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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 DTE Energy’s Monroe Power Plant, 
one of five sites evaluated in this DOE/NETL program.  The overall objective of the test 
program was 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 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 Monroe indicate that using 
DARCO® Hg would result in higher mercury removal (80%) at a sorbent cost of $18,000/lb 
mercury, or 70% lower than the benchmark.  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 change in outlet emissions from baseline to long-
term testing was 81%. 
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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 1,100 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 DTE 
Energy’s 775-MWe Monroe Power Plant Unit 4.  This report presents results from the 
demonstration including the effect on mercury emissions when 1) injecting sorbent at a unit 
equipped with a small- to moderate-sized ESP; 2) using a selective catalytic reduction (SCR) 
system, including the effects on mercury speciation and sorbent performance; and 3) blending 
Powder River Basin (PRB) and eastern bituminous coals. 
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EXECUTIVE SUMMARY 
The primary objective of testing at DTE Energy’s Monroe Power Plant was to 

determine the cost and effects of sorbent injection for control of mercury in stack emissions 
from Unit 4.  Monroe Unit 4 was chosen for this evaluation because it has a marginally sized, 
cold-side ESP (SCA = 285 ft2/kacfm) and it fires a blend of PRB and bituminous coals.  
General observations and conclusions include: 

• Native (baseline) mercury levels and removal: 

o Native mercury removal was less than 35% during both baseline test periods 
(SCR bypassed and online), based on inlet levels ranging from 4 to 10 lb/TBtu. 

o Native removal was nominally 20% during long-term testing. 

• The coal blend ratio was varied while the SCR was offline from 60% PRB/40% 
bituminous to 70% PRB/30% bituminous.  No significant changes in mercury 
speciation or removal were noted. 

• The SCR was effective at increasing the fraction of oxidized mercury from 
between 20 and 40% without the SCR to >85% with the SCR online. 

• Parametric Testing: 

o Similar performance was observed with DARCO® Hg and DARCO® Hg-LH 
when the SCR was bypassed. 

o DARCO® Hg performed essentially the same whether the SCR was in-service 
or in bypass. 

o Performance of the low-cost DARCO® XTR was similar to the other NORIT 
products at 3 lb/MMacf, but was measurably less efficient at removing mercury 
at an injection concentration of 6 lb/MMacf. 

o The non-carbon sorbent, NEST, demonstrated poor removal (10% at 
5 lb/MMacf). 

• Long-Term Testing: 

o Average outlet mercury concentration was 0.91 lb/TBtu during periods of 
sorbent injection for the long-term tests.  This yielded an average vapor-phase 
mercury capture of 87% (84% due to sorbent injection).  The average sorbent 
injection concentration was 5.9 lb/MMacf DARCO® Hg for the 30-day period. 

o Some mercury stratification was observed at the outlet of the ESP.  Side-to-side 
stratification was likely due to the non-ideal location of existing ports used for 
the injection lances.  Top-to-bottom stratification was likely a result of lance 
design. 
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• Balance-of-Plant and Costs: 

o No change in ESP spark rate or power was noted as a result of sorbent injection. 

o No increase in stack opacity or particulate emissions (EPA Method 5) was noted 
due to sorbent injection.  While the SCR was in operation, the measured average 
particulate emissions were 0.012+0.006 gr/acf during baseline testing and 
0.0098+0.003 gr/acf during long-term testing.  This measured decrease in 
particulate emissions from baseline to long-term testing is likely due to 
variations in unit operation and may not reflect changes due to carbon injection. 

o During the long-term test period, analysis of the carbon content of the hopper 
ash suggested that the ESP collection efficiency for PAC + unburned carbon 
ranged from 69 to 75% (average 72%) per field.  At an injection concentration 
of 5.9 lb/MMacf, this suggests a potential increase in the particulate emissions 
of 0.00091 gr/acf for this three-mechanical-field ESP.  This is less than the run-
to-run standard deviation measure d during either the baseline or long-term M5 
tests. 

o 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 
injection tests at Monroe indicated that less than 0.2% of the mercury collected 
in the ash samples leached over a 30-day period. 

o Both leaching and thermal desorption results indicated that mercury was more 
stable on Monroe ash containing PAC than ash without PAC. 

o The estimated capital requirement for an installed sorbent injection system to 
treat Monroe Unit 4 is $3.0 million. 

