboratory for inter-laboratory 
comparison testing.  Results rarely matched between the labs, as shown by the Lab A and 
Lab B data in Figure 14.  This could be due to variations in the coal or inconsistencies in the 
laboratory analyses.  These discrepancies are discussed in more detail in the section on 
Characterization of Process Solids. 

Table 12.  Vapor-Phase Mercury Concentrations at the Unit 2 ESP Inlet and Outlet 
During KNX and KNX+DARCO® Hg Testing. 

Date/Time Coal Hg 
µg/Nm3 

Inlet Hg 
Total 

µg/Nm3 

Inlet Hg
Elem. 

µg/Nm3 

Outlet Hg 
Total 

µg/Nm3 

Outlet Hg 
Elem. 

µg/Nm3 

ESP 
Hg 
RE 
% 

Total Hg 
RE 
% 

DARCO® Hg 
Injection 

Conc.  
lb/MMacf 

9/20/04 
09:00–21:00 

 
3.4 1.57 1.5 0.49 57 

 
0 

9/21/04 
10:00–20:00 4.23 1.7 0.69 0.7 0.44 60 83 0 

9/22/04 
10:00–19:00 6.5 2.8 0.48 1.0 0.44 64 85 0 

9/23/04 
09:00–10:00 

 4.3 0.53 1.8 0.50 58  0 

9/23/04 
12:00–13:00 

 4.2 0.83 1.8 0.59 56  0.6 

9/23/04 
15:00–16:00 

 3.8 0.74 1.2 0.64 67  3.0 

9/23/04 
17:30–18:00 

 3.4 0.67 0.41 0.15 88  5.0 

9/25/04 
06:00–07:00 

 4.8 0.83 3.6 1.8 22  0 

9/27/04 
10:00–14:00 

 4.3 2.3 2.8 1.8 34  0 

 
Increase Fraction of Oxidized Mercury with KNX 

During KNX testing, the fraction of oxidized mercury at the ESP inlet and outlet 
significantly increased from baseline levels.  The average fraction of oxidized mercury at the 
inlet to the ESP from September 21–23 was 82%.  During the baseline test period, 
August 24–26, the average amount of oxidized mercury measured by the mercury analyzers 
at the ESP inlet was 20%.  On September 27, following KNX testing with the adjusted mill 
operation, the average fraction of oxidized mercury at the inlet to the ESP was 47%.  The 
higher fraction of oxidized mercury at the ESP inlet following KNX testing may have been a 
result of residual KNX in the system or a change in combustion characteristics from the mill 
classifier adjustments.  Although coal was not treated with KNX from September 24–27, it is 
possible that there was still a residual effect on September 27. 

SEA2 Evaluations 
The second coal additive tested was SEA2, under development by the EERC.  SEA2 

testing was conducted from September 28 through October 1.  During the final two days of 
testing, DARCO®-Hg was injected upstream of the ESP while SEA2 was present on the coal.  
SEA2 coal additive was introduced onto the coal at the coal feeder just upstream of coal 
Mill B.  Unlike KNX testing, the SEA 2 could be tested in small batches rather than treating 
a full bunker of coal. 
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The average total vapor-phase mercury concentrations inlet and outlet of the ESP on 
September 27 prior to beginning the SEA2 tests were 4.3 µg/Nm3 and 3.1 µg/Nm3 
respectively.  This represents 27% vapor-phase mercury capture across the ESP.   

During the first day of testing, SEA2 was introduced at an injection rate of 1.9 lb/hr.  
The total vapor-phase mercury at the inlet of the ESP decreased from 4.5 µg/Nm3 to 2.7 
µg/Nm3 and the outlet total vapor-phase mercury decreased from 1.9 to 1.5 µg/Nm3.  Upon 
removal of the SEA2, the inlet and outlet mercury concentrations returned to near pre-SEA2 
levels.  On the following test day at an additive injection rate of 5.0 lb/hr, the effectiveness of 
the SEA2 was more pronounced.  The average vapor-phase mercury concentrations at the 
inlet and outlet prior to SEA2 injection were 8.0 and 3.3 ug/Nm3 respectively.  Following 
introduction, the vapor-phase mercury concentrations were 2.1 ug/Nm3 at the ESP inlet and 
1.1 ug/Nm3 (0.86 lb/TBtu) at the outlet.  A summary of the results for SEA2 testing is 
presented in Table 13. 

Table 13.  Summary of Results during SEA2 Testing. 

Date/Time 

ESP Inlet 
Vapor 
Total 

µg/Nm3 

ESP Inlet
Elemental

µg/Nm3 

ESP 
Outlet 
Vapor 
Total 

µg/Nm3 

ESP Outlet 
Elemental

µg/Nm3 

% Vapor-
Phase Hg 
Removal 

% 
Change 
in Inlet 
Vapor 

Hg 

SEA2 
Inject. 
Rate 

(lb/hr) 

DARCO® 
Hg 

Inject. 
Conc. 

(lb/MMacf)

9/27/04 
11:00–20:00 4.3 2.4 3.1 2.2 27 NA 0 0 

9/28/04 
10:00–15:00 2.7 1.05 1.7 0.90 33 39 1.9 0 

9/29/04 
08:30–12:00 4.4 1.4 2.2 1.1 29 49 1.9 0 

9/29/04 
12:00–14:00 3.9 0.9 2.0 0.7 50  2.4 0 

9/29/04  
14:00–16:00 2.2 0.8 1.3 0.4 52 73 5 0 

9/30/04 
10:00–15:00 3.2 0.6 1.2 0.2 49 70 5 2.9 

10/1/04 
9:00–12:00 2.6 0.3 1.0 NA 67 63 5 1 

The SEA2 coal additive was tested with DARCO® Hg injection at the ESP inlet on 
September 30 and October 1.  During the activated carbon injection tests, the SEA2 injection 
rate was maintained at 5 lb/hr and the sorbent injection concentrations ranged from 1.0–
2.9 lb/MMacf.  Without sorbent injection, SEA2 alone reduced outlet mercury emissions to 
nominally 1.3 µg/Nm3 (0.95 lb/TBtu).  With the co-injection of DARCO® Hg at the ESP 
inlet, average outlet mercury emissions dropped slightly to 1.0–1.2 µg/Nm3. 

Introduction of SEA2 increased the fraction of vapor-phase oxidized mercury 
measured by the analyzers.  Prior to SEA2 testing, the oxidized mercury fraction was 45% at 
the inlet of the ESP and 32% at the outlet of the ESP.  At an SEA2 injection rate of 5 lb/hr, 
the oxidized mercury fraction ranged from 62 to 90% at the ESP inlet and 72 to 83% at the 
ESP outlet.  Recall that the fraction of oxidized mercury prior to testing SEA2 was higher 
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than observed at Meramec during a previous baseline test period in August 2004 and higher 
than typically observed by ADA-ES at PRB sites.  This may be related to the higher fraction 
of LOI, which has been shown to promote oxidation of vapor-phase mercury,4,5 or residual 
KNX in the system from the previous test week. 

Another trend noted during SEA2 testing was an increase in the vapor-phase mercury 
concentration at the inlet of the ESP during low-load conditions.  When boiler load is 
reduced, less coal is being fed into the boiler.  However, to maintain a minimum airflow in 
the duct, combustion air going to the boiler is reduced but to a lesser degree than the 
reduction in coal flow.  Thus, the air-to-fuel ratio increases at lower boiler load conditions.  
Increased coal combustion completeness typically results in lower levels of LOI carbon in 
the fly ash at low load.  Lower levels of LOI carbon in the fly ash can result in increases in 
vapor-phase mercury concentrations.  Unfortunately, ash samples were not collected that 
represented high- and low-load operation to analyze for unburned carbon and mercury. 

Long-Term Test (35 days)  
After reviewing the parametric testing results, the test team (AmerenUE, ADA-ES, 

EPRI, and DOE/NETL) agreed to inject DARCO® Hg-LH, a brominated activated carbon, 
during the long-term testing period based on positive mercury removal performance and cost 
effectiveness from initial economic analyses.  Testing objectives during the long-term test 
were two-fold and testing was divided into two phases: 

Phase I:  Determine the minimum amount of sorbent needed to maintain a mercury 
removal efficiency of 60–70% (October 14–18) 

Phase II:  Achieve 85 to 95% mercury removal across the ESP, or sustain outlet 
mercury emissions at nominally 0.7 lb/TBtu (1.0 µg/Nm3) (October 18–November 17) 

Phase I Testing 
During the first phase of long-term testing, the target mercury removal efficiency was 

60–70%.  Continuous sorbent injection began on October 14 at an injection concentration of 
0.5 lb/MMacf.  The sorbent injection concentration was adjusted until the total vapor-phase 
mercury removal was in the desired range.  Results from this portion of long-term testing 
indicate a sorbent injection concentration of 1 lb/MMacf yields of 60–70% vapor-phase 
mercury capture across the ESP.  Daily averages of the mercury concentrations at the inlet 
and outlet of the ESP during the Phase I period are summarized in Table 14. 
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Table 14.  Long-Term Vapor-Phase Mercury Concentrations and ACI Injection Rates 
while Targeting 60–70% Vapor-Phase Mercury Removal Efficiency. 

Date 
Inlet Hg 
(µg/Nm3) 

Inlet Hg 
Elem. 

(µg/Nm3) 

Inlet Hg 
(lb/TBtu)

Outlet Hg 
(µg/Nm3)

Outlet Hg 
Elem. 

(µg/Nm3)

Outlet Hg 
(lb/TBtu) 

Hg 
Removal 

(%) 

ACI Rate 
(lb/MMacf)

10/14/04 
17:00–24:00 8.9 5.2 6.3 6.3 4.1 4.4 29.7 0.5 

10/15/04 
0:00–24:00 11.1 6.0 7.9 4.9 2.8 3.5 56.0 0.7 

10/16/04 
0:00–24:00 7.1 3.4 5.0 2.7 1.5 1.9 62.4 1.0 

10/17/04 
0:00–24:00 4.1 1.7 2.9 1.4 0.8 1.0 67.1 1.0 

10/18/04 
0:00–7:00 4.3 1.4 3.0 1.6 1.0 1.1 63.3 0.9 

* Mercury concentrations shown represent only the vapor-phase species in the flue gas. 

Phase II Testing 
During the second phase of long-term testing, DARCO® Hg-LH was continuously 

injected over a 30-day period to achieve an average of >90% mercury capture across the 
ESP.  The goal of this task was to prove viability of this technology and determine process 
economics by measuring the effects of continuous injection on: 

• Balance-of-plant impacts 

• ESP performance 

• Byproducts (e.g., fly ash) 

The sorbent feeder was configured to adjust feed rate based upon on a feed-forward 
signal from the plant representing the amount of coal fed into the boiler.  An algorithm was 
developed to correlate coal feed rate to duct flow so that the sorbent injection concentration 
could be maintained with variations in load. 

The sorbent injection concentration was increased from 2.5 lb/MMacf to 4.5 
lb/MMacf over the first four days of testing in order to achieve at least 90% vapor-phase 
mercury capture.  Following four days of Phase II testing, the injection concentration was 
decreased to approximately 3 lb/MMacf with no significant reduction in the mercury removal 
across the ESP.  A trend graph of the mercury removal and sorbent injection concentration 
for the Phase I and Phase II test periods is presented in Figure 16. 
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Figure 16.  Mercury Removal Trends during Long-Term Testing Series. 

 
On October 29 during the early morning hours, a module that controls the blower 

speed failed, causing the injection skid to go into an automatic shutdown procedure.  The 
mercury removal decreased sharply when sorbent feed was interrupted, as shown in Figure 
16.  The alarm condition was repaired within a few hours and sorbent injection was resumed. 

The average inlet and outlet mercury concentrations were 8.5 and 0.6 µg/Nm3 

(5.98 and 0.44 lb/TBtu) respectively for the Phase II long-term tests.  This yields an 
average vapor-phase mercury capture of 93% at an average sorbent injection concentration 
of 3.3 lb/MMacf.  This agrees well with the parametric testing results as shown in Figure 
17.  Long-term trends showing inlet and outlet mercury concentrations (lb/TBtu) are 
presented in Figure 18. 
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Figure 17.  Comparison of DARCO® Hg-LH Results from Parametric and Long-Term 
Tests. 
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Figure 18.  Mercury Concentrations (lb/TBtu) during Long-Term Testing Series. 

During the 30-day continuous test (Phase II), the amount of oxidized mercury at the 
ESP inlet ranged from 40–60%, as shown in the trend graph in Figure 19.  Due to the low total 
vapor-phase mercury concentrations at the outlet of the ESP, no speciation measurements 
were made with the SCEM at the outlet during this test period.  Ontario Hydro measurements 
the weeks of November 2 and November 9 indicated 30 to 35% oxidized mercury at the outlet 
of the ESP. 
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Figure 19.  Speciation at the ESP Inlet during Phase II Long-Term Testing. 
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Mercury Concentrations Based on Several Test Methods 
Several different techniques were used to measure mercury at Meramec.  These 

included flue gas measurements using EPA Method 29, the sorbent trap method (STM) 
(based on the technique previously referred to as EPA draft Method 324, now 40 CFR Part 
75 Appendix K), Ontario Hydro (ASTM M6784-02), mercury analyzers (SCEM), and 
analysis of mercury in coal and ash samples.  During the long-term test period, a series of 
triplicate Ontario Hydro runs were conducted between November 2 and 4 and another set of 
triplicate runs were conducted on November 9 at both the inlet and outlet to the ESP.  Data 
collected with these techniques during the long-term test are presented as a trend graph in 
Figure 20.  In general, there is good correlation between the methods.  The data from the coal 
samples are presented as the mercury concentration in the flue gas and the data from the fly 
ash samples are presented as amount of particulate-phase mercury captured in the first field 
of the ESP.  Recall that the mercury analyzers measure only vapor-phase mercury, as 
compared to the Ontario Hydro and Method 29, which measure total mercury.  The sorbent 
traps used at the inlet to the ESP were connected to the inertial separation probe for the 
analyzer, thus these values also represent only vapor-phase mercury.  Data from the Ontario 
Hydro measurements and Method 29 mercury measurements are also included in Tables 15, 
16, and 17 for reference.  The full Ontario Hydro and Method 29 test reports are included in 
Appendix G. 

The average total (vapor + particulate) mercury removal efficiencies based upon the 
Ontario Hydro results were 94.6 and 91.2% respectively for the two sets of measurements 
conducted during long-term testing.  The mercury concentrations as measured by the Ontario 
Hydro method at the inlet to the ESP were approximately 40% higher than the concentrations 
measured by the inlet mercury analyzer and 60 to 90% of the mercury was reported as 
particulate-phase mercury.  The Ontario Hydro sampling train is designed to capture 
particulate matter on a filter.  The filters are analyzed for mercury and the numbers are 
reported as the particulate fraction of mercury in the flue gas.  However, if the fly ash is 
reactive with vapor-phase mercury, additional mercury can be collected on the ash, which 
can bias the speciation results.  The Ontario Hydro data from  

 

Table 15 indicated a significant fraction of mercury collected on the sampling filter.  
This fraction is higher than predicted by coal and SCEM measurements and is likely biased 
high because of the reactive nature of the fly ash and not necessarily representative of the 
actual fraction of mercury on the fly ash at the inlet of the ESP. 

Since the mercury analyzer does not have the ability to measure particulate-phase 
mercury, in-situ fly ash samples were collected at the ESP inlet and measured for mercury 
content.  Mercury content from these samples suggests 30–40% of the mercury at the ESP 
inlet was in particulate phase.  Total mercury concentrations were calculated by adding the 
vapor-phase concentration, as measured by the inlet mercury analyzer, and the particulate-
phase fraction from the in-situ fly ash sample together.  These values were within 10% of the 
total mercury as measured by both sets of Ontario Hydro tests.   

At the ESP inlet, the average mercury concentration as measured by the EPA Method 
29 was 7.175 µg/Nm3.  The average mercury concentration at the ESP outlet was 0.818 
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µg/Nm3, which yields an average mercury removal efficiency of approximately 89%.  The 
total mercury concentrations measured using Method 29 agreed well with the vapor-phase 
mercury concentrations as measured by the mercury analyzers, but were consistently lower 
than the concentrations measured by the Ontario Hydro.  It is unknown why there was a 
discrepancy between the Ontario Hydro and Method 29 results.   
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Figure 20.  Long-Term Test Mercury Measurements. 
Note:  SCEM is vapor-phase, OH, and M29 are total mercury; M324 is vapor-phase at inlet. 

 

 

Table 15.  Comparison of Ontario Hydro and SCEM, November 2–4, 2004. 
 ESP Inlet ESP Outlet 
 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

 11/2/04 
09:45 

11/3/04 
08:55 

11/4/04 
08:30 

11/2/04 
09:45 

11/3/04 
08:55 

11/4/04 
08:30 

 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 
OH Particulate 6.9 6.4 12.1 0.01 0.014 0.005 

OH Elemental 0.51 0.37 1.7 0.22 0.31 0.66 
OH Oxidized 0.33 1.0 3.8 0.10 0.08 0.37 

OH Total 7.7 7.8 17.6 0.33 0.40 1.03 
SCEM Vapor-Phase 4.4 5.0 12.4 0.32 0.40 0.82 

In-Situ Particulate 1.7 1.6 6.3 N/A N/A N/A 
SCEM + In-Situ Total 6.1 6.6 18.7 0.32 0.40 0.82 
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Table 16.  Table 16.  Comparison of Ontario Hydro and SCEM, November 9, 2004. 
 ESP Inlet ESP Outlet 
 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

 11/9/04 
10:45 

11/9/04 
13:15 

11/9/04 
15:40 

11/9/04 
10:45 

11/9/04 
13:15 

11/9/04 
15:40 

 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 
OH Particulate 13.8 11.41 11.9 0.005 0.005 0.005 

OH Elemental 2.2 2.6 2.3 1.1 2.6** 1.1 
OH Oxidized 4.3 4.6 5.1 0.56 0.82** 0.60 

OH Total 20.3 18.6 19.3 1.7 3.5** 1.7 
SCEM Vapor Phase 14.4 11.5 11.3 1.1 1.1 1.1 

In-Situ Particulate 7.6 7.6* 7.6* NA NA NA 
SCEM + In-Situ Total 22.0 19.1 18.9 1.1 1.1 1.1 

Mercury concentrations are corrected to normal temperature and pressure conditions (i.e., 
0° and 760 mm Hg). 
* Only one in-flight sample collected on 11/9/04 during Run 1.  Runs 2 and 3 are estimates 

based upon Run 1 values. 
** Activated carbon was off during the second run of Ontario Hydro tests.  Thus, the 

mercury concentrations at the ESP outlet during the second run are higher than the other 
two runs. 

 

Table 17.  Comparison of EPA Method 29 and SCEM, November 2–4, 2004. 
 ESP Inlet ESP Outlet 
 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

 11/2/04 
12:30 

11/3/04 
11:28 

11/4/04 
11:20 

11/2/04 
12:30 

11/3/04 
11:28 

11/4/04 
11:20 

 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 µg/Nm3 

M 29 4.9 4.5 12.1 0.43 0.54 1.03 

SCEM Vapor-Phase 4.2 5.7 11.5 0.34 0.42 0.82 

In-Situ Particulate 1.7 1.6 6.3 N/A N/A N/A 

SCEM + In-Situ Total 5.9 7.3 17.8 0.34 0.42 0.82 

 
The increase in mercury removal over baseline conditions is defined for this program 

as a comparison in the outlet emissions measured using the Ontario Hydro method during the 
baseline and long-term test periods.  During baseline testing, the average mercury 
concentration at the inlet was 11.2 µg/Nm3 and the average outlet concentration was 9.3 
µg/Nm3.  During long-term testing, the inlet concentration based upon Ontario Hydro 
measurements ranged from 7.7 to 20.3 µg/Nm3.  The average inlet and outlet concentrations 
were 15.2 and 1.03 µg/Nm3.  The average inlet concentration was 26% higher during long-
term testing compared to baseline testing.  The change in outlet emissions from baseline to 
long-term testing was 89%. 
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Effectiveness of DARCO® Hg-LH on Multi-Metals 
To determine the trace metals emission rates, EPA Method 29 was run in triplicate at 

the ESP inlet and outlet during both the baseline and the long-term test periods.  A summary 
of results from baseline testing is presented in Figure 21 and the full report is included in 
Appendix G.  As shown in the figure, many of the species measured at the outlet of the ESP 
were below the detection limit of the technique, which is reported as zero on this graph.  At 
least 50% removal was measured for several elements including arsenic, barium, cobalt, 
copper, manganese, and nickel.  All of these should be in the particulate phase at the ESP and 
removed at a similar collection efficiency as the bulk fly ash. 