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 Monroe indicate that using 
DARCO® Hg would result in higher mercury removal (80%) at a sorbent cost of $18,000/lb, 
or 70% lower than the benchmark.  These results demonstrate that the goals established by 
DOE/NETL were exceeded during this test program. 

The increase in mercury removal over baseline (uncontrolled or native) 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 change in outlet 
emissions from baseline to long-term testing was 81%. 
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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 
electrostatic precipitators (ESPs) and fabric filters (FFs).  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 test 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 in the U.S.  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 conditions for at least one 
month.  These technical objectives are accomplished by following the series of tasks listed 
below.  These tasks are 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 included in Appendix A:  Monroe Test Plan. 
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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 3/05–7/05 3/06–5/06 

Unit 1 2 3 4 6 

Size (MW) 360 140 550 775 400 

Coal PRB PRB PRB PRB/ 
Bituminous Blend Bituminous 

Particulate Control Joy Western 
Fabric Filter 

American Air 
Filter ESP ESP ESP Research-

Cottrell ESP 

SCA (ft2/kacfm) NA 320 599 285 301 

Sulfur Control Spray Dryer 
Niro Joy Western 

Compliance 
Coal 

Spray 
Dryer Coal Blending Wet Lime FGD

NOx Control “1st generation” 
LNB 

LNB and 
SOFA None SCR 

(Cormetech) None 

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 5–10 15–30 

Typical Mercury 
Removal  0–13% 15–30%  <20% 10–30% 50% 

 

 

Table 2.  Field-Testing Schedule. 
2004 2005 2007 Site 

Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 
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.  The organizations providing co-funding for tests at Monroe include: 

ADA-ES, Inc. 
ALSTOM 
AmerenUE* 
American Electric Power* 
Arch Coal 
DTE Energy 
Dynegy Generation 
EPRI 
MidAmerican  
NORIT Americas Inc. 
Ontario Power Generation* and partners 

EPCOR 
Babcock & Wilcox 

Southern Company 
Tennessee Valley Authority 

* Indicates host site. 
Sunflower Electric and its project partners provided funding toward testing at the Holcomb 
and Laramie River stations. 
 
 
Key members of the test team include: 

DTE Energy and Monroe Station 
Project Manager:  Melanie McCoy 
Monroe Project Engineers:  Jason Brown, Sam Dubois 

ADA-ES, Inc. 
Project Manager:  Sharon Sjostrom 
Site Manager:  Travis Starns 
Project Engineer:  Cody Wilson 
SCEM Lead:  Jerry Amrhein 

DOE/NETL 
Project Manager:  Andrew O’Palko 

EPRI 
Project Manager:  Ramsay Chang 

Reaction Engineering International 
Coal and Byproduct Analysis Interpretation:  Connie Senior 

Others 
Analytical laboratories 
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MONROE PROJECT OBJECTIVES AND TECHNICAL 
APPROACH 

The primary objective of testing at DTE Energy’s Monroe Power Plant was to 
determine the cost and effects of sorbent injection for control of mercury in stack emissions 
from Unit 4.  Monroe Power Plant is located in Monroe County, Michigan.  Unit 4 typically 
fires 40% bituminous coal and 60% western subbituminous Powder River Basin (PRB) coal.  
The unit is equipped with an ESP for particulate control and a selective catalytic reduction 
(SCR) system for NOx control.  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 

Parametric and long-term test conditions were chosen to meet an overall objective of 
identifying options to enhance mercury removal for units firing a blend of PRB and eastern 
bituminous coals.  The evaluation focused on activated carbon injection using treated and 
untreated sorbents; these materials have also been used at the other test sites.  Other options 
tested included a non-carbon-based sorbent and a low-activity sorbent, as well as adjusting 
the coal blending ratio.  The evaluation was conducted on one-quarter of the 775-MWe 
Unit 4 flue gas stream. 

Importance of Testing at Monroe 
Monroe Unit 4 was chosen for this evaluation because it has a marginally sized, cold-

side ESP (SCA = 285 ft2/kacfm) and it fires a blend of PRB and bituminous coals.  This 
combination allowed an evaluation of the effects of sorbent injection and coal blending on 
mercury control and ESP performance for an ESP that represents the size of many units in 
the industry.  Another key feature of Monroe Unit 4 is that it uses an SCR system during the 
ozone season.  SCR systems are becoming more common in the industry as many U.S. 
utilities are required to reduce NOx emissions.  Testing at Monroe evaluated the effects of 
using an SCR system on mercury speciation and sorbent performance.  Results with and 
without the SCR in service are included in this report. 

Monroe provided an opportunity to evaluate the impact of coal blending on mercury 
control because of the plant’s extensive coal blending facilities.  Testing of up to a maximum 
of 70% PRB blended with bituminous fuel was possible.  Previous testing indicated that 
blending of PRB and bituminous coals could improve native mercury capture relative to 
100% PRB coal by enhancing the effectiveness of untreated activated carbon.1 
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Monroe Site Description 

General Description of Unit 4 
The test unit (Unit 4) is a load-following super-critical 775-MW (net) pulverized coal, 

wall-fired, electric generating unit with a horizontal shaft Ljungström air preheater.  The 
orientation of the air preheater produces temperature stratification across the gas path.  
Because flue gas temperature can affect the mercury removal effectiveness of native fly ash 
and sorbents, thermocouples were installed with the injection lances to record temperatures 
across the inlet duct during testing. 

Monroe Unit 4 typically burns a 60/40 blend of PRB and eastern bituminous coal.  
The unit is capable of firing blends of up to 75% PRB coal while incurring a load reduction.  
Key operating parameters for Monroe Unit 4 are shown in Table 3. 

Table 3.  Monroe Typical Operating Parameters. 

Unit 4 
Size (MWe) 775 
Test Portion (MWe) 196 

PRB/Eastern Bituminous Blend (60/40)
Coal 

PRB Bituminous 
 Heating Value (Btu/lb, as received) 8,700 12,319 
 Sulfur (% by weight) 0.04 0.72 
 Chlorine (%) ~0.01 0.05 

 Mercury (μg/g) 0.056 0.08 
Particulate Control Cold-Side ESP; SCA = 285 ft2/kacfm 
Sulfur Control Coal Blending 
NOx Control Cormetech SCR 
Air Preheater  Ljungström Horizontal Shaft 
Ash Reuse Disposed to Ash Pond 

 

The unit is equipped with four ESPs for particulate removal in a piggyback 
configuration, with two boxes on top and two boxes on the bottom, operating in parallel.  A 
sketch showing one-half of the Unit 4 flue gas path is shown in Figure 1.  Each ESP has five 
electrical fields in series and 12 hoppers:  three front-to-back and four side-to-side.  The test-
side ESP hopper numbering scheme is included in Figure 2.  SO3 injection is used to 
condition the flue gas for improved particulate collection in the ESP. 
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ESP

ESP

Outlet 
Measurement 

Sorbent 
Injection 

Inlet 
Measurement 

Gas Flow 

 
Figure 1.  Sketch of Lower South ESP of Monroe Unit 4 Testing Layout. 

 

Monroe Unit 4 uses an SCR for NOx control during the ozone season.  The system is 
required to be online by May 1, the beginning of the ozone season.  Mercury control testing 
at Monroe started before the SCR was brought into service and was completed July 1, 2006; 
thus, data are available both with and without the SCR. 

Description of Sorbent Injection and Mercury Monitoring Locations 
For the test program, sorbent was introduced upstream of the lower south ESP, 

thereby treating one-quarter of the 775-MWe flue gas stream.  The orientation of the 
measurement and injection ports is shown in Figure 2.  This is a plan-view sketch.  The inlet 
measurement and injection ports are vertical ports accessed from the top of the inlet duct, and 
the outlet measurement ports are horizontal ports accessed through the hopper deck of the 
upper ESP. 

The ports used for inlet mercury measurements and the sorbent injection ports were 
available at the plant prior to the mercury control program, so new ports were not installed at 
the test ESP inlet location.  These existing ports were not evenly spaced across the duct, 
however, as shown in Figure 2.  The injection port location affects the distribution of sorbent 
in the duct and can cause mercury stratification at the ESP outlet.  The sorbent distribution 
was modeled using computational fluid dynamics (CFD), and these results are included in the 
“Results from Monroe Testing” section.  Evenly spaced outlet measurement ports were 
installed for this test program. 
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Figure 2.  Plan View Sketch of Measurement and Injection Port Arrangement. 