0.1

1

10

100

1000

10000

Anti
mon

y

Arse
nic

Bari
um

Bery
lliu

m

Cad
mium

Chro
mium

Cob
alt

Cop
pe

r
Le

ad

Man
ga

ne
se

Merc
ury

Nick
el

Sele
niu

m
Silve

r

Tha
lliu

m

Em
is

si
on

s 
(lb

/T
B

tu
)

ESP Inlet
ESP Outlet

 

Figure 21.  EPA Method 29 Measurements from Baseline Test Period. 

EPA Method 29 measurements were also made during the long-term test period.  The 
average sorbent injection concentration during these tests was approximately 2.8 lb/MMacf.  
The average results of the triplicate runs are included on Figure 22 and the full report is 
included in Appendix G.  The outlet measurements for many elements, including antimony, 
arsenic, beryllium, cadmium, chromium, cobalt, selenium, silver, and thallium were below 
the detection limit for the method.  These data are shown as hatched bars on the plot.   

The removal efficiencies from long-term testing are compared to measurements from 
the baseline test period in Figure 23.  As shown, the removal for most elements is higher 
during continuous DARCO® Hg-LH injection.  The data are shown as hatched if the outlet 
value was below the detection limit, indicating that the removal efficiency is at least the level 
shown.  No data are included on the plot for elements that were below the detection limit at 
the inlet of the ESP.  The data are not definitive for many of the elements due to the detection 
limits of the method.  The data from the baseline test period are suspect for some elements, 
especially mercury, as discussed in the section on baseline testing results.  The full 
Method 29 test reports are included in Appendix G. 
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Figure 22.  EPA Method 29 Measurements from Long-Term Test Period. 
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Figure 23.  Multi-Metal Removal during Baseline and DARCO® Hg-LH Injection. 
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Effect of DARCO® Hg-LH on Halide Emissions 

To determine the halogen and hydrogen halide concentration in the flue gas, triplicate 
runs of the EPA Method 26a were conducted at the inlet and outlet of the ESP during the 
baseline and long-term test periods.  Results are summarized in Figure 24.  All values are 
quite low, less than 1 ppm for all halides measured, which is representative of units firing 
PRB coals.  As shown, the chlorine concentration reported during the baseline period is two 
to three times higher than the HCl concentration.  This is an unexpected result because the 
system design should promote the formation of HCl over Cl2.  During the long-term test, the 
concentration and fractions of HCl and Cl2 are nearly the opposite of the baseline results 
(baseline inlet:  294 lb/TBtu HCl, 947 lb/TBtu Cl2; long-term inlet:  860 lb/TBtu HCl, 203 
lb/TBtu Cl2).  In addition, the average HCl emissions increased from the inlet to the outlet 
during baseline testing. 

The total chlorine (HCl + Cl2) was almost unchanged from inlet to outlet in the 
baseline (1,241 to 1,276 lb/TBtu), but showed a 12% decrease during long-term testing 
(1,063 to 933 lb/TBtu).  The total chlorine concentration measured at the inlet to the ESP 
translates into about 27 µg/g Cl in the coal during baseline testing and 15 µg/g Cl during 
long-term testing, which is in the range expected.  In previous sorbent injection 
demonstrations, we have seen that the chlorine content of the fly ash increased when 
activated carbon was added.   

The HBr measured at the inlet to the ESP during long-term testing was 398 lb/TBtu.  
This translates into about 10 µg/g Br in the coal, which is higher than expected.  PRB coal 
samples from Jacobs Ranch and Black Thunder were analyzed for bromine during testing at 
Holcomb Station using Neutron Activation analysis, a low detection-limit method for 
bromine.  These results indicated that the bromine concentration in the coal ranged from 0.5 
to 1.8 µg/g. 

The HBr increased 27% across the ESP during the long-term tests, from 398 lb/TBtu 
(0.16 ppm) at the inlet of the ESP to 685 lb/TBtu (0.26 ppm) at the outlet.  The sorbent 
injected during the 35-day continuous test was treated with trace amounts of bromine 
compounds.  The amount of bromine compounds used to produce the DARCO® Hg-LH 
material is unknown.  The increase in HBr could be a result of a fraction of the bromine 
compounds released from the sorbent particle once injected into the flue gas stream.  The 
M26a test reports are included in Appendix G. 
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Figure 24.  Results of EPA Method 26A Measurements during Baseline and Long-Term 
Testing. 

Characterization of Process Solids and Liquids 
Several types of process samples were collected during mercury control testing at 

Meramec.  Analyses conducted included ultimate, proximate, mercury, and chlorine analyses 
of select coal samples, mercury analyses of most of the fly ash samples collected, and stability 
determinations of select fly ash samples through leaching tests and thermal desorption tests.  
The LOI carbon content of several ash samples was also determined. 

Plant personnel collected coal samples daily throughout the evaluation.  To collect a 
representative sample of the as-fired composition of the coal, samples were collected at the 
Unit 2 coal feeders just upstream of the coal pulverizers.  Approximately 1-liter samples were 
collected and select samples were analyzed from each test period.  These coal samples were 
typically collected during the middle of each test day.   

Grab samples of coal and fly ash collected throughout testing were analyzed for 
mercury content.  Mercury concentrations in the coal samples can be used to estimate mercury 
concentration in the flue gas by assuming all of the mercury in the coal volatilizes and forms 
vapor-phase mercury.  This value can be compared to the mercury concentration measured 
with the mercury SCEM.  Since the mercury SCEM only measures vapor-phase mercury, the 
two values may not compare well if there is a significant fraction of particulate-phase mercury 
at the inlet to the ESP.  Mercury concentrations in the fly ash samples can be used to estimate 
the amount of mercury being collected on the fly ash and removed from the vapor-phase. 

Results from ultimate, proximate, chlorine, fluorine, and mercury analyses conducted 
on coal samples collected on August 24 during the baseline testing series and during each set 
of Ontario Hydro measurements conducted during the long-term testing are presented in Table 
18.  Chlorine and fluorine contents from the coals from long-term testing were lower than the 
coal samples collected during the baseline tests. 
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Table 18.  Results from Baseline and Long-Term Coal Analyses.  (Dry Basis.) 
 Baseline 

8/24/04 
Long-Term 

11/2/04 
Long-Term 

11/9/04 
Element    

Hg (µg/g) 0.136 0.0689 0.126 
Cl ((µg/g) 16 7 6 
F (µg/g) 303 54 73 

Proximate    
Ash (wt%) 7.48 7.26 9 
Volatile Matter (wt%) 44.16 44.71 43.16 
Fixed Carbon (wt%) 48.35 48.03 47.84 
Heating Value (BTU/lb) 12029 11944 12053 
Total Sulfur (wt%) 0.74 0.43 1.03 

Ultimate    
Ash (wt%) 7.48 7.26 9 
Carbon (wt%) 72.47 72.45 71.81 
Hydrogen (wt%) 5.33 4.86 5.01 
Nitrogen (wt%) 0.95 1.11 1.07 
Total Sulfur (wt%) 0.74 0.43 1.03 
Oxygen (by difference) (wt%) 13.03 13.89 12.08 

 

To assure the quality of the data, several coal samples were sent to more than one 
laboratory for redundant mercury and chlorine analyses.  In most cases, the reported analyses 
differed from lab to lab.  The results were also often different when the sample was 
resubmitted and analyzed by the same lab.  For example, coal samples collected on 
August 24–26 were split and submitted to two laboratories for mercury analysis.  The results 
were significantly different.  Data are presented in Table 19 for reference.  The causes of the 
variations in results are not clear but could be due to variations in the coal or inconsistencies 
in the laboratory analyses.  Regardless of the reasons, the inconsistencies make it difficult to 
interpret the results.  These discrepancies are discussed in more detail in a paper on sample 
quality assurance included in Appendix H. 
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Table 19.  Variations in Coal Mercury Concentrations by Laboratory. 

Sample Lab A 
(µg/g) 

Lab B 
(µg/g) 

8/24/04 
 Sample 1  Run 1 
 Sample 2  Run 1 
 Sample 2 Run 2 
 Sample 2 Run 3 

 
0.136 
0.064 
0.087 
0.079 

 
0.127 

8/25/04 
 Sample 1 
 Sample 2 

 
0.116 
0.091 

 
0.076 

8/26/04 0.221 0.089 

 

During the field evaluation, it was observed that changes in fuel could be identified 
primarily through variations in SO2 emissions.  The mercury concentrations at the inlet 
analyzer also trended with the SO2 emissions throughout testing.  During long-term testing 
when SO2 emissions were high (>1.5 lb/MMBtu), the mercury concentrations were also at 
elevated levels.  Several coal samples collected throughout field-testing were analyzed for 
mercury concentration as well as sulfur content to see the correlation between sulfur and 
mercury content for PRB coals.  In general, the higher the sulfur content the higher the 
mercury content in the PRB coals.  The correlation coefficient for mercury and sulfur in coal 
samples during this test program was 0.6, as shown in Figure 25. 

Coal delivery data, provided by Meramec plant personnel, was monitored throughout 
long-term testing.  Each coal train delivered was subjected to a short-proximate analysis.  
Included in the analysis was percent sulfur, which was compared to the mercury 
concentrations as measured by the mercury analyzers.  The estimated time between the last 
train car being unloaded and coal from the delivery being fired in the boiler was 
approximately 24 hours. 

Figure 26 shows the ESP inlet mercury concentration as measured by the analyzer 
and the sulfur concentration from short-proximate analysis for the delivery.  The trend graph 
in  

Figure 26 accounts for the 24-hour delay between the time the coal is delivered and 
when it is fired in the Unit 2 boiler.  The trend graph in Figure 27 shows the inlet mercury 
concentration measured by the mercury SCEM and the outlet SO2 emissions measured by the 
plant CEM.  Both the sulfur from coal proximate analyses and SO2 emissions data indicate 
that sulfur can be used as a good indicator of inlet flue gas mercury concentration at this 
plant. 

The correlation between mercury and sulfur in coal is not unexpected, since the 
sulfur-containing mineral pyrite (FeS2) often contains significant amounts of mercury.  
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However, this relationship is highly variable and depends on the local geology of the coal.  
The relationship developed at Meramec should not be generalized to all PRB coals. 
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Figure 25.  Mercury and Sulfur Correlation for Coals collected during Mercury Field 
Testing.  (Values are Dry Basis.) 
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Figure 26.  Sulfur in Coal and Vapor-Phase Mercury Concentrations during Long-Term 
Testing. 

Meramec Topical Report 46 
41986R09 



0

5

10

15

20

25

30

10/14/04 10/21/04 10/28/04 11/04/04 11/11/04 11/18/04

Hg
 C

on
ce

nt
ra

tio
n 

- µ
g/

dN
m

3

0

0.5

1

1.5

2

SO
2 

- (
lb

/M
M

B
tu

) 

Inlet - HgT SO2 - lb/MMBtu

 

Figure 27.  Mercury and Sulfur Dioxide Emissions during Long-Term Testing. 

Carbon in Ash  
The carbon content of several ash samples collected at Meramec was analyzed by 

comparing the weight difference between a dried sample and a sample heated to 800ºC for 
two hours.  This is the typical technique used to measure unburned carbon and it is reported 
here as LOI in reference to the analysis technique.  For samples containing activated carbon, 
this is obviously a measure of both the unburned carbon and the activated carbon injected 
into the system.  For very low levels of carbon, there can be a difference between the actual 
carbon content measured with a carbon analyzer and the change in weight from combustion 
using an LOI analysis.  The carbon content of most samples evaluated from Meramec testing 
was well above this level and an LOI analysis should be a good representation of the carbon 
content of the ash. 

Analysis of samples collected during baseline testing indicates that the carbon content 
in the control and test side ESP hoppers were similar and that the concentration in the inlet 
fields was higher than in the middle or outlet fields.  The carbon content, reported as LOI, of 
fly ash samples collected during the baseline and first week of parametric testing is presented 
in Figure 28.  The variation of the LOI value in the baseline samples ranged from 0.4 to 
2.7 wt%.  During parametric testing, the highest LOI value in the first field was 5.7%, 
measured on a fly ash sample collected from the ash sample collected on September 2 during 
the 1 lb/MMacf DARCO® Hg test.  For reference, the increase in carbon content at a 
1 lb/MMacf injection concentration would represent approximately 0.23% of the fly ash.  
This is based upon an estimated fly ash loading of 2.13 gr/acf from coal combustion 
calculations and roughly 30% ash in the activated carbon. 
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Figure 28.  LOI as a Function of Time and ESP Hopper Location during Baseline and 
DARCO® Hg Parametric Testing. 

 

LOI analyses of ash samples collected in the first ESP field indicate LOI values in 
excess of 1% during coal additive testing, as shown in Figure 29.  It is speculated that the 
higher unburned carbon levels contributed to higher fractions of particulate-phase mercury.  
It is also speculated that the coal additives increase the effectiveness of unburned carbon for 
mercury capture.  Therefore, due to the relatively high levels of unburned carbon present 
during coal additive testing, it is difficult to determine the effectiveness of the coal additives 
at more representative operating conditions where the unburned carbon is less than 1%. 
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Figure 29.  Carbon Content of Ash Collected in Unit 2, First Field, during Baseline and 
Coal Additive Tests.  (Carbon Measured using an LOI Analysis). 

Meramec Topical Report 48 
41986R09 



The average carbon content for ash samples collected in the three ESP fields on the 
control and test sides are presented in Figure 30.  The data indicate that:  

1. The LOI levels from the control side decreased from the inlet to the outlet fields, 
indicating the ESP was more efficient at collecting unburned carbon in ash on the 
control side. 

2. There was little change in the LOI values from inlet to outlet on the control side, 
indicating the collection efficiency of the ESP for the combined carbon loading 
(unburned carbon from the boiler and injected activated carbon) was nearly the same 
as the balance of the fly ash.  For reference, the average activated carbon injection 
concentration for the long-term test was 3.3 lb/MMacf, which should result in an 
increase of nominally 0.75% carbon in the ash.  The average LOI content (activated + 
unburned carbon) in the first field hopper ash was 2.6%. 

3. The LOI was nearly twice as high on the control-side inlet than on the test side (4.8% 
compared to 2.6%).   

4. The LOI level in most of the test-side samples collected were within the range of LOI 
measured during baseline testing (see Figure 31). 

Detailed LOI results from ash collected during long-term testing are presented in 
Figure 31.  The figure shows that there was a step change in the control-side LOI around 
October 28.  The average LOI before October 28 was 2.6%, compared to 5.8% after 
October 28.  This increase is probably due to combustion changes that resulted in higher 
unburned carbon on the control side compared to earlier in the period.  During the entire test, 
the unburned carbon level was higher on the control side than the test side even though the 
average LOI was the same on the control and test sides through October 27.  Because 
activated carbon was present on the test side, the LOI level should have been higher on the 
test side during any period of activated carbon injection.  The different unburned carbon 
content from side-to-side suggests an imbalance in the combustion system, causing 
stratification in the unburned carbon that was preserved as the flue gas traveled from the 
boiler through the convective pass and air preheater. 
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Figure 30.  Average LOI during Long-Term Testing. 
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Figure 31.  Carbon Content for the Inlet Field during Long-Term Testing.  (Measured 
using LOI Procedure.) 

Changes in LOI carbon can be influenced by several factors including mill settings, 
burner settings, and coal characteristics.  No indication was given to the test crew that mill or 
boiler operation was changed during long-term testing.  Therefore, the coal delivery schedule 
was reviewed to determine if there was a correlation in coal and LOI.  A trend graph 
indicating sulfur content of the coal fired at Meramec compared to the carbon content in the 
ash, as measured using the LOI test procedure, is presented in Figure 32.  The data indicate 
that, although the carbon content is changing, there does not appear to be a correlation 
between coal mine and carbon in the ash. 

0
1
2
3
4
5
6
7
8
9

10

10/14/04 10/21/04 10/28/04 11/4/04 11/11/04 11/18/04

LO
I (

%
)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

Su
lfu

r (
%

)
Test LOI

Control LOI

Coal 1

Coal 2

Coal 3

Coal 4

 
Figure 32.  Comparison of Carbon in Ash from the First Field Hoppers and Sulfur in 
Coal. 
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Mercury in Fly Ash 
The mercury content in the hopper ash increased from the inlet to the outlet fields 

during all phases of testing at Meramec.  This is typically the case at units where the fly ash 
is effective at removing mercury, or when activated carbon is present in the ash, because the 
particulate collected in the ESP outlet field is exposed to flue gas much longer than fly ash 
collected in the inlet fields.  The mercury concentrations measured in the ash collected from 
the ESP hoppers during baseline and DARCO® Hg parametric testing are presented in Figure 
33.  Recall that the LOI content of the ash samples varied during baseline testing.  The 
mercury concentration in the baseline ash samples was compared to the respective LOI levels 
and these results are presented in Figure 34.  The available data do not establish a clear trend 
between LOI and mercury within each collection field.  As noted above, ash from the outlet 
fields contains higher concentrations of mercury and lower LOI contents, so there appears to 
be an overall trend indicating lower LOI correlates to higher mercury concentrations.  
However, it is expected that the higher mercury concentrations in the outlet fields are more 
likely a result of the exposure time of the ash to flue gas than the lower LOI content.   

Results from analysis of samples collected on the control side during long-term 
testing indicated that samples with higher LOI contained less mercury.  This trend is 
presented in Figure 35.  It is possible that the larger carbon particles may be small pieces of 
unburned coal and have less surface area.  Three ash samples collected during baseline and 
long-term testing in the first field of the control side were analyzed for size distribution.  The 
data indicate that the material collected on October 28 was much smaller than the sample 
collected on November 1, as shown in the cumulative volume plot in Figure 36.   
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Figure 33.  Mercury Content in Fly Ash Samples Collected during Baseline Testing. 
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Figure 34.  LOI and Mercury Comparison for Baseline Fly Ash Samples. 
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Figure 35.  LOI Percentage and Mercury Content on Fly Ash from Control Side of ESP 
during Long-Term Testing. 
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Figure 36.  Size Distribution of Ash Collected in Control-Aide Hoppers, First Field. 
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Figure 37.  Mean Size of Control-Side Ash. 
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Five ash samples collected in the control- and test-side hoppers during baseline and 
long-term testing were analyzed for surface area.  The LOI values of these samples can be 
used to estimate the specific surface area of the carbon in the sample and the mercury content 
per gram of carbon in the sample.  These estimates are included in Table 20.  The Meramec 
control-side samples have consistent carbon surface area in the range of 313 to 334 m2/g C.  
The test-side samples, which contain activated carbon, have a higher carbon surface area in 
the range of 397 to 412 m2/g C.  Figure 38 shows the comparison among surface areas of 
carbon. 

Table 20.  Fly Ash Surface Area and Mercury Content. 
Surface Area Mercury Content 

Description LOI, 
wt% m2/g m2/g C Hg, ng/g Hg, ng/g C

8/24/04 2C-9 Control, 
Baseline 1.64 5.13 312.6 547 33,354 

10/28/04 2C-11 Test 2 7.93 396.7 1,520 76,000 

10/28/04 2C-9 Control 1.79 5.98 334.3 734 41,006 

11/1/04 2C-11 Test 2.41 9.93 412.0 1,250 51,867 

11/1/04 2C-10 Control 7.54 24.31 322.4 291 3,859 
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Figure 38.  Surface Area of Fly Ash Per Gram of Carbon.  (Estimate from LOI.) 
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Even though the specific surface area of the carbon is similar for all the control-side 
fly ash samples, the larger carbon particles in the November 1 sample may not be as efficient 
at adsorbing mercury from the flue gas in-flight, probably due to limitations on mass transfer 
to the larger unburned carbon particles.  The mercury content of the three control-side ash 
samples is inversely proportional to the carbon size, as presented in Figure 37.  In addition, 
these large particles are more likely to be collected in the inlet collection field of the ESP.  If 
the large carbon particles are preferentially removed in the inlet collection fields, and the 
smaller particles migrate to the outlet fields, there would be a resulting increase in the 
mercury content of the ash from inlet to outlet as was observed at Meramec and presented in 
Figure 33 and Figure 39. 