Vapor-phase mercury was monitored at the inlet and outlet of the ESP with semi-
continuous mercury monitors throughout testing.  Ontario Hydro samples were collected 
during four different test periods.  In-situ fly ash samples were collected using a cyclone at 
the ESP inlet, and these samples were analyzed to determine the particulate-phase mercury at 
this location.  Mercury measurements using sorbent traps were also conducted in several 
ports at the ESP inlet and outlet to determine the extent of mercury stratification at these 
locations.  A list of tests and sampling port locations is shown below: 

• Ontario Hydro 
o Baseline, SCR bypass 

- Inlet Port 2 
- Outlet Port 3 

o Baseline, SCR online and long-term 
- Inlet Ports 1 and 2 
- Outlet Ports 1, 2, and 4 

• In-situ fly ash 
- Inlet Port 2 

• Hg SCEM 
- Inlet Port 4 
- Outlet Port 5 
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Equipment Descriptions 
Carbon Injection and Delivery System 

Figure 3 is a photograph of the sorbent silo installed at Monroe.  Powdered activated 
carbon (PAC) is delivered by 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 through flexible hose to distribution manifolds located on the flue gas ducts at the 
ESP inlet, feeding the injection lances.  Regenerative blowers provided 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. 

 
Figure 3.  Carbon Injection Storage Silo and Feeder Trains. 
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The sorbent injection lances used at Monroe are a four-hole design.  A sketch of a 
single lance is presented in Figure 4.  Holes drilled through the lance were placed at two 
elevations, as shown.  The injection nozzles were placed near the bottom of the lance to clear 
the splitter plate directing flow to the upper and lower ESPs (see Figure 1 for reference). 

1’-6”

2”

11’-2”

.625”

1’-6”

2”

11’-2”

.625”

 
Figure 4.  Sketch of Lance Used at Monroe. 

Mercury Analyzers 
Two mercury semi-continuous emissions monitors (SCEM) were used during testing 

at Monroe to provide real-time feedback during all the testing phases (baseline and sorbent 
injection testing).  One analyzer was installed at the inlet to the ESP upstream of sorbent 
injection, and the second analyzer was installed downstream of the test ESP module before 
the flue gas combined with gas exiting the other ESPs.  The system is shown in Figure 5, 
along with a picture of the mercury analyzer, which 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 extraction probe is an 
inertial separation design that separates the particulate matter from the sample with minimal 
sampling artifacts from fly ash or injected sorbent. 

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. 
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Figure 5.  Sketch of Mercury Measurement System. 

Alternative Sorbent Trap Equipment and Analysis 

Over the past few years, the method of using activated carbon traps for measuring 
mercury at coal-fired power plants has been given several acronyms such as Quick SEM™ or 
QSEM™, EPA Method 324 or M324, and, most recently, it was defined in Appendix K of 
Title 40 CFR Part 75 under the title “Quality Assurance and Operating Procedures for 
Sorbent Trap Monitoring Systems.”  For this report, it will be referred to as the Sorbent Trap 
Method (STM).  The method involves inserting a glass tube filled with activated carbon into 
a gas stream and drawing a measured amount of gas across the carbon trap.  The paired traps 
can then be sent to a lab and analyzed for mercury.  

The STM technique for determining total gas-phase mercury in flue gas from a coal-
fired power plant has been proven simple, reliable, and inexpensive as compared to other 
methods, such as the Ontario Hydro Method.  However, several issues still must be resolved 
including the development of robust and reliable equipment that can be employed and 
maintained by power plant personnel, and the development of a simpler, faster, and less 
expensive means of analyzing the traps.  The test program at Monroe included 1) the use of 
equipment manufactured by Apex Instruments, 2) an evaluation of prototype equipment 
developed and provided at no cost to the program by Environmental Supply Company (ESC), 
and 3) an alternative analysis technique, thermal desorption, conducted by ADA-ES and 
Frontier Geosciences (FGS). 
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The current accepted method for determining the mercury concentration in the carbon 
traps is to perform an aggressive digestion of the trap contents followed by CVAF analysis 
on the resulting solution.  This method is relatively time consuming and expensive and 
requires an experienced lab technician.  OhioLumex has developed an attachment for their 
mercury analyzer that can be used to thermally desorb the contents of the trap through direct 
combustion of the trap contents followed by direct measurement of the mercury in the off-
gas.  FGS and ADA-ES both set up OhioLumex analyzers at Monroe to evaluate the 
applicability of on-site analysis for rapid turnaround of STM samples.  ADA-ES also 
analyzed several STM samples off-site using the direct combustion technique.  These 
samples were compared to the results obtained with the “standard” digestion method 
conducted in the FGS labs.  A discussion of the equipment and analysis techniques is 
included in Appendix C:  STM Description. 