The average mercury concentration in the hopper ash collected during long-term 
testing is presented in Figure 39.  The data indicate the following: 

1. The mercury concentration in the fly ash increases from the inlet to the outlet ESP 
collection fields. 

2. The samples collected from the control side of the ESP contain less mercury than 
the test-side samples.  This indicates an increase in mercury removal across the 
test side of the ESP as a result of sorbent injection.   
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Figure 39.  Mercury Variation in Fly Ash Samples Collected during Long-Term 
Testing.  (Front to Back of ESP.) 

The range of LOI was much narrower for the fly ash samples collected on the test 
side during long-term injection than the control side.  Therefore, it is difficult to establish a 
clear trend of LOI and mercury content.  The majority of fly ash samples collected on the test 
side had a range of LOI between 1.5 and 3 wt%, as shown in Figure 40.  The fly ash samples 
collected in the middle and outlet fields generally contained higher mercury concentrations.  
The sample with the highest LOI, 8%, contained the lowest mercury concentration, 250 ng/g. 
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Figure 40.  LOI Percentage and Mercury Content on Fly Ash from Test Side of the ESP 
during Long-Term Testing. 

During coal additive testing, mercury content in the fly ash samples increased above 
baseline levels.  This supports the SCEM measurements that indicated a decrease in vapor-
phase mercury at the inlet and outlet of the ESP.  Mercury concentrations in fly ash collected 
during coal additive testing are presented in Figure 41.  The mercury concentration in the 
inlet field, identified as Field 1, more than doubled from baseline testing.  The mercury 
concentration in coal samples collected during these tests were discussed earlier and 
presented in Figure 14. 
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Figure 41.  Mercury Content in Fly Ash Samples during Baseline, KNX, and SEA2 
Testing. 
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Leaching Stability (Hg, Other Metals, and Halogens) 
Analyses were conducted on ash samples collected during the baseline and long-term 

testing phases to determine the stability of mercury, bromine, arsenic, selenium, chlorine, 
fluorine, and iodine.  Two leaching procedures were conducted:  Method 1311, Toxicity 
Characteristic Leaching Procedure (TCLP) and the Synthetic Groundwater Leaching 
Procedure (SGLP).  The TCLP procedure measures metal mobility, primarily As, Ba, Cd, Br, 
Se, and Ag, in a sanitary landfill.  The TCLP extraction fluid recipes were developed by 
computer modeling to simulate a worst-case scenario where the waste is co-disposed with 
municipal solid waste.  For highly alkaline samples, such as those from Meramec, a solution 
with a pH of 4.93, buffered using sodium hydroxide, is used.  TCLP is the only leaching 
procedure approved for characterizing hazardous waste under RCRA.  The SGLP procedure 
was developed by Hassett at EERC to better simulate the pH of groundwater to determine if 
mercury will leach from the samples under conditions designed to simulate actual field 
conditions.  The leaching solution is synthetic groundwater.   

The SGLP leaching results from baseline and KNX testing are shown in Table 21.  
There are no notable differences in the two sets of data. 

The SGLP results from long-term testing are presented in Table 22.  For both the 18-
hour and 30-day leach, bromine and chlorine in the leachate were higher for the test side than 
the control side.  Elemental analysis of the samples indicates that 67% of the bromine in the 
control-side ash samples leached within 18 hours and 80% within 30 days.  On the test side 
where bromine-treated activated carbon was being injected into the system, the baseline 
bromine content of the ash was much higher, but only 31% of the bromine leached from the 
sample within the first 18 hours.  The results from the 30-day leach indicated 55% of the 
bromine had leached from the sample.   

Because of the pozzolanic characteristics of PRB ash, most plants firing 100% PRB 
dry landfill ash not sold for cement.  Model studies estimate that it takes nominally 100 years 
for moisture to migrate through properly managed dry landfills.  The ratio of water to ash for 
the SGLP test, 20:1, obviously does not represent conditions in a dry landfill.  It is expected 
that leaching results obtained during this program represent a worst-case scenario for dry 
landfills that are properly managed.   

If a plant that ponds their ash chose to use brominated activated carbon, bromine 
leaching can be important because halogens can contribute to the formation of trihalo-
methanes (THM) when they react with organic matter in lakes or streams.  For example, 
chloroform is a THM that forms when free chlorine reacts with dissolved organics.  
Chloroform is considered by the EPA to be a carcinogen.  For reference, the primary 
drinking water standards indicate that the maximum contaminant level for THMs is 0.1 
mg/L.  According to the American National Standards Institute, the recommended residual 
bromine in swimming pool water is 1–2 mg/liter, and the level of bromine in seawater is 
65 mg/liter.  The discharge of bromine-containing water is not included in permitted limits 
for most power plants in Missouri.  The permit requirements for the City of Springfield’s 
Springfield Southwest Power Plant is associated to biocide use and limits the total residual 
chlorine and bromine outflow to 0.2 mg/liter.   
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Mercury was below the detection limit in the leachate solution for all samples tested.  
The mercury concentrations in the long-term ash samples were 97 µg/g on the control side 
and 1,300 µg/g on the test side. 

Selenium was below detection limit in the leachate from the 18-hour leach, but 
concentrations increased in the 30-day leach.  There was little difference between the 
concentration of selenium in the leachate from the test- and control-side fly ash during long-
term test or baseline samples.  The concentration of selenium in the ash samples collected 
during long-term testing were 25% higher on the test side compared to the control side (650 
µg/g vs. 490 µg/g).  There is not strong evidence for the activated carbon adsorbing 
significant additional selenium from the flue gas, as observed at Brayton Point and Salem 
Harbor during Phase I DOE/NETL testing.2,6  The ash appears to effectively prevent 
selenium from leaching in the SGLP test. 

Table 21.  Baseline SGLP Results (mg/L) from Meramec. 
Condition Baseline Baseline KNX KNX 
Location 2C-11 2C-11 2C-11 2C-11 
Date 8/25/2004 8/25/2004 9/22/2004 9/22/2004 
 18-hour 30-day 18-hour 30-day 
As, mg/L <0.005 <0.005 <0.005 <0.005 
Br, mg/L 0.115 0.056 0.152 0.15 
Hg, mg/L <0.0002 <0.0002 <0.0002 <0.0002 
Se, mg/L <0.005 0.012 <0.005 0.011 
Cl, mg/L 0.17 0.24 0.17 0.22 
F, mg/L 0.94 0.51 <0.02 1.89 
I, mg/L <0.05 <0.05 <0.05 <0.05 

 

Table 22.  SGLP Results (mg/L) from Meramec Long-Term Testing. 

Condition Long-Term 
(Control) 

Long-Term 
(Test) 

Long-Term  
(Control) 

Long-Term 
(Test) 

Location 2C-10 2C-11 2C-10 2C-11 
Date 11/3/2004 11/3/2004 11/3/2004 11/3/2004 
 18 hour 18 hour 30 day 30 day 
As, mg/L <0.010 <0.010 <0.010 <0.010 
Br, mg/L 0.50 9 0.6 16 
Hg, mg/L <0.0002 <0.0002 <0.0002 <0.0002 
Se, mg/L <0.010 <0.010 0.011 0.012 
Cl, mg/L <1 6 2 11 
F, mg/L 0.91 3.1 1.1 0.73 
I, mg/L <0.1 <0.1 <0.1 <0.1 
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The TCLP results for fly ash collected during long-term testing on the test and control 
side of the ESP are presented in Table 23.  Mercury was below detection limit in the leachate 
solution for both test and control sides.  Some arsenic and selenium leaching was measured, 
but the levels were fairly low.  The amount of arsenic measured in the leachate solution from 
the TCLP represented 2.3% of the total arsenic contained in the control-side ash sample and 
4.2% of the arsenic in the test-side ash sample.  The amount of selenium in both the control-
and test-side samples represented less than 0.6% of the selenium contained in the 
representative ash samples. 

Table 23.  TCLP Results from Meramec Long-Term Testing. 

Condition 
Long-Term 
(Control) 

Long-Term  
(Test) 

Location 2C-10 2C-11 
Date 11/3/2004 11/3/2004 
As, mg/L 0.052 0.14 
Hg, mg/L <0.00001 <0.00001 
Se, mg/L 0.14 0.183 

 

Another set of leaching tests was conducted on ash collected on November 9, 2004, 
during the long-term evaluation.  These data, shown in Table 24, indicate that the mercury 
concentration in the leachate was below the detection limit for all techniques.  In most cases, 
the arsenic in the leachate was near the detection limit.  Approximately 10% leached from the 
test-side ash sample in the TCLP test.  All other results are consistent with the analyses of 
samples collected on November 3, 2004. 

Table 24.  Leaching Results (mg/L) from Control- and Test-Side Ash Samples, 
November 9, 2004 

 Control Control Control Control Test Test Test Test 
 2C-10 2C-10 2C-10 2C-10 2C-11 2C-11 2C-11 2C-11 
 ASTM 

D3987-85 
TCLP 18 hr 

SGLP 
18 hr 
SGLP 

Duplicate

ASTM 
D3987-85 

TCLP 18 hr 
SGLP 

18 hr 
SGLP 

Duplicate
Aluminum 93    81    

Antimony <.01    <0.01    

Arsenic 0.03 <0.01 0.03 0.02 0.02 0.25 0.04 <0.01 

Barium 5.79    9.25    

Beryllium <0.005   <0.005    

Bromine   1.8 2.5   18 16 

Cadmium <0.005    <0.005    

Chloride   2 4   10 11 

Chromium 0.028    0.021    

Cobalt <0.01    <0.01    
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 Control Control Control Control Test Test Test Test 
 2C-10 2C-10 2C-10 2C-10 2C-11 2C-11 2C-11 2C-11 
 ASTM 

D3987-85 
TCLP 18 hr 

SGLP 
18 hr 
SGLP 

ASTM 
D3987-85 

TCLP 18 hr 
SGLP 

18 hr 
SGLP 

Duplicate Duplicate
Copper <0.005    <0.005    

Fluoride   0.07 0.08   0.12 0.88 

Lead <0.01    <0.01    

Iodine   0.09 0.16   0.16 0.12 

Iron <0.01    <0.01    

Magnesium 0.03    0.02    

Manganese <0.005    <0.005    

Mercury <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Nickel <0.01    <0.01    

Selenium 0.01 <0.01 0.01 0.02 0.02 0.19 0.02 0.02 

Silver <0.005    <0.005    

Thallium <0.01    <0.01    

Zinc <0.005    <0.005    

Boron 0.58    0.68    

Calcium 182    166    

Sodium 16.04    34.56    
 

In addition to the standard leaching protocols, a selective sequential extraction was 
conducted on ash collected from one inlet hopper from both the control- and test-side ESPs 
during the 30-day long-term test period.  The results, presented in Table 25, indicate that the 
mercury is fairly stable in both the control-side and test-side ash and, until exposed to 12N 
nitric acid (HNO3).  This is a fairly aggressive digestion and a condition not expected to 
occur in an ash landfill environment. 

Table 25.  Selective Extraction of Mercury from Control- and Test-Side Ash. 
Sample DI Water 

(ng/g) 
PH 2.5 

HCl 
(ng/g) 

1N KOH
(ng/g) 

12N 
HNO3 
(ng/g) 

Aqua 
Regia 
(ng/g) 

Total 
(ng/g) 

Control-
Side 

0.18 16.4 4.74 360 12.9 395 

% of Total 0.0% 4.2% 1.2% 91.3% 3.3% 100.0% 
       
Test-Side 0.00 15.7 4.52 866 10.2 897 
% of Total 0.0% 1.8% 0.5% 96.6% 1.1% 100.0% 
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Thermal Desorption 
The two samples collected during long-term testing and analyzed using the SGLP and 

TCLP leaching techniques were also analyzed to determine the mercury thermal desorption 
characteristics.  From both the control-side and test-side samples, there was a single 
desorption peak, suggesting that the mercury is bound in the ash as a single compound.  The 
addition of activated carbon to the flue gas shifted the mercury desorption peak to a higher 
temperature, from 358ºC on the ESP control-side sample to 419ºC on the ESP test-side 
sample. 

Balance-of-Plant Impacts 
Ash Sales 

It is the plant’s intent to sell its fly ash for use in the cement industry.  It has been 
AmerenUE’s experience that when LOI content is less than 0.7%, the fly ash has potential 
for cement use.  As discussed in the previous section, the LOI content was typically greater 
than 1% on the control side during most of the test program.  Therefore, comparisons 
between the control- and test-side hopper ash to assess the impact of carbon injection on ash 
sales at this site were not possible.  Some laboratory tests were conducted to estimate the 
impact on a unit with lower LOI, however.  These results are presented below. 

It is estimated that the incremental carbon increase in the ash due to activated carbon 
injection is 0.23% at an equivalent injection concentration of 1 lb/MMacf.  However, it is 
well known that even trace amounts of activated carbon can be detrimental to ash quality for 
cement use.  Activated carbon will likely absorb more of the air entrainment chemicals used 
in the manufacture of cement than typical unburned carbon.  

One method of determining the amount of air entrainment additive (AEA) needed 
when fly ash is used as a cement admixture is using the Foam Index test.  Prior to long-term 
testing, Foam Index tests were conducted to help quantify the impacts of activated carbon on 
the Unit 2 fly ash for use as a cement admixture.  Activated carbon, equivalent to the amount 
of carbon that would be added at injection concentrations ranging from 0.5–10 lb/MMacf, 
was added to fly ash samples collected from the Unit 2 ESP hoppers.  Results from these 
tests indicated that Meramec Unit 2 fly ash mixed with activated carbon at injection rates less 
than or equal to 1 lb/MMacf had the potential to be used as a cement admixture.  Results 
from these tests are shown in Table 26. 

The Foam Index test is a method used for quick evaluation of the suitability of fly 
ash, with respect to air entrainment and pozzolanic additives for concrete.  It should be noted 
that there is no standardized Foam Index testing protocol and results from these tests should 
be viewed with extreme caution.  For these specific Foam Index tests, an AEA value of less 
than 10 drops is considered to have potential for use as a cement admixture. 
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Table 26.  Foam Index Test Results – Meramec Ash. 

% PAC, by weight 
Calculated ACI Injection 

Rate (lb/MMacf) # of AEA Drops 

None 0 5 
0.20 0.6 8 
0.41 1.2 10 
1.23 3.7 24 
2.05 6.2 38 
4.09 12.4 70 

 

Stack Opacity and ESP Operation 
The additional particulate loading to the ESP due to activated carbon injection at 

Meramec was nominally 0.023 gr/acf, or 1% of the ash loading.  There was no measurable 
increase in stack opacity as a result of activated carbon injection, as shown in Figure 42. 
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Figure 42.  Meramec Unit 2 Stack Opacity during Long-Term Sorbent Injection. 

 

An area of interest in plant operating parameters was the effect of sorbent injection on 
ESP electrical parameters.  However, the plant experienced ESP data acquisition problems at 
the beginning of long-term testing and a full data set was not available for analysis.  
Therefore, it is difficult to quantify the impacts of ACI on ESP performance based on the 
ESP data available.  Spark rate and total ESP power during the long-term test are presented 
in Figure 43.  For reference, a plot showing total ESP power from the baseline, parametric, 
and long-term testing periods are shown in Figure 44.  The ESP field power recorded during 
long-term testing was lower than during baseline or parametric testing, but there is no 
evidence that the power levels were impacted by carbon injection. 
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Figure 43.  ESP Spark Rate and Field Power during Long-Term Testing Series. 
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Figure 44.  Total ESP Field Power during Field Testing. 
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ECONOMIC ANALYSIS 

After completion of testing and analysis of the data, the requirements and costs for 
full-scale, permanent commercial implementation of the necessary equipment for mercury 
control using sorbent injection technology at the 140-MW Meramec Station Unit 2 were 
determined.  The cost of process equipment sized and designed based on the long-term test 
results for approximately 90% mercury control, and on the plant-specific requirements 
(sorbent storage capacity, plant arrangement, retrofit issues, winterization, controls interface, 
etc.) has been estimated.  The system design was based on the criteria listed in Table 27. 

Table 27.  System Design Criteria for Mercury Control System at Meramec Unit 2.  
(3.3 lb/MMacf injection, >90% Mercury Control.) 

Parameter  
Number of Silos 1 
Number of injection trains 2 operating, 1 spare 
Design feed capacity/train (lb/hr) 600 
Operating feed capacity/train (lb/hr) 55 
Sorbent storage capacity (lbs) 70,000 
Conveying distance  (ft) 150 
Sorbent DARCO® Hg-LH 
 Aerated Density  (lb/ft3) 18 
 Settled Density (lb/ft3) 28 
 Particle MMD (microns) 18 

 

The estimated uninstalled cost for a sorbent injection system and storage silo for the 
140-MW Unit 2 is $694,000.  Costs were estimated based on a long-term activated carbon 
injection concentration of 3.3 lbs/MMacf.  For Meramec Unit 2, this would require an 
injection rate of nominally 110 lbs/hr at full load.  Assuming a unit capacity factor of 85% 
and a delivered cost for DARCO® Hg-LH sorbent of $0.95/lb, the annual sorbent cost for 
injecting sorbent into the existing ESP would be about $778,200.  This corresponds to a 
nominal sorbent cost of $6,200 per pound of mercury removed. 

Results from the field tests conducted to date indicate different levels of mercury 
removal can be achieved depending on the air pollution control equipment and different flue 
gas conditions.  Data collected from the Phase I DOE tests at Gaston indicate mercury 
removal levels of up to 90% were obtained with COHPAC® (a baghouse installed 
downstream of an ESP) and DARCO® Hg sorbent injection.  At Pleasant Prairie, 50–70% 
removal while injecting DARCO® Hg was the maximum achievable mercury control, with 
the configuration of an ESP collecting PRB ash.  At Brayton Point, mercury removal levels 
of up to 90% were obtained with an ESP collecting bituminous ash with DARCO® Hg 
sorbent injection.2,7  DOE Phase II testing at Holcomb showed mercury removal levels of 
90% were obtained with an SDA and FF while injecting DARCO® Hg-LH.8  Data from 
Meramec and the other four sites are summarized in Table 28. 
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Table 28.  Summary of Mercury Removal Efficiencies and Costs for Different APC 
Configurations, Coals, and Sorbents. 

Plant APC 
Equipment 

Coal Sorbent Removal 
% 

Sorbent Cost 
(mills/kWh) 

Gaston COHPAC® Bituminous DARCO® Hg 90 0.43 

Pleasant Prairie ESP PRB DARCO® Hg 67 1.2 

Brayton Point ESP Bituminous DARCO® Hg 90 2.4 

Holcomb SDA + FF PRB DARCO® Hg-LH 90 0.44 

Meramec ESP PRB DARCO® Hg-LH 90 0.74 

 

The results from Meramec indicate that using DARCO® Hg-LH would result in 
higher mercury removal (90%) at less than the cost of the maximum achievable removal at 
Pleasant Prairie (67% mercury removal).  Both units fire PRB coal and have ESPs installed 
for particulate control.  The critical difference in the sorbent costs is the improved 
effectiveness of DARCO® Hg-LH over DARCO® Hg.  These results are presented as 
mills/kWh in Table 28 and as $/kWh in Figure 45.  The use of DARCO® Hg-LH at Meramec 
resulted in mercury removal at projected costs similar to what would be expected at sites 
using a fabric filter for particulate control collecting bituminous ash. 
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Figure 45.  Comparison of Projected, Annual Sorbent Costs for ESP, COHPAC®, and 
SDA + FF Configurations based on Results from NETL Full-Scale Tests. 

Meramec Topical Report 65 
41986R09 



System Description 

The permanent commercial activated carbon injection system for Meramec will 
consist of one bulk storage silo and three dilute-phase pneumatic conveying systems.  
DARCO® Hg-LH sorbent will be received in 40,000-lb batches delivered by self-unloading 
pneumatic bulk tanker trucks.  The silo is equipped with a pulse jet type bin vent filter to 
contain dust during the loading process.  The silo is a shop-built, dry-welded tank with three 
mass flow discharge cones equipped with air fluidizing pads and nozzles to promote sorbent 
flow.  Point level probes and weigh cells monitor sorbent level and inventory.  Silo sizing 
was based on the capacity to hold approximately two truckloads of DARCO® Hg-LH 
sorbent, sufficient for 30 days of operation at the design injection rate.   

The sorbent is fed from the discharge cones by rotary valves into feeder hoppers.  
From the hoppers the sorbent is metered into the conveying lines by volumetric feeders.  
Conveying air supplied by regenerative blowers passes through a venturi eductor, which 
provides suction to draw the sorbent into the conveying piping and carry it to distribution 
manifolds, where it splits equally to multiple injection lances.  The blowers and feeder trains 
are contained beneath the silo within the skirted enclosure. 

A Programmable Logic Controller (PLC) is used to control all aspects of system 
operation.  The PLC and other control components will be mounted in a NEMA4 control 
panel.  The control panel, motor control centers (MCCs), and disconnects will be housed in a 
prefabricated power and control building located adjacent to the silo. 

Balance-of-Plant Requirements 
Some modifications and upgrades to the existing plant equipment will be required to 

accommodate the ACI system.  These include upgrades to the electrical supply at Meramec 
to provide new service to the ACI system.  Instrument air, intercom phones, and area lighting 
will also be required. 

It is not anticipated that ash from Meramec can be sold if activated carbon injection is 
implemented.  No cost estimates are included to account for loss of ash sales. 

Cost and Economic Methodology 
Costs for the sorbent storage and injection equipment were provided by ADA-ES 

with input from NORIT Americas based on the design requirements in Table 27.  NORIT has 
built and installed dozens of similar systems at waste-to-energy and incineration plants, and 
ADA-ES in conjunction with NORIT has provided quotes for several installations at coal-
fired power plants for mercury control.  Estimated costs for the distribution manifold, piping 
and injection lances, installation man-hour and crane-hour estimates, and an estimate for 
foundations including pilings are also included. 

EPRI TAG methodology was used to determine the indirect costs.  A project 
contingency of 15% was used.  Since the technology is relatively simple and well proven on 
similar scale, the process contingency was set at 5%.  ACI equipment can be installed in a 
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few months; therefore, no adjustment was made for interest during construction, a significant 
cost factor for large construction projects lasting several years. 

Operating costs include sorbent costs, electric power, operating labor, maintenance 
(labor and materials), and spare parts.  An average incremental operating labor requirement 
of one hour per day was estimated to cover the incremental labor to operate and monitor the 
ACI system.  The annual maintenance costs were based on 5% of the uninstalled equipment 
cost.  Levelized costs were developed based on a 20-year book life and are presented in 
constant dollars. 

Capital Costs 
The uninstalled ACI storage and feed equipment costs are estimated at $964,000.  

The estimated cost for a sorbent injection system and storage silo installed on 140-MW Unit 
2 is $1,285,000 and includes all process equipment, foundations, support steel, plant 
modifications utility interfaces, engineering, taxes, overhead, and contingencies.  The capital 
and O&M costs are summarized in Table 29. 

Table 29.  Capital and Operating & Maintenance Cost Estimate Summary for ACI 
System on Meramec Unit 2.  Annual Basis 2005. 

Capital Costs Summary 
Equipment, FOB Meramec $694,000 
Site Integration (materials & labor) $53,000 
Installation (ACI silo and process equipment, $124,000 
Taxes $47,000 
Indirects/Contingencies $367,000 
Total Capital Required $1,285,000 
$/kW $9.17 

Operating & Maintenance Costs Summary 
Sorbent @ $.95/lb $778,000 
Power, Labor, Maintenance $85,000 
Waste Disposal $0 
Annual O&M for 2005 ($/kW) $6.17 
Mills/kW-hr 0.83 

 

If Meramec were to sell the ash from Unit 2, an additional waste disposal and loss of 
ash sales cost would be incurred.  Assuming an ash sales loss and disposal cost of $45/ton, 
the annual ash sales loss and disposal costs for Meramec Unit 2 would be $1,070,000. 
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Operating and Levelized Costs 
With the exception of the waste disposal costs, which are discussed below, the most 

significant operational cost of sorbent injection for mercury control is the DARCO® Hg-LH 
sorbent.  Sorbent costs were estimated for an average of >90% mercury control based on the 
long-term sorbent injection concentration of 3.3 lbs/MMacf.  For Meramec Unit 2, this would 
require an injection rate of nominally 110 lbs/hr at full load.  Assuming a unit capacity factor 
of 85% and a delivered sorbent cost of $0.95/lb, the 20-year levelized annual cost of injecting 
sorbent at the ESP inlet would be $778,000.  Other annual operating levelized costs including 
electric power, operating labor, and maintenance were estimated to be approximately 
$85,000. 

Based on these test program results and assuming that sorbent injection at the ESP 
inlet for mercury control is sustainable, an average of >90% mercury control can be attained 
at Meramec Unit 2 for an initial capital investment of $1,285,000 with operating costs of 
$7.85/kW, or annual constant-dollar levelized costs of $8.92/kW.  This information is 
summarized in Table 30. 

The ash from Meramec Unit 2 is not currently sold for use in concrete due to the high 
LOI content; however, the plant would like to sell the ash in the future.  The annual levelized 
cost of disposing the ash and lost ash sales revenue for Meramec Unit 2 would be 
$1,362,000, increasing the levelized operating costs to $17.57/kW.  The total annual 
constant-dollar levelized costs would be $18.65/kW. 

Roughly 30% of the coal-fired units in the United States currently sell ash for use in 
concrete.  For these plants, the waste disposal costs are a significant addition to the overall 
costs to implement the technology.  Options for ACI, while minimizing lost ash sales and 
waste disposal costs, include:  1) TOXECON™, installing a fabric filter downstream of an 
ESP and injecting carbon upstream of the fabric filter, and 2) TOXECON II™, injecting 
downstream of the first or second fields in the ESP and segregating the ash collected in the 
front fields from the ash/carbon mix collected in the back fields.  Costs associated with these 
two options were not included in this analysis. 

The levelized costs reported in Table 30 are specific to Meramec Unit 2 and include 
analyses with and without lost ash sales and waste disposal costs.  Because the sorbent 
injection equipment does not scale well between larger and smaller units, the costs of the 
sorbent injection equipment for mercury control at Meramec Unit 2 is relatively expensive.  
The initial capital cost per kW for larger units would be less than the costs reported here. 
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Table 30.  Levelized Costs Summary. 

20-Year Levelized Costs Summary—$ Constant 
 Lost Ash Sales Revenue 

and Disposal Costs 
Included 

Lost Ash Sales 
Revenue and 
Disposal Costs Not 
Included 

Fixed Costs    $150,000 $150,000 
Variable O&M $2,231,000 $869,000 

Total $2,610,000 $1,249,000
Total Levelized Costs $/kW $18.65 $8.92

Operating Levelized Costs $/kW 17.57 7.85 
Operating Levelized Costs mills/kW-hr 2.36 1.05 

 
Total Levelized Costs mills/kW-hr 2.50 1.20

 

Meramec Topical Report 69 
41986R09 



CONCLUSIONS 

Power plants that burn PRB coal and have cold-side ESPs for air pollution control 
represent a challenging configuration for controlling mercury emissions.  ICR measurements 
and subsequent full-scale field tests have confirmed that the average native mercury removal 
at these units is low, typically less than 25%.  In addition, the effectiveness of injecting 
standard, non-chemically treated, activated carbon is greatly diminished by the low halogen 
concentrations in the flue gas. 

The test program at Meramec Unit 2 was designed to provide a full-scale evaluation 
of different technologies that can overcome the limited mercury removal achievable at 
similar sites.  Each technology was based on supplementing certain halogens that are not 
available in sufficient quantities in these coals. 

The program was very successful in that two different technologies were found that 
have the potential to produce high levels (>80%) of mercury removal in this difficult 
application.  These technologies are: 

• Coal Additives 
o >80% total mercury removal (coal to outlet) achieved at Meramec without carbon 

injection  
(Plant configuration and high LOI may have contributed to removal.  High 
removal has not been achieved at other sites firing PRB coal that have lower 
LOI.) 

• Treated Activated Carbon Injection (DARCO® Hg-LH) 
o High removal (>90%) achieved at Meramec during the long-term test periods 

o No adverse balance-of-plant impacts were noted 

Other Balance-of-Plant Concerns: 

• Historical data suggest that no measurable mercury will leach from collected ash.  
Tests on the ash/sorbent mix collected during the 30-day DARCO® Hg-LH injection 
tests at Meramec indicated that mercury was below detection limit in all the leachate 
solutions. 

• After 30-days in the SGLP leaching solution, 55% of the bromine contained on the 
test-side ash sample leached as compared to 80% on the control-side.  The bromine 
concentration in the leachate solution from the test-side was higher than the control-
side because of the higher baseline bromine concentrations in the ash. 
(DARCO® Hg-LH is a bromine-treated activated carbon.) 

• Flue-gas bromine measurements were made at Meramec during long-term testing of 
DARCO® Hg-LH.  The HBr concentration increased from 0.16 ppm during baseline 
testing to 0.26 ppm during long-term testing.  No levels of bromine in excess of those 
expected for plants firing PRB coals were measured. 

• Trace amounts of activated carbon can be detrimental to ash quality for cement use.  
Options to protect ash for sales include TOXECON™ and TOXECON II™.  
TOXECON II™ tests are scheduled to begin Fall of 2005 on a separate DOE contract. 
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Other specific conclusions include: 

• A sorbent injection concentration of approximately 1.0 lb/MMacf was needed to 
capture 60–70% of the vapor-phase mercury across the ESP during the preliminary 5-
day continuous injection test. 

• After increasing the sorbent injection rate, the average inlet and outlet vapor-phase 
mercury concentrations were 5.98 and 0.44 lb/TBtu respectively.  This represents an 
approximate 93% reduction in vapor-phase mercury across the ESP and agrees well 
with the parametric testing results.  The average sorbent injection concentration was 
3.3 lb/MMacf. 

• No measurable increase in stack opacity, SO2, or NOx emissions was observed during 
long-term testing. 

• The two sets of Ontario Hydro measurements performed during long-term testing 
showed average mercury removal efficiencies of 94.6 and 91.2%.  These were 
consistent with measurements made by the inlet and outlet mercury analyzers and in-
situ fly ash samples. 

• The sorbent injection system experienced no material handling problems during long-
term testing. 

• Data from the second half of long-term testing suggest impacts to ESP operating 
parameters were minimal.  Data from the first half of testing are unavailable. 

• There was a linear correlation between the sulfur and mercury content in the coal 
samples collected during this program (r2=0.6). 
 

The goals for the program established by DOE/NETL were to reduce the uncontrolled 
mercury emissions by 50 to 70% at a cost 25 to 50% lower than than the target established by 
DOE of $60,000/lb mercury removed.  The results from Meramec indicated that using 
DARCO® Hg-LH would result in higher mercury removal (90%) at a sorbent cost 90% lower 
than the benchmark.  In addition, the estimated costs for control at Meramec are 0.74 
mills/kWh compared to 1.2 mills/kWh for the maximum achievable removal at Pleasant 
Prairie (67% mercury removal).  Both units fire PRB coal and have ESPs installed for 
particulate control.  The critical difference in the sorbent costs is the improved effectiveness 
of DARCO® Hg-LH over DARCO® Hg.  These results demonstrate that the goals established 
by DOE/NETL were exceeded during this test program. 

The increase in mercury removal over baseline conditions is defined for this program 
as a comparison in the outlet emissions measured using the Ontario Hydro method during the 
baseline and long-term test periods.  The average inlet concentration was 26% higher during 
long-term testing compared to baseline testing.  The change in outlet emissions from baseline 
to long-term testing was 89%. 
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LIST OF ACRONYMS AND ABBREVIATIONS 
 
ACI Activated carbon injection 
AEA Air entrainment additive 
CESP Cold-side ESP 
CVAAS Cold-vapor atomic absorption spectrometer 
CVAFS Cold-vapor atomic fluorescence spectroscopy 
DARCO® Hg Sorbent manufactured by NORIT Americas.  Formerly known as 

DARCO® FGD 
DARCO® Hg-LH Sorbent manufactured by NORIT Americas.  Formerly known as 

DARCO® FGD-E3 
DOE Department of Energy 
EC Equivalent sorbent injection concentration 
EERC Energy & Environmental Research Center 
ESP Electrostatic precipitator 
FF Fabric filter 
FGD Flue gas desulfurization 
GRE Great River Energy 
ICR Information Collection Request 
kacfm Thousand actual cubic feet per minute 
kW Kilowatt 
MCC Motor control center 
MW Megawatt 
NETL National Energy Technology Laboratory 
O&M Operating and Maintenance 
PAC Powdered activated carbon 
PLC Programmable Logic Controller 
PRB Powder River Basin 
SCA Specific collection area 
SCEM Semi-continuous emission monitor 
SDA Spray dryer absorber 
SGLP Synthetic groundwater leaching procedure 
SSD Sorbent screening device 
TAG Technical Assessment Guide 
TCLP Toxicity characteristic leaching procedure 
µg/Nm3 Reference to 32ºF dry gas
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Meramec Test Plan 
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Project Objectives 

The objective of testing at AmerenUE’s Meramec Station is to determine the cost 
and effects of sorbent injection for control of mercury in stack emissions.  Meramec 
Station in located in St. Louis County, MO.  The project will evaluate the effects of 
sorbent injection into an electrostatic precipitator (ESP).  This evaluation will be 
conducted on one-half of the 140 MW flue gas stream. 

Project Overview 

This test is part of an overall program funded by the Department of Energy’s 
National Energy Technology Laboratory (NETL) and industry partners to obtain the 
necessary information to assess the feasibility and costs of controlling mercury from coal-
fired utility plants.  Host sites that will be tested as part of this program are shown in 
Table 1.  These host sites reflect a combination of coals and existing air pollution control 
configurations representing 78% of existing coal-fired generating plants (approximately 
950 plants producing a combined 245,000 MW) and potentially a significant portion of 
new plants.  These four host sites will allow documentation of sorbent performance on 
the following configurations: 

Table 1.  Host Sites Participating in the Sorbent Injection Demonstration Project 

 Coal / Options APC Capacity (MW) / 
Test Portion 

Current Hg 
Removal 
(%)* 

Sunflower Electric’s 
Holcomb Station 

PRB & Blend SDA – Fabric 
Filter 

360 /  
180 and 360 

13 

Ontario Power 
Generation’s 
Nanticoke Station 

PRB & Blend ESP 500/  
250 and 500 

35 

AmerenUE’s 
Meramec Station 

PRB ESP  140 / 70 20  

American Electric 
Power’s (AEP) 
Conesville Station 

Bituminous & 
Blend 

ESP + Wet 
FGD 

400 / 400 56 

* Based upon recent Ontario Hydro measurements, except Meramec which was measured 
via method 324. 

Meramec Unit 2 was chosen for this evaluation because of its combination of 
firing subbutiminous Powder River Basin (PRB) coal with a cold-side ESP.  This 
combination is increasingly common as many U.S. utilities are fuel switching to lower-
sulfur western coals.  Approximately 25% of the electricity generated from coal-fired 
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power plants is derived from plants burning subbituminous fuel.  However, data available 
through EPA’s Information Collection Request (ICR) database1 and through other EPRI 
programs indicate that units burning subbituminous fuels and are configured with 
moderate sized ESP’s demonstrate low mercury removal2.  Pre-baseline mercury 
measurements were made on June 22, 2004, made via the Method 324 at the inlet and 
outlet of the ESP.  During these tests, the average mercury capture across the ESP during 
the pre-baseline tests was ~ 20%.    

Full-scale data from the DOE Phase I tests conducted at Pleasant Prairie 
demonstrated mercury removal efficiencies with sorbent injection were limited to ~ 70%.  
At a sorbent injection concentration of 10 lb/MMacf  mercury capture across the ESP was 
60-65%.  The sorbent injection concentration was increased up to 30 lb MMacf, however 
increasing the injection concentration above 10 lb/MMacf showed little improvement of 
mercury capture across the ESP.  Reducing the injection concentration to 5 lb/MMacf 
decreased the mercury removal to 50-55%.  At 1 lb/MMacf mercury control efficiency 
averaging 46% over a five-day period was achieved.  These data are presented in Figure 
1.   
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Figure 1.  Data from Previous Full-Scale Evaluation at WE Energies Pleasant 
Prairie Power Plant 

Host Site Description 
Meramec Station is located in St. Louis County, Missouri.  The test unit (Unit 2) 

is a load-following sub-critical 140-MW (gross) pulverized coal, tangentially fired, 
electric generating unit that burns 100% PRB coal.  The unit is equipped with an ESP for 
particulate removal.  During the 2004 spring outage, Units 1 & 2 will be retrofitted with 
Low NOx burners and separated overfire air for control of NOx emissions.   

2 



The ESP on Unit 2, designed by American Air Filter Company, Inc, is comprised 
of 5 electrical fields and 3 mechanical fields.   

For sorbent injection testing with injection upstream of the ESP, only one-half of 
the 140 MW flue gas stream will be treated.  A sketch showing one-half of the Unit 2 flue 
gas path is shown in Figure 2 and a photograph is shown in Figure 3.  Tests will be 
conducted to determine the mercury removal efficiency when injecting sorbent across the 
ESP.  Data will also be available to determine the amount of mercury captured in-flight 
prior to entering the ESP.  Key operating parameters for Meramec Unit 2 are shown in 
Table 2.   

Stack

ESP

Downstream Hg Sampling Sorbent Injection

Inlet Hg Sampling

Outlet Hg Sampling

To ID Fan

Gas Flow

 

Figure 2.  Sketch of East-Half of Meramec Unit 2 Testing Layout 
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Figure 3.  Photo of East ESP Inlet Duct – U

 

Table 2.  Meramec Key Operating Paramet

Unit 

Size (MW) 

Test Portion (MWe) 

Coal 

 Heating Value (as received) 

 Sulfur (% by weight) 

 Chlorine (%) 

 Mercury (µg/g) 

Particulate Control 

Sulfur Control 

Ash Reuse 
Hg Measurement
Sorbent Injectio

Hg Measurement
 

nit 2. 

ers 

2 

140 

70 

PRB 

8738 

0.25 

~0.06 

0.052 

ESP (American Air Filter) 
SCA = 320 ft2/kacfm 

Compliance Coal 

Sold for Cement or Landfill 
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General Technical Approach 

Activities at each test site in this program are divided into the seven tasks shown 
in Table 3.  These tasks provide the outline for the test plan. 

Table 3.  Site-Specific Tasks 

Task Description 
1 Host site kickoff meeting, test plan, and sorbent selection 
2 Design and installation of site-specific equipment 
3 
 3.1 
 3.2 
 3.3 
 3.4 
 3.5 

Field Tests  
 Sorbent screening  
 Sample and data coordination 
 Baseline tests 
 Parametric tests 
 Long-term tests 

4 Data analysis 
5 Sample evaluation 
6 Economic analysis 
7 Site report 

Task 1.  Host Site Planning and Coordination 
Efforts within this task include planning the site-specific tests with AmerenUE 

and Meramec Station, DOE/NETL, and contributing team members.  ADA-ES met with 
plant personnel on February 26, 2004 to discuss the overall scope of the program, the 
potential impact on plant equipment and operation, and to finalize equipment and port 
locations.  Additional communications between ADA-ES and AmerenUE personnel have 
been conducted to discuss the host site agreements and team member cost-sharing 
arrangements.  These efforts will be finalized during this task.  Other efforts include 
identifying any permit requirements, developing a quality assurance/quality control plan, 
finalizing the site-specific scope for each of the team members, and putting subcontracts 
in place for manual sampling (Ontario Hydro, M26a, etc.) sampling services.  A site 
kickoff meeting is scheduled for April 20, 2004. 