Continuous Particulate Monitor 
A BetaGuard particulate monitor from Mechanical Systems Inc. was installed at the 

ESP outlet to monitor changes in particulate emissions resulting from sorbent injection.  The 
BetaGuard operates by isokinetically extracting a sample of particulate-laden flue gas from 
the duct through a hot-line to the instrument and then through a section of filter tape.  The 
filter tape is made of a glass fiber mesh and traps particulate matter larger than 0.3 microns.  
The mass collected on the filter tape is measured by Beta attenuation.  The instrument also 
measures the volume of the sample gas used to extract the sample and calculates the 
particulate concentration in the duct.  Following each sampling period, the tape is advanced 
to a clean section to repeat the sampling process, allowing EPA Methods 5 and 17 compliant 
automatic semi-continuous sampling 24 hours a day.  Figure 6 shows the BetaGuard 
particulate monitor and a schematic of the process.  During baseline testing, the BetaGuard 
was standardized using results from EPA Method 5 particulate tests. 

 
Figure 6.  BetaGuard Particulate Measurement System. 
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In-Situ Fly Ash Sampling Device 
The in-situ fly ash sampling device for collecting samples for particulate-phase 

mercury measurements 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 included in Figure 7. 

 

 
Figure 7.  In-Situ Fly Ash Sampling Device. 
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Description of Field Testing Subtasks 
The field tests were accomplished through a series of five subtasks: 

1. Sorbent selection 

2. Sample and data coordination 

3. Baseline testing 

4. Parametric testing 

5. Long-term testing. 

The subtasks are independent of 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 in the following 
sections.  The full-scale test sequence is presented in Table 4.  Baseline and parametric tests 
were conducted with and without the SCR in operation; all testing conducted prior to the start 
of ozone season, which began May 1, was conducted with the SCR in bypass.  The long-term 
tests were conducted with the SCR in-service. 
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Table 4.  Full-Scale Test Sequence Conducted at Monroe Unit 4. 

Test Description Test Dates Parameters/Comments 

Baseline SCR Bypassed and 
Coal Blend Tests 03/21/05–03/27/05 

Day 1–Test crew set-up no restrictions on boiler load 
Day 2–Contingency 
Day 3–ASTM M6784-02, M26A, M5/17, Controlled Condensate or M8 
Day 4–ASTM M6784-02, M26A, M5/17, Controlled Condensate or M8 
Day 5–65/35 blend test 
Day 6–70/30 blend test Weekend Day 
Day 7–65/35 blend test Weekend Day 

Parametric Sorbent Injection 
Testing, SCR Bypassed 03/28/05–03/31/05 

Day 1–Contingency 
Day 2–DARCO® Hg, 1, 3 lb/MMacf 
Day 3–DARCO® Hg, 6 lb/MMacf 
Day 4–DARCO® Hg-LH, 1, 3 lb/MMacf 

Outage 04/01/05–04/11/05 No Testing 

Sorbent Effects on ESP 
Performance 04/22/05 

Inject DARCO® Hg-LH at 1, 3, and 6 lb/MMacf for two hours at each rate 
while monitoring particulate emissions on the BetaGuard.  Test will 
stop if particulate emissions are 20% higher than baseline emissions. 

SCR Transition 04/23/05–04/30/05 No Testing 

Baseline, SCR ON 05/16/05–05/20/05 

Day 1–Baseline Hg SCEM measurements 
Day 2–ASTM M6784-02, M26A, M5/17, Controlled Condensate or M8 
Day 3–ASTM M6784-02, M26A, M5/17, Controlled Condensate or M8 
Day 4–ASTM M6784-02, M26A, M5/17, Controlled Condensate or M8 
Day 5–Contingency 

Parametric Sorbent Injection 
Testing, SCR ON 05/23/05–05/26/05 

Days 1 and 2–DARCO® Hg at 1, 3, and 6 lb/MMacf 
Day 3–DARCO® XTR (low activity), 3 and 6 lb/MMacf 
Day 4–NEST (non-carbon), 3 and 5 lb/MMacf  
Day 5–Contingency 

Long-Term Test (30 Days), 
SCR ON 06/01/05–06/30/05 

Operate at consistent injection rate 24 hours a day, 30 days, while load 
following.  Conduct ASTM M6784-02, M26A, M5/17, and Controlled 
Condensate tests during Week 3. 