The host site will be responsible for preparing sampling and injection ports prior 
to testing.  A document describing the new port locations and port specifications was 
delivered to plant personnel in February.  Installation of the new test ports was completed 
in March 2004.  The site will also be responsible for obtaining samples of coal, ash, and 
other solid samples during the testing program.  A sample management plan describing 
what samples will be collected and their frequency of collection will be issued following 
the site kickoff meeting.  Coal samples should be taken as close as possible to the feeders 
to represent “as-burned” or as-used samples.  However, coal samples should not be 
collected downstream of the pulverizers because some mercury may be released as a 
result of heating during the grinding process.  Ash samples will be required from multiple 
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ESP hoppers to identify variations in mercury and carbon throughout the ESP (front-to-
back and side-to-side).   

Sorbent Selection 

A key component of the planning process for these evaluations is identifying 
potential sorbents for testing.  The test program allows for the evaluation of different 
sorbents including a lignite-derived activated carbon supplied by NORIT, referred to as 
DARCO FGD carbon, and other alternative sorbents.  DARCO FGD is considered the 
benchmark for these tests because of its wide use in DOE/EPRI/EPA-sponsored testing.  
Because of the economic impact of sorbent cost on the overall cost of mercury control, it 
is desirable to find less expensive sorbents.  In addition, sorbents that have the potential 
to capture mercury at the low HCl conditions, typical of subbituminous units may be 
evaluated.  Sorbent vendors and developers are invited to submit proposals for inclusion 
of their sorbents in the program.  Sorbents will be selected for evaluation based upon a 
review of the proposals by the project team to determine potential improvements over the 
benchmark sorbent and the relative sorbent costs.  If the team determines that information 
on the potential performance of sorbents in the Meramec flue gas is lacking for key 
candidates, select sorbents may be screened using a slipstream device at Meramec. 

Task 2.  Design, Fabricate, and Install Equipment 
Site-specific equipment includes the sorbent distribution manifold and sorbent 

injectors.  This must be designed and fabricated for each test site.  Other equipment, such 
as the injection feeder/silo and mercury analyzers are used at all sites.  Required site 
support at Meramec includes installation of required platforms and scaffolding, supplying 
compressed air and electrical power, wiring plant signals including boiler load to the 
control trailer, and balance of plant engineering.  Table 4 presents a representative split of 
responsibilities on key equipment and activities between ADA-ES and the host plant.  A 
foundation for the skid will also be required.  ADA-ES engineers are working with plant 
engineers to develop an installation and contractor bid package for installation activities, 
and will work with the installation contractors. 

Table 4.  Scopes of Work for Sorbent Injection System 

ADA-ES Transportable System Provided by Host Site 
Injection Silo and Feeder Foundation and power 
Sorbent Injection System Injection ports 
Sorbent Distribution Manifolds Test ports 
Conveying Hose (400 ft) Access platforms 
Sorbent Injectors Installation labor 
PLC Controls  Compressed air 
Hg SCEMs Power, Compressed Air 
Office Trailer(s) Signal Wiring / Telephones / Power 
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ADA-ES will oversee installation and system checkout of the mercury control 
equipment.  If necessary, ADA-ES is capable of taking responsibility for all phases of the 
installation, except for final connections into plant utilities.  ADA-ES will work with 
Meramec personnel to assure that the equipment is installed in an efficient manner, 
within the resources available at the site. 

ADA-ES will be responsible for the final checkout of all systems and for the 
general maintenance of the systems during testing.  At least one engineer or technician 
who is solely dedicated to the operation of the equipment will be on-site or on-call for all 
tests.  The actual equipment installation, not including preparation tasks, is estimated to 
take three weeks.  This includes time for checkout and troubleshooting.  ADA-ES will 
also install the mercury monitors at Meramec. 

Meramec will be responsible for all permitting and any variance requirements.  
ADA-ES can assist by providing information to or meeting with regulatory agencies as 
required. 

Feeder and Analyzer Descriptions 

The carbon injection system will consist of a bulk-storage silo and twin 
blower/feeder trains.  PAC is delivered in bulk pneumatic trucks and loaded into the silo, 
which is equipped with a bin vent bag filter.  From the discharge section of the silo, the 
sorbent is metered by variable speed screw feeders into eductors that provide the motive 
force to carry the sorbent to the injection point.  Regenerative blowers provide the 
conveying air.  A PLC system is used to control system operation and adjust injection 
rates.  Figure 4 is a photograph of the sorbent silo and feeder trains designed to treat a 
150-MW boiler on a unit with an ESP.  The unit is approximately 50 feet high and 10 feet 
in diameter with an empty weight of 10 tons.  The silo will hold 20 tons of sorbent.  
Flexible hose carries the sorbent from the feeders to distribution manifolds located on the 
flue gas ducts, feeding the injection probes.  Each manifold supplies up to six injectors. 
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Figure 4.  Carbon Injection Storage Silo and Feeder Trains for 150 MWe (Phase I 
System). 

 

At least two mercury monitors will be used during this testing program to provide 
real-time feedback during baseline and sorbent injection testing.  The mercury analyzer 
used during the Phase I program 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 sketch of the system is 
shown in Figure 5.  An inertial separation probe is shown in the figure.  This probe 
separates the particulate matter from the sample with minimal sampling artifacts from fly 
ash or injected sorbent. 
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Sample Extraction

Sample 
Conversion/
Speciation

Sample Transport

Data Management

 

Figure 5.  Sketch of Mercury Measurement System. 
The analyzers are capable of measuring both total vapor-phase mercury and 

elemental vapor-phase mercury.  The analyzer determines total vapor-phase mercury 
concentrations by reducing all of the oxidized mercury to the elemental form near the 
extraction location.  To measure elemental mercury, the oxidized mercury is removed 
while allowing elemental mercury to pass through without being altered. 

Task 3.  Field Testing 
The field tests will be accomplished through a series of five (5) subtasks.  The 

subtasks are independent from each other in that they each have specific goals and tests 
associated with them.  However, they are also interdependent, as the results from each 
task will influence the test parameters of subsequent tasks.  A summary of each task is 
presented. 

The various tests are described below in their corresponding subtask.  Exact 
operating conditions are subject to change based on the results from baseline and sorbent 
screening tests. 

Subtask 3.1 Sorbent Screening 

Data from other sites, similar to Meramec Unit 2 (i.e. PRB coal, similar operating 
temperature), will be used to determine which sorbents will be tested during the 
parametric and long-term testing series.  Additional screening tests will be conducted 
between parametric and long-term testing to assess the performance of new sorbents.  
During these tests, a stream of flue gas will be drawn through a sorbent screening 
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apparatus.  The mercury concentration will be measured at the inlet and outlet of the 
sorbent screening device to determine the performance of the sorbents being tested. 

Subtask 3.2 Sample and Data Coordination 

ADA-ES engineers will coordinate with plant personnel to retrieve the necessary 
plant operating data files.  An example of the operating data is included in Table 6, along 
with other samples and measurements that will be collected.  These data will be 
integrated into the sorbent injection and mercury control database.  If possible, it is useful 
if plant operating data can be provided daily.  In addition, ADA-ES site engineers will 
work closely with plant operators to monitor key plant operating parameters in real-time 
during testing.  If at any time the performance of the existing pollution control equipment 
or outlet emissions exceed acceptable operating limits, testing will be halted.  Acceptable 
limits will be discussed and agreed upon prior to beginning injection. 

The primary extraction locations for the mercury monitors will be across the ESP. 
The extraction port and probe length will be identified after a full velocity and 
temperature traverse at the sampling locations are conducted to identify an appropriate, 
single-point position.  The position will be at a duct average temperature and velocity.  
Experience has shown that this should be representative of the duct average mercury 
concentration.  Additional extraction locations for periodic measurements will be located 
downstream of sorbent injection just upstream of the ESP to provide information on the 
in-flight mercury removal. 

Triplicate manual mercury samples using ASTM M6784-02 (Ontario Hydro 
Method) will be collected at the ESP inlet and outlet locations.  Because of the influence 
of HCl and HF on sorbent effectiveness, HCl and HF measurements (Method 26a) will be 
made at the same time the Ontario Hydro samples are collected to better characterize the 
flue gas.  

ADA-ES engineers will also develop a sample Chain-of-Custody and coordinate 
with host plant personnel to assure coal, ash, and other samples are collected and tracked 
properly.  A tentative sample collection schedule is presented in Table 7.  The final 
schedule will be agreed upon prior to beginning baseline testing. 
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Table 6.  Data Collected During Field Testing 

Parameter Sample/signal/test Baseline Parametric/
Long-Term 

Coal Batch sample Yes Yes 

Coal Plant signals:  burn rate (lb/hr) 
quality (lb/MMBTU, % ash) 

Yes Yes 

Fly ash Batch sample Yes Yes 

Unit operation Plant signals:  boiler load, etc. Yes Yes 

Temperature Plant signal at AH inlet and ESP 
inlet/outlet 

Yes Yes 

Temperature Full traverse at ESP inlet/outlet Yes No 

Duct Gas 
Velocity 

Full traverse at ESP inlet/outlet Yes No 

Mercury (total 
and speciated) 

Hg Monitors at ESP inlet/outlet Yes Yes 

Mercury (total 
and speciated) 

ASTM M6784-02 (Ontario Hydro) 
at ESP inlet/outlet 

Yes 
(1 set) 

No/Yes 
(2 sets) 

Multi-Metals 
Emissions 

Method 29 at ESP inlet/outlet Yes, 
outlet 

No/Yes, 
outlet 

HCl, HF, Br EPA Method 26a at ESP inlet/outlet Yes Yes 

Sorbent Injection 
Rate 

PLC, lbs/min No Yes 

Plant CEM data 
(NOx, O2, SO2, 
CO) 

Plant data – stack Yes Yes 

Stack Opacity Plant data - Stack Yes Yes 

Pollution control 
equipment  

Plant data 
(Sec mA, Sec. Voltage, Sparks, etc…) 

Yes Yes 
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Table 7.  Tentative Sample Collection Schedule 

* If sample collection is possible 

Test 
Condition 

Type Frequency Comments 

Coal Daily 1 liter 

ESP Ash Daily: 
Middle Hopper Each Row on 
Test Side 

2 samples per week: 
All Hoppers on Test Side 

 
1 liter 

 

1 liter 
 
(2) 5 gallon - 
Samples 

Baseline 

Bottom Ash* 2 samples per week 1 liter 

Coal Daily 1 liter 

Parametric ESP Ash Daily: 
Middle Hopper Each Row on 
Test Side 

 
1 liter 

Coal Daily 1 liter 

ESP Ash Daily: 
Middle Hopper Each Row on 
Test Side 

2 samples per week: 
All Hoppers on Test Side 
 

1 liter 

 
 
1 liter 
 
(2) 5 gallon - 
Samples 

Long-
Term 

Bottom Ash* 2 samples per week 1 liter 

 
Grab samples of ash will be collected from the ESP hoppers each day of testing.  

Samples will be segregated by the test condition (baseline, each parametric test, and long-
term test).  The samples will be stored in 1-liter or 5-gallon sample containers for 
shipping to the analytical laboratories.  The schedule indicates sampling from multiple 
rows in the ESP.  These samples will be used to determine if stratification exists 
throughout the system.  A sketch of one of the fabric filters with the row numbers is 
presented in Figure 6.   

12 



Gas Flow

Test Side Control Side

2C-10 2C-9

2C-6 2C-5

2C-2 2C-1

 

2C-12 2C-11

2C-8 2C-7

2C-4 2C-3

Figure 6.  Sketch of Unit 2 ESP Hoppers showing Module Numbering. 
 

Subtask 3.3 Baseline Testing 

Once the equipment is installed, one week of baseline testing (no sorbent 
injection) is scheduled.  During the baseline testing series, mercury measurements will be 
made at the inlet and outlet of the ESP.  These data will be used to characterize native 
mercury capture across the ESP without sorbent injection.  Unit operation will be set at 
conditions expected during the parametric tests.  It is anticipated that boiler load will be 
held constant at full-load and that the air pollution equipment will be operated under 
standard full-load conditions.  ASTM M6784-02 (mercury) measurements, and M26A 
(HCl and HF) measurements will be conducted in conjunction with the mercury monitors 
during this subtask. 

Subtask 3.4 Parametric Testing 

Following baseline testing, three weeks of parametric testing are planned as 
shown in the test matrix (Table 9). 

A series of parametric tests will be conducted at full-load conditions to document 
sorbent injection requirements at various sorbent injection rates.  Mercury measurements 
will be made during the parametric tests to characterize mercury capture with sorbent 
injection.  During the parametric tests, sorbents will be injection at various rates to 
develop a relationship between sorbent injection rate and mercury removal efficiencies 
across the ESP. 

The first series of parametric tests will include the DARCO FGD sorbent 
manufactured by NORIT Americas.  This sorbent has been tested in various lab, pilot, 
and full-scale mercury control demonstrations and is considered the benchmark for 
performance comparisons.  DARCO FGD is derived from a Texas-Lignite coal, and has a 
bulk density of 25-30 lbs/ft3.   
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Options for improving the mercury removal beyond that achievable with DARCO 
FGD will be tested at Meramec.  Options include testing a chemically treated activated 
carbon and introducing an additive into the coal while injecting DARCO FGD.  Both of 
these options were evaluated at Holcomb Station under this four-site DOE/NETL 
program.  Holcomb burns a PRB coal and is configured with a spray dryer absorber and 
fabric filter for particulate and SO2 control.  Both options were effective at increasing 
mercury capture compared to the baseline results.  Although the configuration is 
different, enhancements effective at Holcomb are likely to improve performance at 
Meramec.  Therefore, during the second week of testing, FGD-E3, a halogenated 
activated carbon will be evaluated at several injection concentrations.   

During the third week of parametric testing, the mercury removal performance of 
coal additives with and without sorbent injection will be evaluated.  EPA M26a tests will 
also be conducted at the outlet of the ESP during weeks 2 and 3 testing to determine if 
there is an increase in vapor-phase halogens as a results of injecting halogenated material 
or coal additives.  After parametric testing is completed, the project team will evaluate 
the data collected to determine the optimum long-term testing conditions.  The best 
option may be DARCO FGD, the FGD-E3, or the coal additive with or without the 
DARCO FGD injection.  The final week of testing will be used to optimize the mercury 
control conditions and prepare for the long-term testing series.  

Subtask 3.5 Long-Term Testing 

Long-term testing will be conducted at the “optimum” settings as determined in 
the parametric tests and approved by both DOE and AmerenUE/Meramec.  It is the intent 
of DOE that these settings represent the maximum mercury removal.  The goal of this 
task is to obtain sufficient operational data on removal efficiency over a 4-week period, 
the effects on the particulate control device, effects on byproducts, and impacts to the 
balance of plant equipment to prove viability of the process and determine the process 
economics.  During this test, ASTM M6784-02 and M26A measurements will be 
conducted at the inlet and outlet of the pollution control device at least once, depending 
on results verifying mercury monitor measurements during the baseline tests.   

This task is the single most important step in gaining acceptance from the utility 
industry as to the practical implementation of mercury removal technologies on coal-fired 
power plants. 
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Table 9.  Proposed Full-Scale Test Sequence for Meramec Unit 1 

Test Description Start 
Date 

Parameters/Comments Boiler Load 

Baseline  
 

8/23/04 Day 1 - Test crew set-up no restrictions on boiler 
load 
Day 2 - ASTM M6784-02, M26a 
Day 3 - ASTM M6784-02, M26a 
Day 4 - ASTM M6784-02, M26a 
Day 5 - no restrictions on boiler load 

Full Load 24 
hours per day 
Days 2-4 

Parametric Week 1 
Benchmark 
Testing 
 

8/30/04 Day 1 - DARCO FGD, 5 lb/MMacf 
Day 2 - DARCO FGD, 10 lb/MMacf 
Day 3 - DARCO FGD, 15 lb/MMacf 
Day 4 – DARCO FGD/TBD 
Day 5 – DARCO FGD/TBD 

Full Load 
6AM-6PM 

Parametric Week 2 
Enhanced Sorbent 
Testing 

9/13/04 Day 1 - FGD E3, 1.0 lb/MMacf 
Day 2 - FGD E3, 5 lb/MMacf  
Day 3 - FGD E3, 10 lb/MMacf  
Day 4 -  FGD E3, TBD 
Day 5 - FGD E3, TBD 

Full Load 
6AM-6PM 

Parametric Week 3 
Coal Additive 
Testing 

9/20/04 Day 1 – Coal additive 
Day 2 – Coal additive 
Day 3 – Coal additive / DARCO FGD, 5 lb/MMacf  
Day 3 – Coal additive / DARCO FGD, 10 lb/MMacf 
Day 5 - TBD 

Full Load 
6AM-6PM 

Long-term tests  10/18/04 Operate at consistent injection rate 24 hours a day, 4 
weeks, while load following.  Conduct ASTM 
M6784-02 during week 1 and week 4, ASTM 
M6784-02 and M26A tests during week 4.  Sorbent 
and rate TBD. 

Full Load 
only during 
Ontario 
Hydro  

 

Task 4.  Data Analysis 
Data collection and analysis for this program is designed to measure the effect of 

sorbent injection on mercury control and the impact on the existing pollution control 
equipment.  The mercury levels and plant operation will be characterized with and 
without sorbent injection and the long-term evaluation to identify effects that may not be 
immediate.  

Many signals typically archived by the plant will be monitored to determine if any 
correlation exists between changes in mercury concentration with measured plant 
operation.  A correlation is not unusual between temperature and load, for example.  

Because of the apparent influence of HCl and HF on sorbent effectiveness, HCl 
and HF measurements will be conducted and samples analyzed to determine if a 
correlation exists between sorbent effectiveness and HCl and HF concentrations.  
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Task 5.  Coal and Byproduct Evaluation  
Coal and combustion byproduct samples collected throughout the field test will be 

analyzed in this task.  During all test phases, samples of coal, fly ash, and other sample 
streams will be collected.  Select samples will be chosen by the test team for analysis.  
Ultimate and proximate analyses will be performed and mercury, chlorine, and sulfur 
levels will be determined for the coal samples.  The ash will be analyzed for mercury and 
LOI.  Other potential tests include alkalinity, size distribution, chlorine, fluorine, and 
metals such as selenium and arsenic.  A summary of the analyses to be performed is 
included in Table 10. 

Although previous tests from this program and others have shown that the 
byproducts mixed with activated carbon are highly stable, it is important to continue 
evaluating these byproducts for each condition using well-established and documented 
techniques, and new techniques designed to perform even more robust analyses of the 
byproducts.  Additional ash will be collected and archived for other tests, including tests 
requested by EPA, DOE, and independent companies approved by DOE.   

Standard leaching test methods will include the Toxicity Characteristic Leaching 
Procedure (TCLP, SW846-1311) and synthetic groundwater leaching procedure (SGLP).  
If a chemically treated sorbent is chosen for long-term tests, leaching of the chemical 
used in the treatment process will be reviewed. 

The final series of tests are optional, based on whether a determination is made 
that additional analyses are needed for purposes of troubleshooting or for gaining 
additional insight into control options.  For example, it may be desirable to determine the 
size and composition of the ash for certain applications.  These analyses will provide 
information on the impacts of mercury control on ash properties.  The properties have a 
significant impact on the performance of combustion and environmental control systems.  

Sample and data management are needed for tracking a large quantity of samples 
from various process streams at Ameren UE’s Meramec Station.  ADA-ES is developing 
a Sample and Data Management System (SDMS) that will store test data from the 
evaluation.  These data can be used to generate reports, track sample history, and input 
results from laboratory analyses.   

The SDMS will also store plant operational data and other test data during the 
evaluation.  Pertinent plant operating parameters will be logged electronically and 
formatted into a common spreadsheet, which will be delivered to the test team daily.  
After all test data have gone through a QA/QC process, these data will be uploaded to the 
SDMS.  The SDMS will provide a centralized access to project information and other 
data sets.  It will provide links to previous project publications, schedules, and memos.  
The SDMS will have the capabilities to query certain data sets and generate plots and 
other necessary documents.   
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For data control and security, full access will be limited to the project manager 
and site manager at ADA-ES and the sample manager.  Operators collecting samples will 
be able to upload information to the database and print sample labels and Chain-of-
Custody forms.  ADA-ES will include results with regularly issued reports to the test 
team.   

Table 10.  Summary of Byproduct and Waste Characterization Testing 

Series Test Purpose Test Method Comments 

1 Ash Disposal TCLP (SW846-1311) Measures leachable Hg, As, Ba, Cd, 
Cr, Pb, Se, Ag 

2 

Environmental 
Stability – 
Leaching 

EERC SGLP 
 

Measures leachable Hg at 18 hours, 
2 weeks, and 4 weeks 

3 Special Testing Various As needed for troubleshooting or site-
specific information needs 

 
 

Task 6.  Design and Economics of Site-Specific Control System 
After completion of testing and analysis of the data at each plant, the requirements 

and costs for full-scale permanent commercial implementation of the selected mercury 
control technology will be determined. 

The ADA-ES program team will meet with the host utility plant and engineering 
personnel to develop plant-specific design criteria.  Process equipment will be sized and 
designed based on test results and the plant-specific requirements (reagent storage 
capacity, plant arrangement, retrofit issues, winterization, controls interface, etc.).  A 
conceptual design document will be developed.  Sorbent type and sources will be 
evaluated to determine the most cost-effective reagent(s) for the site. 

Modifications to existing plant equipment will be determined and a work scope 
document will be developed based on input from the plant.  This may include 
modifications to the particulate collector, ash handling system, compressed air supply, 
electric power capacity, other plant auxiliary equipment, utilities, and other balance of 
plant engineering requirements.  

Finally, a budget cost estimate will be developed to implement the control 
technology.  This will include capital cost estimates for mercury control process 
equipment as well as projected annual operating costs.  Where possible, order-of-
magnitude estimates will be included for plant modifications and balance of plant items.  
ALSTOM will provide levelized economics for this evaluation. 

Task 7.  Prepare Site Report 
A site report will be prepared documenting measurements, test procedures, 

analyses, and results obtained in Task 2.  This report is intended to be a stand-alone 
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document providing a comprehensive review of the testing that will be submitted to the 
host utility. 

 

Schedule 

The tentative schedule for activities at Meramec Station is shown in Table 11. 

Table 11.  Tentative Schedule for Meramec 

ID Task Name
1 Planning
2 Design and Install Equipment
3 Field Testing
4     Baseline 
5     Parametrics 
6     Long Term
7 Data Analysis
8 Coal and Byproduct Evaluation
9 Design and Economics
10 Site Report

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul
2004 2005
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Key Personnel 

Key personnel for the Meramec tests are identified in Table 12. 

Table 12.  Key Project Personnel for Meramec Mercury Field Evaluation 

NAME COMPANY ROLE PHONE # E-MAIL 

Richard Phillips Ameren UE Project Manager 314-554-3485 RPhillips@ameren.com 

Sharon Sjostrom ADA-ES Program Manager 303-734-1727 sharons@adaes.com 

Travis Starns ADA-ES Site Project 
Manager 

303-734-1727 traviss@adaes.com 

Tom Hart Ameren UE Project Engineer 314-992-7322 Thart@ameren.com 

Charlie Fronick AmerenUE Construction 
Supervisor 

314-992-7292 Cfronick@ameren.com 

Jerry Amrhein ADA-ES Hg Monitors 303-734-1727 jerrya@adaes.com 

Cam Martin ADA-ES Equipment Design 303-734-1727 Camm@adaes.com 

Richard Schlager ADA-ES Contracts 303-734-1727 Richards@adaes.com 

Connie Senior Reaction 
Engineering 

Coal and 
Byproduct Issues 

801-364-6925
ext 37 

senior@reaction-eng.com 

Michael Durham ADA-ES Technical Expert 303-734-1727 miked@adaes.com 

Jean Bustard ADA-ES Technical Expert 303-734-1727 jeanb@adaes.com 

Ramsay Chang EPRI Technical Expert 650-855-2535 Rchang@epri.com 

Leif Lindau ALSTOM Technical Expert 865-560-1397 Leif.lindau@power.alstom
.com 

 

19 



APPENDIX B 
 

Fluent CFD Modeling Presentation 
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Sample and Data Management Plan 
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LABORATORY MERCURY FIELD 
EVALUATION 
Evaluation of Sorbent Injection for Mercury Control at 
AmerenUE Meramec Station 

Sample and Data Management Plan 

 
 

Prepared by: 
ADA Environmental Solutions, Inc. 
8100 SouthPark Way, Unit B 
Littleton, CO  80120 
 
 
August 20, 2004 

 



ADA-ES, Inc., partnered with ALSTOM Power, is conducting an evaluation looking at sorbent injection 
for mercury control at AmerenUE’s Meramec Station.  The overall objective of this project is to 
determine the cost and effects of sorbent injection for control of mercury in stack emissions.   
 
During the evaluation, fuel samples and certain process byproducts will be collected for determinations 
of mercury content, stability, and other analytes.  Process byproducts of interest include but are not 
limited to: 

 
• Bottom Ash 
• ESP Fly Ash 

 
Sample and data management are needed for tracking approximately 300 samples from various solid 
process streams at AmerenUE’s Meramec Station.  ADA-ES is developing a Sample and Data 
Management System (SDMS) that will store test data from the evaluation.  These data can be used to 
generate reports, track sample history, and input results from laboratory analyses.   
 
ADA-ES will also store plant operational data and other test data during the evaluation.  Pertinent plant 
operating parameters will be logged electronically  
 

Sampling Locations 
Samples of various gaseous and solid process streams will be collected during the evaluation.  Specific 
flue gas samples are not included in this document.  Sampling locations for AmerenUE’s Meramec 
Station are shown in Figure 1. 

SDM Plan – Meramec Station 
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Figure 1.  AmerenUE Meramec Unit 2 Configuration and Sampling Locations. 
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Sample Collection 
Samples of various liquid and solid process streams will be collected during the mercury 
control evaluation.  Samples will be segregated by the test condition (baseline, each 
parametric test, and long-term test).  Collecting a representative sample is the primary 
objective of the sampling strategy.  Representative samples will be collected only under 
stable and normal operating conditions unless otherwise directed by ADA-ES personnel.   

Sample Streams 
Coal Samples – Daily grab samples (approximately one liter) of coal will be collected during 
the baseline, parametric, and long-term testing periods.  The sample should be representative 
of the as-fired composition of the coal and will be collected at the coal feeders. 
 
Bottom Ash – Bottom ash samples should be collected prior to being mixed with any other 
process streams.  Bottom ash samples will be collected two times a week during baseline and 
long-term testing from the bottom ash conveyor.   
 
ESP Fly Ash – Grab samples of ash will be collected from the ESP hoppers each day of 
testing.  Samples will be segregated by the test condition (baseline, each parametric test, and 
long-term test).  The samples will be stored in 1-liter or 5-gallon sample containers for 
shipping to the analytical laboratories.  The schedule indicates sampling from multiple rows 
on both the control side and test side of the ESP.  These samples will be used to determine if 
stratification exists throughout the system and to compare ash properties of the test side with 
the control side.  A sketch showing the hoppers from the ESP is shown in Figure 2.  The 
shaded hoppers indicate the hoppers from which fly ash samples will be collected. 
 
 
 
 

2C-4 2C-3 2C-2 2C1 

2C-8 2C-7 2C-6 2C-5 
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Test Side 

 

Control Side

 Gas Flow  

 
 
Figure 2.  ESP Hopper Layout and Sampling Locations. 
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At the end of the long-term testing period, plant personnel will collect a fly ash sample inside 
the ESP.  This sample should be collected from any surface structures (e.g., ledges, corners) 
that are capable of holding fly ash material in place for long periods of time.  This sample 
should be exposed to coal-derived flue gas for long periods of time.  This sample will be 
analyzed for metals content (e.g., Hg, As, Se) to help determine if these toxics accumulate 
over time and surpass any recommended exposure limits. 
 
Flyash Aspirator Sample – Samples from an in-flight flyash sampling system installed 
downstream of the sorbent injection ports will be collected during parametric and long-term 
testing periods.  These samples will be used to determine the in-flight capture of mercury.  
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Table 1.  Tentative Sampling Schedule. 

*If sample collection is possible 

Test 
Condition 

Type Frequency Comments 

Coal Daily 1 liter 

ESP Ash Daily: 
Front Hopper Each Row on 
Test Side 

2 samples per week: 
All Hoppers on Test Side

 
1 liter 

 

1 liter 

Baseline 

Bottom Ash* 2 samples per week 1 liter 

Coal Daily 1 liter 

In-flight Flyash TBD 1 liter Parametric 

ESP Ash Daily: 
Front Hopper Each Row on 
Test Side

 
1 liter 

Coal Daily 1 liter 

In-flight Flyash TBD 1 liter 

ESP Ash Daily: 
Hopper 2C-10, 2C-11 

2 sample per week: 
Hoppers 2C-2, 2C-3, 2C-6, 
2C-7 

1 sample per week: 
Hoppers 2C-4, 2C-8 

1 sample per week 
      Hoppers 2C-10, 2C-11 
 
As directed: 

Hoppers 2C-9, 2C-12 

1 liter 

 
1 liter 
 
 
 
1 Liter 
 
 
5 gallon 
 
 
5 gallon 

Long-
Term 

Bottom Ash* 2 samples per week 1 liter 

 
Additional samples, as described in Figure 1, will be collected during long-term testing. 
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 Sample Management Strategy 
During the mercury control evaluation, Meramec plant personnel, as directed by ADA-ES, 
will collect the solid samples.  ADA-ES will deliver a sampling schedule, which shows the 
sampling frequency, volume, and specific samples to collect during each testing day.  A 
sample management flow chart is shown in Figure 3.   

Collection

Sealed and 
Labeled

Chain of 
Custody

Sample 
Tracking 
System

Ship Samples to ADA-ES/Subcontractor 
Laboratory

Laboratory 
Testing

Input Lab 
Results into 
Database

Report

Review Results 
QA/QC

 
 
Figure 3.  Sample Management Flowchart. 
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Once the samples have been collected, they will be delivered to ADA-ES personnel to be 
sealed and labeled.  The samples will be logged into a database and given a sample 
identification number.  Authorized project team members will have access to the database to 
see which samples have been collected and are available for testing. 
 
Once the samples have been sealed and labeled, ADA-ES personnel will generate a Chain-of 
Custody (COC) form to be delivered with each shipment of samples.  The COC will be used 
for sample tracking and identification.  Although ADA-ES will not enforce the strict COC 
procedures (e.g., signatures to release sample custody, controlled access), all pertinent 
information will be recorded.   
 
The samples, along with a COC, will be shipped to the ADA-ES laboratory for storage.  
Once received, ADA-ES will identify samples for mercury, and other, analyses.  Other 
analyses will include ultimate and proximate analyses for coal, elemental analyses for coal 
and ash samples (including chlorine and fluorine contents), and size distribution analyses for 
sorbent samples.  
 
Although previous tests from this program and others have shown that the byproducts mixed 
with activated carbon are highly stable, it is important to continue evaluating these 
byproducts for each condition using well-established and documented techniques, and new 
techniques designed to perform even more robust analyses of the byproducts.  Additional ash 
samples will be collected and archived for other tests, including tests requested by EPA, 
DOE, and independent companies approved by DOE.  No samples will be shipped to outside 
firms without prior approval of AmerenUE and DOE. 
 
Standard leaching test methods conducted on the fly ash samples will include the Toxicity 
Characteristic Leaching Procedure (TCLP, SW846-1311) and the synthetic groundwater 
leaching procedure (SGLP).  Solid and liquid samples will be collected and analyzed 
according to the methods as prescribed in Table 2.  If a chemically treated sorbent is chosen 
for long-term tests, leaching of the chemical used in the treatment process will be reviewed. 
 
Once the laboratory testing is complete, results will be logged into the SDMS.  Authorized 
project team members will have access to the database to view the results.  A report will be 
generated summarizing results from the sample analyses. 

Flue Gas Samples 
Flue gas measurements will be made at the locations indicated on Figure 1.  Flue gas 
analyses include Ontario Hydros, Method 29, and Method 26a.  Hg analyzers will also be 
used at selected locations measuring near-real-time vapor-phase mercury concentrations in 
the flue gas. 
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Table 2.  Sampling and Analytical Matrix. 
Sampling Location Sample/Type Sampling Method Analytical Method 

Speciated Mercury Ontario Hydro EPA SW 846 7470 cold vapor atomic absorption spectrometry 
(CVAAS) 

Multi-metals   M29 TBD
HBr, HCl, HF, BR2,  CL2,  F2 M26a Ion chromatography per the promulgated EPA Method 26a 
Hg M324 EPA Method 1631 

ESP Inlet 

Total/Elemental Mercury Continuous AF or AA -Analysis 
ESP Inlet 
(downstream of  
sorbent injection) 

Total/Elemental Mercury Continuous AF or AA-Analysis 

Speciated Mercury Ontario Hydro EPA SW 846 7470 cold vapor atomic absorption spectrometry 
(CVAAS) 

Multi-metals   M29 TBD
HBr, HCl, HF, BR2,  CL2,  F2 M26a Ion chromatography per the promulgated EPA Method 26a 
Hg M324 EPA Method 1631 

ESP Outlet 

Total/Elemental Mercury Continuous AF or AA-Analysis 
Hg Grab Sample ASTM D6414-99 or 01 
Cl Grab Sample Modified ASTM D5808 (Oxidative Hydrolysis Microcoulometry) 

F    Grab Sample TBD
Ultimate Analysis Grab Sample  
Proximate Analysis Grab Sample  

Coal Fuel to Boiler 

Trace Metals Grab Sample  
Hg Grab Sample ASTM D6414-99 or 01 

Cl Grab Sample Modified ASTM D5808 (Oxidative Hydrolysis Microcoulometry) 

LOI / Carbon Content Grab Sample  

Leaching Grab Sample TCLP, SW846-1311, SGLP 

Bottom Ash, Fly Ash 

Trace Metals Grab Sample  
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2.0 DRY SORBENT TRAP METHOD – BASED ON 40 CFR PART 75, APPENDIX K 
 

2.1 Summary of Test Method 
The test method relies on the adsorption of mercury in-situ by a sorbent with a high mercury 
capacity, through which flue gas is drawn.  All mercury is captured on the sorbent trap, which is 
recovered following sampling and analyzed for total mercury content in a laboratory.  No 
chemical rinses or mercury for calibration are required on-site for this method.  The method 
captures all vapor-phase mercury present at the measurement location, as long as the sample flue 
gas contact with fly ash is minimized. 
 
This section summarizes some key variables that must be controlled for good quality application 
of the sorbent trap method, followed by some specific EPA requirements for QC that are 
currently included in the proposed method.  Much of the information in this section is derived, 
with permission, from the proposed Test Method and from “Mercury Flue Gas Measurements, 
Understanding Draft Method 324 and Validation Results.”1.  EPA first proposed a sorbent trap 
method for mercury as Draft Method 324.  It was revised and issued as 40 CFR, Part 75, 
Appendix K2. 

The method can be used for the determination of vapor-phase mercury concentrations ranging 
from 0.03 µg/dNm3 to 100 µg/dNm3 in low-dust applications.  A low volume of flue gas (0.2 to 
1 L/min) is sampled.  The following are highlights of the method: 

• The sample trap is a probe-supported dry sorbent trap that is sampled in-situ and that 
must be kept dry; 

• The trap design includes two sections, so that breakthrough of mercury can be evaluated; 
• The key field QC steps are a good leak check and accurate measurement of sample 

volume; 
• Cleanliness is key throughout the field and laboratory handling in order to maintain low 

blanks, low detection limits, and reliable mercury measurement; and 
• The method can be adapted to higher-dust applications, with the same speciation bias 

caveats that apply to wet chemistry sampling. 
 

2.2 Sorbent Trap Design 
Traps are obtained from Frontier Geosciences, Inc.  This trap contains a chemically treated 
charcoal sorbent.  The trap has been designed in two sizes, designated small and large; Figure A-
2 shows the trap dimensions.  These have identical sorbent type, but different size and loading 
capacities.  In general small traps are used for short sample times (<12 hours in duration) and 
large traps are used for longer sample times (>12 hours in duration). 

                                                 
1 EPRI. “Quality Assurance/Quality Control Guidelines for Mercury Measurements Technical Report,” EPRI, Palo 
Alto, CA: 2005. 008267. March 2005. 
2  U.S. Environmental Protection Agency.  40 CFR Part 75, Appendix K, March 2005.   
 



 

 

Carbon Trap      B Section                     A Section
Gas Flow

Gas Flow
             B Section                          A Section

Large Trap: 8mm ID, 10mm OD

Small Trap: 4mm ID, 6mm OD 

~ 75 mm~ 40 mm 

~ 25 mm ~ 25 mm

Glass wool

Figure A-1.  Dimensions and Configuration of the Existing FSTM Sorbent Trap Used to 
Validate Proposed Method 324.  Note: not to scale. 

 
2.3 Sorbent trap Mercury Sampling Procedures 

A simplified diagram of the field sampling train is presented in Figure A-1.  These criteria are 
based on the FSTM trap, both in terms of temperatures and sampling rates.  
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Figure A- 2.  Schematic of Proposed EPA Method 324 
 
 
Certain key QC measures should be emphasized during field sampling: 

• When handling the sorbent traps in the field, non-talc clean laboratory gloves should be 
worn.  This applies to installing the trap onto the probe, leak checking, and sample recovery.  
Cleanliness is discussed in more detail below. 

• Sorbent traps need to be inserted directly in the flue gas duct when sampling, with no 
upstream tubing, filter, etc. 

• Condensation or wetting must not occur in the sample trap, and care should be taken when 
handling the probe to prevent condensation from flowing back to the trap. 



• For wet stack operation the trap section of the probe needs to be heated and it is 
recommended that a shield be incorporated in the probe to deflect entrained moisture from 
the trap inlets. 

• Sample volume must be accurately measured (a dry gas meter calibrated as required in the 
Quality Assurance Handbook for Air Pollution Measurement Systems: Volume III, Stationary 
Source Specific Methods as discussed in 40 CFR Part 60, Appendix A Method 5).   

• The sampling train must be leak checked to assure accurate volume measurements. 
• Upon sample recovery, first cover the trap ends, then wipe off any excess dirt or ash prior to 

storing for subsequent analysis. 
 

2.4 Mercury Analysis Procedures  
The method that has passed the Method 301 validation uses acid leaching and CVAFS analysis.  
The procedure is based on EPA Method 1631, Revision E: Mercury in Water by Oxidation, 
Purge and Trap, and Cold Vapor Atomic Fluorescence Spectrometry.  In the laboratory, each 
trap is acid leached, a known aliquot of the leachate is added to an acidified bubbler, the mercury 
is reduced by SnCl2 and purged from solution and amalgamated on a gold trap, and finally the 
trap is heated and analyzed by CVAFS detection.  . 
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 To: Sharon Sjostrom, ADA-ES MEMORANDUM 
 From: Mandi Richardson  

 Cc: Carl Richardson, Travis Starns 

 Date: 17 October 2005  

 Subject: Ontario Hydro Results for Meramac 
Samples 

 

 
At the request of ADA-ES, Ontario Hydro samples from the July 2004 flue gas sampling 
program at Meramac Station were shipped to URS Corporation directly from Crystal 
Laboratories for re-analysis of sample mercury concentration.  The recovered KMnO4 and KCl 
fractions of the Ontario Hydro train were received by URS Corporation in October of 2004 
following digestion and sample analysis at Crystal Laboratories; the samples were thus well 
beyond the 28-day hold time specified in the ASTM method.  The KMnO4 fractions received 
included runs 1 and 2 from the inlet location, and runs 1 and 3 from the outlet locations.  The 
samples were a dark grey in color with appreciable solids on the bottom and floating throughout 
the sample; this is opposed to a purple color with little or no solids for relatively fresh solutions.  
The KCl fractions received included runs 1-3 from the inlet location and runs 1-3 from the outlet 
location. These samples were clear rather than purple.    
 