* Monroe Unit 4 modulates between 775 MWe and 750 MWe at full load operation. 
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Sorbent Selection and Sorbent Descriptions 
A key component of the planning process for these evaluations is identifying potential 

sorbents for testing.  The budget and schedule for this test program allowed for the evaluation 
of up to four different sorbents.  These sorbents, and a brief description of each, are listed 
below: 

• DARCO® Hg, a Texas lignite-derived activated carbon supplied by NORIT Americas 
Inc, is considered the benchmark for these tests because of its wide use in DOE- and 
EPRI-sponsored testing.  It does not have additional chemical treatment to enhance 
effectiveness for mercury removal.  Bulk density of 25-30 lbs/ft3 and a surface area of 
600 m2/g. 

• DARCO® Hg-LH, a Texas lignite-derived activated carbon treated with bromine, 
supplied by NORIT Americas Inc.  DARCO® Hg-LH has been tested at Holcomb, 
Laramie River, and Meramec during this five-site DOE/NETL program and was 
effective at increasing mercury capture compared to baseline results at these sites 
while firing PRB coal.  Similar physical characteristics as DARCO® Hg. 

• DARCO® XTR, a Texas lignite-derived activated carbon that is a cheaper, lower 
quality grade material than the benchmark DARCO® Hg (nominally 10% lower cost 
than DARCO® Hg).  This carbon was included to determine if a lower cost material 
would provide comparable mercury removal performance. 

• NEST, which is designed by Northeastern Energy & Environmental Technologies 
Ltd.  NEST is a low-cost, inorganic sorbent; screening results from Meramec 
indicated that NEST had the best performance among all the other non-carbon- based 
sorbents in a PRB-derived flue gas stream. 

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 test program at Monroe is included in Appendix B:  
Sample and Data Management Plan.  An example of samples and data collected during 
testing is presented in Table 5. 
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Table 5.  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) 

Mercury (total) M324  Yes Yes 

Particulate Emissions EPA Methods 5 and 17 Yes No/Yes 

HCl, HF, Br EPA Method 26a at ESP inlet/outlet Yes No/Yes 

SO3 Controlled Condensate at ESP inlet Yes No/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, 
ammonia flow rate, etc.) Yes Yes 

 
Coal samples were collected daily and provided for analysis.  Grab samples of ash 

were collected from the ESP hoppers each day of testing and analyzed for mercury.  A sketch 
of the control and test ESP hopper configuration showing how the hoppers were numbered is 
presented in Figure 8. 
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Figure 8.  Sketch of Unit 4 ESP Hoppers Showing Module Numbering. 

Baseline Testing (No Sorbent Injection) 
Two weeks of baseline testing were completed.  The first week, March 22-24, 2005, 

was before the SCR was brought into service for the ozone season.  The second week, 
May 16-20, 2005, was after the SCR was brought online.  The baseline data were used to 
characterize native mercury capture across the ESP while no sorbent was injected, and to 
determine the impact of the SCR on mercury oxidation and removal.  During the first two 
days of each baseline test period, Unit 4 was maintained at standard full-load conditions, 
about 775 MWe, between the hours of 7:00 a.m. and 7:00 p.m. 

Throughout these periods, mercury measurements were made at the ESP inlet and 
outlet with a semi-continuous mercury analyzer, or SCEM.  During two days from each 
baseline test period, several manual measurements were also conducted at the inlet and outlet 
of the ESP, including the following: 

• ASTM M6784-02 Ontario Hydro Method (Speciated Mercury) 
• STM, based on the method described in 40 CFR Part 75 Appendix K (previously EPA 

draft Method 324) 
• M5/M17 (Particulate Concentrations) 
• M26A (Halogen and Hydrogen Halide Concentrations) 
• Controlled Condensate (SO3 Measurement) 

Because of the influence of HCl and HF on sorbent effectiveness, HCl and HF 
measurements (Method 26a) were made at the same time the Ontario Hydro samples were 
collected to better characterize the flue gas.  The outlet particulate emissions are a key 
parameter to assess the impact of carbon injection on ESP performance.  Therefore, 
particulate emission measurements were made with EPA Methods 5 (ESP outlet) and 17 
(ESP inlet). 
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SO3 has been shown to affect the capacity of activated carbon for mercury control at 
some sites.2  Monroe uses sulfur trioxide (SO3) as a conditioning agent to improve particulate 
removal in the ESP, and SO3 can be produced when SO2 passes through an SCR.  Although 
the specific interaction is not well understood, the presence of both naturally occurring SO3 

from the coal and injected SO3 for flue gas conditioning (FGC) can decrease mercury capture, 
sometimes dramatically. 