Both fractions were analyzed by M7470 in the URS laboratory on November 2, 2004.  The 
results in ppb Hg are listed in Tables 1 and 2 below.   
 

Table 1.  KMnO4 Data Summary – Meramac Samples 
SAMPLE ID ppb Hg 

Inlet Run 1 KMnO4 2.12 

Inlet Run 2 KMnO4 5.85 

Outlet Run 1 KMnO4 8.93 

Outlet Run 3 KMnO4 3.60 

 
Table 2.  KCl Data Summary – Meramac Samples 

SAMPLE ID ppb Hg 
KCl - Inlet Run 1 0.68 

KCl - Inlet Run 2 0.74 

KCl - Inlet Run 3 0.73 

KCl - Outlet Run 1 1.63 

KCl - Outlet Run 2 1.26 

KCl - Outlet Run 3 1.34 
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The mercury concentrations listed in the above tables were converted to total micrograms, using 
total sample volumes listed in the Crystal Laboratories analytical report.  These calculated results 
were compared to the microgram Hg results listed in the Crystal Laboratories analytical report as 
shown in Tables 3 and 4 below. 
 

Table 3.  KMnO4 Data Summary – Meramac Samples 

SAMPLE ID 
µg Hg
URS 

µg Hg 
Cryst Labs 

Inlet Run 1 KMnO4 0.952 0.569 

Inlet Run 2 KMnO4 2.60 0.496 

Outlet Run 1 KMnO4 *4.02 0.539 

Outlet Run 3 KMnO4 *1.62 0.441 
     *No volumes were listed in the analytical report for these samples 
      an estimated average volume was used. 
 

Table 4.  KCl Data Summary – Meramac Samples 

SAMPLE ID 
µg Hg 
URS 

µg Hg 
Cryst Lab 

KCl - Inlet Run 1 0.426 2.80 

KCl - Inlet Run 2 0.510 1.82 

KCl - Inlet Run 3 0.601 2.84 

KCl - Outlet Run 1 1.34 2.52 

KCl - Outlet Run 2 0.859 1.19 

KCl - Outlet Run 3 1.04 2.43 

 
 
 
Table 3 shows that the KMnO4 results from the URS laboratory were higher in mercury than the 
results from Crystal Laboratories.  Also, because of the age and pre-treatment of the samples, it 
is likely that the URS laboratory results are biased low.  Before being sent to URS, the test 
samples were digested per the Ontario Hydro Method, which likely resulted in some mercury 
loss over time. The Ontario Hydro method calls for the addition of hydroxylamine sulfate to the 
jar of KMnO4 sample before a sample aliquot is removed and digested for mercury analysis. The 
addition of this solution can create a reducing environment within the sample that can 
subsequently result in, oxidized mercury being converted to elemental mercury.  Elemental 
mercury is volatile and will not stay in solution.  Therefore, URS received the KMnO4 samples 
4-6 weeks after the addition of the reducing solution, and mercury volatilization could have 
occurred during this period of time.  Furthermore, the KMnO4 results obtained by URS showed 
very high variability.  As mentioned in the first paragraph, the KMnO4 samples were gray and 
full of solids rather than purple with no solids when they were received.  The degradation of the 
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KMnO4 to manganese solids creates a mal-distribution of mercury in the KMnO4 sample, with 
mercury reporting to the solids.  Therefore, higher variability will be observed if the aliquot 
taken from the sample jar for mercury analysis lacks proper homogeneity. 
 
Table 4 shows the KCl results from the URS laboratory were lower in mercury than the results 
from Crystal Laboratories.  Again, the Ontario Hydro method calls for the addition of 
hydroxylamine sulfate to the jar of KCl sample before a sample aliquot is taken and digested for 
mercury analysis.  These KCl samples sat for weeks before URS received them for re-analysis.  
As explained in the above paragraph, the reducing environment created by the addition of 
hydroxylamine sulfate could create a low bias if the sample is not analyzed in a timely manner. 
 
 
Conclusions 
 
The Meramec Ontario Hydro samples analyzed by URS were outdated at the time of the analysis 
and likely had lost some of the original mercury (present in the sample) due to the hold time 
following the Ontario Hydro digestion at Crystal Laboratories.  Thus, the results from the URS 
measurements are not likely to provide useful data for determining flue gas mercury 
concentrations at Meramac. 
 
Results of the URS mercury analyses do indicate that the initial mercury measurements 
performed (by Crystal Laboratories) on the permanganate samples were biased low.  This is 
based on the fact that URS measured higher mercury levels in the sample despite the likelihood 
that mercury-loss had occurred between the analyses by the two labs.  Thus, flue gas elemental 
mercury concentrations, as predicted using the Crystal Laboratories results, should be biased 
low. 
 
Since the URS measurements for the KCl impinger samples were lower than those at Crystal 
Laboratories, and mercury loss would be expected over time with the ‘reduced’ samples, it is not 
possible to draw any conclusions regarding analysis comparison with these samples. 
 



APPENDIX F 
 

REI Air Preheater Flow Modeling 

 

Meramec Topical Report 134 
41986R09 



COMMITTED INDIVIDUALS SOLVING CHALLENGING PROBLEMS 

REACTION
ENGINEERING

INTERNATIONAL 
 
Date:  June 1, 2005 
 
From: Connie Senior 
 
To: Sharon Sjostrom, Travis Starns 
 
Re: Meramec Air Preheater  
 
 
 
Meramec Unit 2 has a tubular air preheater (APH).  Most coal-fired power plants have 
regenerative APHs.  The Salem Harbor Unit tested in the Phase I program also had a tubular 
APH.   
 
I carried out calculations of the time-temperature history in the Meramec APH in order to 
determine the residence time and cooling rates in the APH and to compare these with estimates 
for regenerative APHs. 
 
The APH at Meramec 2 is split into two sections (hot section and cold section); in between the 
two sections there is an ash hopper with transitional ductwork as shown in Figure 1.  Information 
on the APH was obtained from Rich Phillips at AmerenUE.  This information is summarized in 
Table 1. 
 
 
 

TELEP
Hot section

Cold section 2

Cold section 1

Hot section

Cold section 2

Cold section 1

                   Figure 1.  Meramec 2 APH layout.
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77 WE
TELEPHONE: (80
Table 1.  APH dimensions. 
Hot section     
Length# ft 40.73
Tube OD*** inch 2.38
Tube ID*** inch 2.21
Tubes#   10500
External SA ft2 265,905
Internal SA ft2 247,320
Interior x-section ft2 279.5
      
Cold section 1     
Length#   25.00
Tube OD***   2.38
Tube ID***   2.21
Tubes   1954
External SA ft2 30,374
Internal SA ft2 28,251
Interior x-section ft2 52.0
Cold section 2     
Length#   25.00
Tube OD   3.50
Tube ID   3.33
Tubes   6798
External SA ft2 44,761
Internal SA ft2 42,638
Interior x-section ft2 412.1
Total cold section:     
External SA ft2 75,135
Internal SA ft2 70,889
      
Total area     
External SA ft2 341,040
Internal SA ft2 318,209
*From PI data   
**Assumed   
***Adjusted    
#From drawings and other plant information
ST 200 SOUTH SUITE 210 * SALT LAKE CITY, UTAH 84101 
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Flow rates were calculated at full load (139 MW) and low load (80 MW).  Information on 
temperatures at the inlet and outlet of the APH is displayed in the Appendix.  The relationship 
between load and APH outlet temperature was estimated from data on 8/25/04 as shown in 
Figure 2. 
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Figure 2.  APH outlet temperature and load.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reviewing the temperature data in the Appendix, the inlet/outlet temperatures were estimated to 
be 645/333 F at full load (140 MW).  The low load temperatures varied considerably.  For the 
purpose of this calculation, the low load temperatures were estimated at 470/280 F.  The load 
was estimated to be 80 MW.   
 
Table 2 shows the estimated flow rates at two load conditions.  A heat rate of 10,000 BTU/kW-
hr was assumed at full load and low load.   
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Table 2.  Calculated flow rates through the APH. 
 

Load* MW 140 80 
Heat Rate** Btu/kW-hr 10,000 10,000 

HHV** Btu/lb 8,740 8,740 
Excess O2* % 2.3 4.5 

Flue gas scft3/lb coal 110.1 124.8 
Flue gas scft3/hr 17,605,922 11,423,341
Flue gas lb/hr 1,320,592 856,846 

Inlet T*** F 645 470 
Inlet flow acfm 611,778 334,079 

Outlet T*** F 333 280 
Outlet flow acfm 439,041 265,826 

*From PI data    
**Assumed    
***Estimated from outlet temperatures  

 
 
The temperature changes in the flue gas through the hot section and cold sections of the APH 
were estimated from the tube surface areas in each section.  The volume on the flue gas side of 
the APH was calculated from the length, tube dimensions and number of tubes in each section.  
The volume of the hopper and transitional ductwork was computed from drawings, assuming that 
the depth of the hopper and ductwork was the same as the depth of the air preheater sections.  
Table 3 gives the volumes and estimated temperatures at full load (140 MW) conditions; Table 4 
gives the values at low load.  The total residence time in the APH is therefore estimated to be 4 
seconds at full load and 6.9 seconds at low load. 
 
Table 3.  Temperatures and residence times at 140 MW. 
 

Gas-side volume, ft3 T-in, F T-out, F
T-avg, 

F 

Volumetric 
flow rate at 

T-avg, 
acfm 

Res. 
Time, 
sec. 

Delta T, 
F/s 

Hot section 11,381.9 645.0 401.7 515.8 541,073 1.18 -206.2 
Hopper/duct 11,525.3 401.7 401.7 401.7 477,818 1.45 0.0 
Cold section 1 1,300.1 401.7 333.0 366.7 51,358 1.41 -48.7 
Cold section 2 10,303.4 401.7 333.0 366.7 407,007 1.41 -48.7 
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Table 4.  Temperatures and residence times at 80 MW. 
 

Gas-side volume, ft3 T-in, F T-out, F T-avg, F

Volumetric 
flow rate at 
T-avg, acfm

Res. Time, 
sec. 

Delta T, 
F/s 

Hot section 11,381.9 470.0 321.9 392.7 306,781 2.08 -71.2 
Hopper/duct 11,525.3 321.9 321.9 321.9 281,288 2.46 0 
Cold section 1 1,300.1 321.9 280.0 300.6 30,662 2.36 -17.7 
Cold section 2 10,303.4 321.9 280.0 300.6 242,992 2.36 -17.7 
 
At full load, the cooling rate in the hot section was estimated to be –206 F/s (-115 K/s) and in the 
cold section, -49 F/s (-27 K/s).  Cooling rates at load low operation are about a third of those at 
full load. 
 
Estimates of the cooling rates in regenerative air preheaters were provided to George Offen by 
Alstom Preheater.  They estimated -1200 to -6000 F/s as the range of cooling rates in 
regenerative air heaters.  A comparison of the time temperature history for an air preheater with a 
cooling rate of –1300 F/s and the tubular air preheater at Meramec is shown in Figure 3.  The 
same upstream temperature profile is assumed in both cases; the upstream temperature profile is 
not necessarily that found at Meramec.  Mercury oxidation calculations were carried out using 
the two temperature profiles at full load to determine if the tubular air preheater would be 
expected to produce a higher mercury oxidation than a regenerative air preheater. 
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Figure 3.  Time-temperature histories from furnace exit to APH exit, used for full 

load conditions. 
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The combined homogeneous-heterogeneous kinetic model for mercury oxidation was used to 
look at the impact of cooling rates on mercury oxidation.  In these generic calculations, the coal 
chlorine content was assumed to be between 7 µg/g (dry basis) and 70 µg/g (dry basis).  The 
surface area of the fly ash was measured for a select number of samples.  Table 5 gives the 
measured surface area and LOI for samples without activated carbon (taken from the inlet field 
of the ESP).  The surface area of carbon in the fly ash can be estimated, assuming that the LOI is 
mostly due to carbon.  The carbon surface area is remarkably consistent, about 320 m2/g C, 
which is consistent with estimates from other fly ash sources.  
 
Table 5.  Surface area and LOI of Meramec inlet field fly ash samples, without activated 
carbon. 
      Surface Area Mercury Content 
Sample Description LOI, wt% m2/g m2/g C Hg, ng/g Hg, ng/g C
MER024  8/24/04 2C-9 Control, Baseline 1.64 5.13 312.6 547 33,354 
MER0242  10/28/04 2C-9 Control 1.79 5.98 334.3 734 41,006 
MER0251  11/1/04 2C-10 Control 7.54 24.31 322.4 291 3,859 
  
For the purpose of comparison, a cooling rate of –1300oF/s was assumed in a hypothetical 
regenerative air preheater.  Based on the length of the ductwork from the air preheater exit to the 
ESP and a measured gas velocity at the inlet sample point (upstream of ACI) of 53 afps, the 
residence times from the APH outlet to the inlet sample point and to the ESP inlet can be 
calculated.  The lengths from the APH outlet to the inlet sample point and the ESP inlet are 75 
and 180 feet, respectively.  Thus, the residence times from the APH outlet to the inlet sample 
point and ESP inlet are 1.41 and 3.4 seconds, respectively.  Gas temperature was assumed to be 
constant in the duct between the APH outlet and ESP inlet. 
 
Figure 4 shows the predicted range of oxidation of Hg0, assuming 2% LOI in the fly ash with 
coal chlorine contents ranging from 7 to 70 µg/g (dry basis).  The current mercury oxidation 
model does not include absorption terms, so the predictions only apply to the net amount of Hg0 
oxidation, not the partitioning between gas and particulate.  The sample point is assumed to be 
1.4 seconds downstream of the air preheater exit.  The tubular air preheater is predicted to 
produce more oxidation of mercury than a hypothetical regenerative air preheater.  The long 
residence time in the ductwork downstream of the air preheater also contributes significantly to 
mercury oxidation, both for tubular and regenerative air preheaters. 
 
The unburned carbon contributes to mercury oxidation in the model, which seemed to be 
occurring at the plant.  Figure 5 compares a calculation mercury oxidation with ash surface areas 
of 6.4 m2/g and 1.6 m2/g, which might correspond to about 2% carbon-in-ash and about 0.5% 
carbon in ash.   
 
Thus, the tubular air preheater at Meramec and the long duct between the APH outlet and the 
ESP inlet are both expected to contribute to mercury oxidation in the flue gas.   
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Figure 4.  Predicted oxidation of Hg0 after tubular and regenerative APHs for a 
range of coal chlorine from 7 µg/g to 70 µg/g (dry basis) with 2% LOI. 

Regen. 
APH

0.0E+00

2.0E-10

4.0E-10

6.0E-10

8.0E-10

1.0E-09

1.2E-09

1.4E-09

1.6E-09

1.8E-09

2.0E-09

0 2 4 6
Time, sec

M
ol

e 
fra

ct
io

n 
H

g
0

0.5% LOI 

2% LOI

8

 
Figure 5.  Mole fraction of Hg0 as a function of time for 2% LOI and 0.5% LOI for 
tubular air heater and 70 µg/g (dry basis). 
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Appendix:  Meramec 2 air preheater inlet and outlet temperatures during testing. 
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ABSTRACT 
 
With impending regulation of mercury from coal-fired power plants, several mercury control 
evaluations have been conducted targeting the most mature retrofit technologies.  Plant 
configuration, fly ash composition, flue gas chemistry, and other parameters are pivotal in 
the complex issue of mercury control.  During these evaluations, fuel samples and certain 
process byproducts were collected and tested for mercury content, stability, and other site-
specific variables.  These data were used to provide further information on the impacts of 
mercury control technologies on process by-products. 
 
This paper will present data from plants where halogen-enhanced sorbents and coal additives 
were used for mercury control.  Fly ash samples were subjected to various leaching protocols, 
looking for trace amounts of halogens and select analytes (e.g., mercury, arsenic, selenium) 
being leached from the sample.  This paper also documents results from foam index testing, 
surface area measurements, and unburned carbon tests from various fly ash samples. 
 
INTRODUCTION 
 
ADA-ES, Inc., is conducting a test program to obtain the necessary information to assess the 
feasibility and costs of controlling mercury from five plants with configurations that, together, 
represent over 80% of the existing coal-fired generation plants and potentially a significant 
portion of new plants.  This program is being conducted under a cooperative agreement with 
the Department of Energy’s National Energy Technology Laboratory (NETL), and is co-
funded by EPRI and several industry partners.  To date, testing has been completed on four 
plants that fire western subbituminous Powder River Basin (PRB) coal or a blend of PRB and 
bituminous coals.  The fifth test site, scheduled for testing in the spring of 2006, fires a high-
sulfur bituminous coal.  Host sites for this program are shown in Table 1. 
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Table 1.  Host Sites Participating in the Sorbent Injection Demonstration Project. 
 Sunflower 

Electric 
Ameren UE Missouri 

Basin Power 
Project 

DTE 
Energy 

AEP 

 Holcomb Meramec Laramie 
River 

Monroe Conesville 

Test Period 3/04–8/04 8/04–11/04 2/05–3/05 3/05–6/05 
 

2/06–5/06 

Unit 1 2 3 4 5 or 6 
Size (MW) 360 140 550 785 400 
Coal PRB PRB PRB PRB/Bit 

blend 
Bituminous 

Particulate Control Fabric Filter ESP ESP ESP ESP 
SCA (ft2/kacfm) NA 419 599 258 301 
NOx Control    SCR  
Sulfur Control Spray Dryer Compliance 

Coal  
Spray Dryer Coal 

Blending 
Wet Lime 
FGD 

Ash Reuse Disposal Sold for 
concrete 

Disposal Disposal FGD Sludge 
Stabilization 

Test Portion (MWe) 180 and 360 70 140 196 400 
Typical Inlet Mercury 
(µg/dNm3) 

10–12 10–12 10–12 8–10 15.8 

Typical Native 
Mercury Removal*  

0–13% 15–30%  <20% Not 
Available 

50% 

Average Hg Removal 
during 30-day ACI 
test 

93% 93% NA Pending Spring 2006 

* Hg removal from existing APCD. 
 
Field testing at each site included a baseline test period to determine the native mercury 
removal and parametric testing to evaluate several mercury control options such as coal 
blending, coal-additive introduction, and activated carbon injection (both non-chemically 
treated and bromine-treated).  A 30-day continuous evaluation of the most promising option 
was conducted at all sites except Laramie River.  Testing at Monroe Station has been 
completed, and the results will be presented at the meeting. 
 
Coal and combustion byproducts were collected during all test phases.  To assure an accurate 
representation of the bulk coal and ash properties and to ensure overall data quality, multiple 
samples were collected.  The number of samples collected at each test site is summarized in 
Table 2.  Over 200 samples were collected during long-term testing at each site.  All ash 
samples were analyzed for mercury.  For the sites with ESPs, all inlet hopper samples were 
analyzed for LOI.  Several coal samples were characterized and analyzed for mercury and 
chlorine.  Other analyses were also included, as discussed below. 
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Table 2.  Summary of Samples Collected at each Test Site. 
Plant Coal Bottom Ash In-Situ Ash Hopper Ash Other Totals 

Holcomb 53 10 44 306 109 522 
Meramec 56 9 47 224 2 338 
Laramie River 23 none 21 28 4 76 
Monroe 40* none 40 135 2 217* 

* Approximately 30 coal samples were collected but have not been received by ADA-ES from the laboratory at Monroe. 
 
Although previous analyses from this and other programs have shown that the byproducts 
mixed with activated carbon are highly stable, standard leaching test methods, including the 
Toxicity Characteristic Leaching Procedure (TCLP, SW846-1311) and Synthetic Ground-
water Leaching Procedure (SGLP), were conducted to assure that activated carbon containing 
bromine behaved the same as carbon without bromine.  Thermal desorption tests were also 
conducted to determine if the mercury was thermally stable in the fly ash.  When a 
chemically treated sorbent was used for long-term tests, leaching of the specific chemical 
used to treat the sorbent was carried out. 
 
Quality Assurance 
 
Obtaining an accurate representation of the actual coal and ash properties is critical.  
Problems can occur through improper sampling and through inadequate analyses.  Improper 
sampling encompasses both contamination of the samples during sample handling, and 
collecting samples that are not representative of the bulk coal or ash.  To assure the quality of 
the data, multiple samples were collected. 
 
Mercury in Coal 
 
Several coal samples were sent to more than one laboratory for redundant mercury analyses.  
In many cases, the reported mercury contents of the same coal sample differed from lab to 
lab.  The results were also often different when the sample was re submitted and analyzed by 
the same lab or when the lab conducted several analyses of the same sample.  For example, 
coal samples collected during baseline testing at Meramec were split and submitted to two 
laboratories, A and C, for mercury analysis.  The results were often significantly different, as 
shown in Figure 1. 
 
Data presented in Table 3 shows the variability within a single lab for multiple analyses of the 
same sample and for separate analyses of samples sent to the lab from the same batch of coal.  
The causes of the variations in results are not clear but could be due to non-homogeneous 
samples that can cause actual variations in the coal analysis, or inconsistencies in the 
laboratory analyses.  Procedures have been put into place to prepare and homogenize larger 
coal samples to minimize actual variations in the coal.  In addition, as part of their quality 
assurance program, both labs participate in externally organized round robin programs for 
mercury in coal. 
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Figure 1.  Inter-laboratory Variability in Coal Mercury Concentrations. 
 
 
Table 3.  Variations in Coal Mercury Concentrations by Laboratory. 

Sample LabA 
(ng/g) 

Lab C
(ng/g) 

8/24/05   
  Sample 1 Run 1 

 
136 

 
127 

  Sample 2 Run 1 
  Sample 2 Run 2 
  Sample 2 Run 3 

64 
87 
79 

 

8/25/04 
  Sample 1 

 
116 

 
76 

  Sample 2 91  
 
 
Chlorine in Coal 
 
PRB coal contains relatively low concentrations of chlorine, typically less than 50 µg/g.  
Specialized techniques are required to obtain accurate measurement of chlorine in coal.  In 
addition, extra care must be taken while handling the samples as they can be readily contami-
nated by touching (sweat contains NaCl) or if HCl is used in the lab.  Figure 2 shows the 
results of chlorine analyses conducted by Lab A on one set of coal samples from Meramec.  
The first three results were higher than expected for PRB coal, and the concentration quickly 
decreased from the first to the third sample.  A fraction of prepared sample number 17 was 
reanalyzed by another lab and the result was consistent with the original analysis.  This 
suggests contamination in the laboratory, probably while the samples were ground prior to 
analysis.  Fresh portions of samples 17, 18, and 31 were resubmitted to Lab A for processing 
and analysis and new analyses produced results less than 30 µg/g chlorine. 
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Figure 2.  Chlorine Results from Coal collected at Meramec. 
 
Mercury in Ash 
 
During testing at Holcomb, ADA-ES acquired an Ohio Lumex analyzer that determines 
mercury in fly ash using direct combustion.  Initial tests with the Ohio Lumex produced 
results that were consistently higher than those from Lab A.  Therefore, three ash samples 
were submitted to two additional labs for comparison (ADA-ES is Lab B).  The results, 
presented in Figure 3, indicate that Labs B, C, and D produced results within 6% of each 
other, while Lab A was consistently lower by at least 30%.  These results show that the 
results from the Ohio Lumex compare favorably with the standard techniques used by most 
labs.  Therefore, most of the subsequent ash mercury analyses were conducted by ADA-ES 
with the Ohio Lumex.  Lab A later indicated that the spray dryer solids contained in the fly 
ash may have interfered with the digestion technique used at the lab.   
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Figure 3.  Inter-Laboratory Variability in Fly Ash Mercury Concentrations. 
 
The data above demonstrate the difficulty in obtaining consistent and accurate results for 
mercury and chlorine in coal and ash samples.  As part of the sample management procedure 
followed by ADA-ES during this ongoing program, NIST standard coal and ash samples are 
regularly submitted with other samples. 
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RESULTS 
 
Process Variability 
 
Mercury in Coal at Meramec 
 
During the Meramec field evaluation, it was observed that changes in fuel could be identified 
primarily through variations in SO2 emissions.  Several coal samples were analyzed for 
mercury and sulfur content to determine if there was a correlation for these PRB coals.  
Figure 4 shows that, in general, the higher the sulfur content the higher the mercury content 
in the PRB coals from Meramec.  The correlation coefficient was calculated to be 0.64.  
Results from sulfur and mercury analyses from two coals from Holcomb are also included. 
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Figure 4.  Correlation between Sulfur and Mercury in PRB Coals. 
 
Coal delivery data, provided by Meramec plant personnel, was monitored throughout long-
term testing.  Each coal train delivered was subjected to a short-proximate analysis.  Included 
in the analysis was percent sulfur, which was compared to the mercury concentrations as 
measured by the mercury analyzers.  The estimated time between the last train car being 
unloaded and coal from the delivery being fired in the boiler was approximately 24 hours.  
Figure 5 shows the ESP inlet mercury concentration as measured by the analyzer and the 
sulfur concentration from short proximate analysis for the delivery (corrected by approxi-
mately 24 hours to account for the delay between the time the coal is delivered and when it is 
fired in the Unit 2 boiler).  The figure includes the outlet SO2 emissions measured by the 
plant CEM.  Both the coal sulfur and SO2 emissions show a strong correlation to the SCEM 
mercury data at the Meramec Station. 
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Figure 5.  Sulfur in Coal and Vapor-Phase Mercury Concentrations during Long-Term 
Testing. 
 
The correlation between mercury and sulfur in coal is not unexpected, since the sulfur-
containing mineral pyrite (FeS2) often contains significant amounts of mercury.  However, 
this relationship is highly variable and depends on the local geology of the coal.  The 
relationship developed at Meramec and Holcomb should not be generalized to all PRB coals. 
 
Variations of Mercury in Fly Ash by Location 
 
During long-term testing, ash was collected from several hoppers in the fabric filter at 
Holcomb and the ESP at Meramec and analyzed for mercury to determine if mercury vari-
ations occur.  More than 100 hopper ash samples were collected during long-term testing at 
Holcomb and analyzed for mercury.  A sketch of the hopper layout at Holcomb is shown in 
Figure 6.  The front-to-back variation in the mercury concentration is presented in Figure 7, 
and the side-to-side variation is presented in Figure 8.  Note that the mercury concentration is 
low at the beginning of the test period during the transition from baseline testing to activated 
carbon injection testing.  For reference, the average mercury removal across the SDA + FF 
was 93% during activated carbon injection. 
 

A1 A2 A3 A4 A5 A6 A7

A8 A9 A10 A11 A12 A13 A14

B1 B2 B3 B4 B5 B6 B7

B8 B9 B10 B11 B12 B13 B14

Gas Flow

 

Figure 6.  Sketch of Fabric Filter showing Module Numbering. 
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In general, the mercury concentration is relatively consistent during the long-term test.  It 
does appear that the mercury concentrations in the front hopper, A8, were slightly lower than 
in the other hoppers, and the concentration in the back hoppers, A13 and A14, were 
somewhat higher than average (Figure 7).  The variation from side-to-side by row (Figure 8) 
shows there are a few low values in the outer rows (A1–7 and B8–14), but in general there 
was little difference throughout the hoppers. 
 
An in-situ ash sample was also collected upstream of the SDA using a cyclone.  The mercury 
concentration in these samples is also included in Figure 5 and indicates that only about 20% 
of the total mercury eventually collected by the fly ash and activated carbon mix occurred by 
the time the ash reached the SDA.  There was approximately 2 seconds of residence time 
between the injection location and the in-situ ash sampling location.  This suggests that most 
of the mercury capture occurs in the SDA and fabric filter. 
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Figure 7.  Mercury in Ash Samples Collected during Long-Term Testing—Variation 
Front to Back in the Fabric Filter. 
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Figure 8.  Mercury in Ash Samples Collected at Holcomb during Long-Term Testing—
Variation by Fabric Filter Module. 
 
The estimated mercury concentration in the flue gas due to mercury in the coal and the 
fraction of mercury removed from the gas based on ash analyses can be calculated.  For the 
long-term test at Holcomb, these values are shown in Figure 9 along with the results from the 
SCEMs and three other sampling methods:  Ontario Hydro, EPA M29, and sorbent traps 
(M324).  The figure shows good agreement between all methods.  Holcomb fired Jacob’s 
Ranch coal throughout long-term testing and little variation in the inlet mercury 
concentration was noted.  Several other process streams were also sampled during the 
Holcomb long-term test to assure that no other sources or sinks of mercury were being 
neglected.  Additional samples included coal, ash, and lime feed, coal dust suppression agent 
and SDA recycle water.  No significant mercury was found in these other feed streams.  For 
Holcomb, this study indicates that mercury concentrations in the coal and ash can be used to 
estimate the mercury removal across the unit.  For plants that fire coal from several different 
mines, like Meramec, the use of coal samples to estimate mercury removal performance is 
more challenging. 
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Figure 9.  Comparison of Vapor and Solid Mercury Measurements at Holcomb Station. 
 

ESP ash samples were also collected at 
Meramec during the long-term (30-day) 
continuous activated carbon injection test.  A 
sketch of the ESP hopper arrangement at 
Meramec is shown in Figure 10. Activated 
carbon was injected into only one of two ESPs 
in the divided gas path, which provided an 
opportunity to collect control samples (i.e., ash 
containing no activated carbon) to compare with 
the test samples. 

The average mercury concentration during long-
term testing in the test-side is presented in 
Figure 11 and the control-side is presented in 
Figure 12.  The average mercury removal across 
the test-side ESP during the 30-day period was 
93%. 
Gas Flow

Test Side Control Side

2C-10 2C-9

2C-6 2C-5

2C-2 2C-1

 
Figure 10.  Sketch of ESP Hopper 
Layout at the Meramec Station. 

2C-12 2C-11

2C-8 2C-7

2C-4 2C-3
The test-side data indicate that, in general, the mercury concentration in the ash increased 
from the inlet collection fields to the outlet fields.  This is typically the case at units where 
the fly ash is effective at removing mercury, or when activated carbon is present in the ash, 
because the particulate collected in the ESP outlet field is exposed to flue gas much longer 
than fly ash collected in the inlet fields.  The data also show significant difference in the 
mercury concentration between the test- and control-sides.  The ash mercury concentration in 
the control-side was about 50% lower than the test-side.  This indicates significant mercury 
removal across the control-side even in the absence of activated carbon. 
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Figure 11.  Mercury in Test-Side Ash Samples Collected at Meramec during Long-
Term Testing. 
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Figure 12.  Mercury in Control-Side Ash Samples Collected at Meramec during Long-
Term Testing. 
 
Figure 13 is a comparison of coal mercury and the ash mercury in the inlet-field, test-side.  
There is a wide variation in the coal mercury concentration and, for some samples, the coal 
mercury was lower than that measured in the ash.  Meramec burns coal from at least four 
different mines and it is dumped into a single pile for all units at Meramec Station.  
Discrepancies in mercury concentrations calculated from coal and ash samples are likely due 
to the difficulty in obtaining representative grab samples. 
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Figure 13.  Mercury in Coal and Test-Side Ash Samples Collected at Meramec during 
Long-Term Testing. 
 
Variations in Mercury in Fly Ash with LOI 
 
The carbon content of eighty ash samples collected at Meramec during long-term testing was 
measured by comparing the weight difference for a dried sample prior to and after heating to 
800ºC for two hours.  This is the typical technique used for measuring unburned carbon and 
it is reported here as loss-on-ignition (LOI) in reference to the analysis technique.  For 
samples containing activated carbon, this is a measure of both the unburned carbon and the 
activated carbon in the system. 
 
LOI results from ash collected during long-term testing are presented in Figure 14.  During 
most of the test, the unburned carbon level was higher in the control-side ESP than in the 
test-side.  This was unexpected since calculations indicated that at 3.3 lb/MMacf activated 
carbon, the average injection concentration during long-term testing, the increase in carbon in 
the ash from activated carbon injection should be approximately 1.1%.  Therefore, the LOI 
level should have been higher on the test-side during activated carbon injection.  Changes in 
unburned carbon in fly ash can be influenced by several factors including mill settings, 
burner settings, and coal characteristics.  The high LOI on the control-side compared to the 
test-side suggests an imbalance in the combustion system, causing stratification in the 
unburned carbon that was preserved as the flue gas traveled from the boiler through the 
convective pass and air preheater. 
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Figure 14.  Carbon Content for the Inlet Field during Long-Term Testing (Measured 
using LOI Procedure). 
 
Figure 15 depicts another apparent anomaly in that the control-side ash samples with high 
LOI contained less mercury.  To better understand the causes of this trend, five ash samples 
from the control-side and test-side ESPs were further analyzed for size distribution and 
surface area, in addition to the standard LOI and mercury analyses.  The results are given in 
Table 4 and show that: 
 
• Mercury was inversely proportional to LOI. 
• The mercury content of the three control-side ash samples was inversely proportional to 

the carbon size. 
• The Meramec control-side samples had consistent carbon surface area in the range of 313 

to 334 m2/g C.  The test-side samples, which contain activated carbon, had slightly higher 
carbon surface area, in the range of 397 to 412 m2/g C. 

 
The table shows that the sample with the highest LOI also contained the largest particles 
(sample from 11/1/04), and this is the key to understanding the unexpected trend.  The high 
LOI samples from these Meramec samples contain large carbon particles that may not be as 
efficient at adsorbing mercury from the flue gas in-flight, probably due to limitations on mass 
transfer to the relatively few larger unburned carbon particles. 
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Figure 15.  LOI% and Mercury Content on Fly Ash from Control-side of ESP during 
Long-Term Testing at Meramec. 
 
Table 4.  Fly Ash Surface Area and Mercury Content. 

  LOI, 

Mean 
particle 

size, Surface Area Mercury Content 
Description wt% micron m2/g m2/g C* Hg, ng/g Hg, ng/g C 
8/24/04 2C-9 Control, 
Baseline 1.64 18 5.13 312.6 547 33,354 
10/28/04 2C-9 Control 1.79 11.53 5.98 334.3 734 41,006 
11/1/04 2C-10 Control 7.54 43.9 24.31 322.4 291 3,859 
10/28/04 2C-11 Test 2 12.16 7.93 396.7 1,520 76,000 
11/1/04 2C-11 Test 2.41 11.64 9.93 412.0 1,250 51,867 

* The LOI values of these samples were used to estimate the specific surface area of the 
carbon in the sample and the mercury content per gram of carbon in the sample. 

 
Byproduct End-Use 
 
Impact of Carbon on Ash Sales 
 
Activated carbon will likely absorb more of the air entrainment agent (AEA) used in the 
manufacture of cement than typical unburned carbon.  One method of determining the 
amount of air entrainment additive needed for fly ash used as a cement admixture is the foam 
index test.  Prior to long-term testing at Meramec, foam index tests were conducted to help 
quantify the impacts of activated carbon on Unit 2 fly ash.  According to the contractor that 
conducted the foam index tests, ash that required less than 10 drops of AEA is usually 
acceptable for sale.  Activated carbon was added to fly ash samples in amounts simulating 
injection concentrations ranging from 0.5 to 10 lb/MMacf and foam index tests were 
conducted on the combined product.  The results shown in Table 5 indicate Meramec Unit 2 
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ash had the potential for use as a cement admixture mixed at activated carbon injection 
concentrations of less than 1.2 lb/MMacf.  The level of unburned carbon will also affect the 
required AEA, and ash collected during long-tem testing contained significantly higher 
unburned carbon than the samples used in the foam index study. 
 
Table 5.  Foam Index Test Results—Meramec Ash 

% Activated Carbon 
by weight 

Calculated ACI Injection 
Concentration (lb/MMacf) Number of AEA Drops 

None 0 5 
0.20 0.6 8 
0.41 1.2 10 
1.23 3.7 24 
2.05 6.2 38 
4.09 12.4 70 

 
 
Stability of Mercury and Bromine—Leaching Results 
 
Leaching analyses were performed on ash samples from baseline and long-term testing 
phases at each test site to determine the stability of mercury and bromine using SGLP and 
TCLP leaching protocols.  SGLP results are presented in Table 6 and show that mercury 
levels are below the detection limit for both the baseline and long-term tests.  The TCLP 
mercury results for Meramec were also below detection limits for the method.  For the 
Holcomb sample, 0.032 µg/L mercury leached from the sample (RCRA limit = 200 µg/L).  
The levels of bromine leached from long-term samples are much higher than from the 
baseline samples.   
 
Table 6.  SGLP Results for Holcomb and Meramec Samples. 
 Baseline 

(mg/L) 
Long-Term Testing 

(mg/L) 
 

  
  
  

SGLP 
18-hr 

SGLP 
30-day 

SGLP 
18-hr 

SGLP 
30-day 

Holcomb Br* 1.48 1.55 10.10 10.40 
Meramec Br 0.115 0.056 9 16 
Holcomb Hg <0.0002 <0.0002 <0.0002 <0.0002 
Meramec Hg <0.0002 <0.0002 <0.0002 <0.0002 
* A bromine-based water treatment chemical is used for the spray dryer feed water and may 

have influenced the leaching results. 
 
Stability of Mercury and Bromine—Thermal Desorption Results 
 
In addition to leaching studies, mercury thermal desorption analyses were carried out on 
samples collected during the baseline and long-term tests.  In these experiments, the samples 
were heated from a temperature of 22ºC, at a rate of 25ºC/minute, to 750ºC.  The mass of 
mercury desorbed was measured as a function of temperature.  The results indicated that the 
baseline ash sample from Holcomb was stable to 240ºC (464ºF) and the long-term ash 
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sample was stable to 315ºC (599ºF).  The addition of activated carbon at Meramec also 
caused a shift of the first mercury desorption peak to a higher temperature, from 358ºC 
(676ºF) on the ESP control-side sample to 419ºC (786ºF) on the ESP test-side sample. 
 
The thermal stability of bromine in ash collected during long-term testing at Holcomb was 
also evaluated.  Analysis consisted of measuring the bromine concentration in the baseline 
sample, heating portions of the sample to various temperatures from 65 to 204ºC (150 to 
400ºF), and measuring the bromine remaining on each heated sample.  The amount of 
bromine retained on the sample after heating up to 204ºC (400ºF) remained relatively 
unchanged, indicating the bromine collected on the sample is thermally stable within this 
temperature range. 
 
CONCLUSIONS 
 
Power plants burning PRB coal have been the sites of a number of evaluations of control 
technologies for control of mercury emissions.  It has been demonstrated on these units, that 
increasing the halogen concentration in the flue gas stream coupled with activated carbon 
injection can yield mercury removal efficiencies greater than >80%.  Coal samples collected 
during these evaluations were analyzed for mercury content and other analytes.  Results from 
these tests suggest the mercury content varied by mine and there was a correlation between 
mercury and sulfur in the coal.  Fly ash samples collected during these evaluations were 
subjected to several tests to help quantify the amount of mercury collected on the ash and the 
stability of the bound mercury.  Below are a few of the major conclusions derived from these 
tests: 
 
• Careful sample collection, handling, and analysis are critical to obtaining quality results.  

Samples should be homogenized prior to analysis and quality control procedures should 
be in place in the field and lab. 

• Historical data suggest that mercury leaching from collected ash samples is near the 
detection limit for most methods.  SGLP tests on the ash and sorbent/ash mix collected 
from DARCO® Hg-LH injection tests at Holcomb and Meramec indicated that mercury 
was below detection limit in all the leachate solutions. 

• After 30 days in the SGLP leaching solution, some bromine leached from the ash/ 
DARCO® Hg-LH sorbent mixtures.  Additional testing and analysis should be conducted 
to quantify the impact of bromine leaching from fly ash/sorbent mixtures. 

• Mercury in the native ash at Meramec was inversely proportional to LOI.  The mercury 
concentration was inversely proportional to the carbon size. 

• The thermal stability of mercury in ash increases when DARCO® Hg-LH activated carbon 
is present.  The first desorption peak was at 315°C in a PRB-derived fly ash with SDA 
solids (Holcomb), and 419°C in a PRB-derived fly ash from an ESP application 
(Meramec). 
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