In order to evaluate the potential effects of SO3 at Monroe Unit 4, measurements were 
conducted at the inlet of the ESP during both baseline periods (SCR bypassed and in-service) 
and during long-term testing.  Initial testing during the SCR bypass period using the 
controlled condensate method (the National Council of the Paper Industry for Air and Stream 
Improvement, Inc., [NCASI] Method 8A, Determination of Sulfuric Acid Vapor or Mist and 
Sulfur Dioxide Emissions from Kraft Recovery Furnaces) indicated SO3 levels below the 
detection limit of the method.  Thus, subsequent tests during the ozone season with the SCR 
in-service employed EPA Method 8, 40 CFR Part 60, Determination of Sulfuric Acid Mist 
and Sulfur Dioxide Emissions from Stationary Sources, test procedures to determine SO3 
concentrations. 

During the SCR bypass baseline test period, the coal blend was adjusted to evaluate 
the effects on native mercury removal at various coal blend ratios without sorbent injection.  
Monroe Station has the ability to vary the percent composition of PRB from the normal 
operating blend ratio of 60/40 PRB and eastern bituminous coal up to a maximum of 70% 
PRB fuel, while incurring unit load reduction. 

Parametric Testing 
Following each baseline test period, one week of parametric tests were conducted as 

shown in the test matrix (see Table 4).  During the parametric tests, sorbents were injected at 
various rates to develop a relationship between sorbent injection rate and mercury removal 
efficiencies across the ESP.  Two sorbents, DARCO® Hg and DARCO® Hg-LH were 
evaluated while the SCR was in bypass.  Three sorbents, DARCO® Hg, DARCO® XTR, and 
NEST were evaluated while the SCR was in-service.  Mercury measurements were made 
with the SCEM and STM during the parametric tests to characterize mercury capture with 
sorbent injection. 

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

parametric tests and approved by both DOE and DTE Energy Monroe.  The goals of this task 
were to obtain sufficient operational data on mercury removal efficiency over a 30-day 
period, determine the effects on the particulate control device and on byproducts, as well as 
to evaluate impacts to the balance-of-plant equipment to prove viability of the process, and 
determine the process economics.  Mercury measurements were made at the ESP inlet and 
outlet with a SCEM analyzer.  Also during this test, ASTM M6784-02 (Ontario Hydro 
Method), STM, M26A, and Methods 5 and17 measurements were conducted at the inlet and 
outlet of the ESP.  The SCR was in service for NOx control during long-term testing. 

During long-term testing, 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. 
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RESULTS FROM MONROE TESTING 
The field testing at Monroe was divided into three periods:  baseline, parametric, and 

long-term.  During baseline testing, no sorbent was injected into the duct, but operating 
parameters such as SCR operation and coal blending ratio were varied.  During parametric 
testing, the performance of four sorbents was evaluated.  During long-term testing, the 
performance of one sorbent was evaluated during a 30-day continuous injection period.  
Results from each test series are included in this section. 

Baseline Testing Results 
Baseline testing (no sorbent injection) with the SCR in bypass was conducted 

March 23–24, 2005, and baseline testing with the SCR in-service was conducted May 16–20, 
2005.  Coal blending tests were conducted from March 24–27 while the SCR was in bypass.  
Results from coal samples collected during the two baseline periods and the respective blend 
ratio is shown in Table 6. 

Table 6.  Monroe Unit 4 Coal Analysis, Dry Basis. 

 3/24/05 5/19/05 

Coal Blend 
PRB (%) 60 65 
Low Sulfur Bit (%) 15 15 
High Sulfur Bit (%) 25 20 

Ultimate 
Carbon 73.29 73.4 
Hydrogen 4.71 4.73 
Nitrogen 1.22 1.16 
Sulfur 0.88 0.72 
Ash 8.61 8.41 
Oxygen 11.29 11.58 

Proximate 
Ash 8.61 8.41 
Volatile 39.77 39.2 
Fixed Carbon 51.62 52.39 
HHV (BTU/lb) 12722 12592 

   
Cl 1200 699.05 
Hg (ppb) 76.73 70.41 
Hg (lb/TBtu) 6.27 5.59 
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Mercury concentrations at the inlet and outlet of the ESP were measured using both 
the Ontario Hydro method and online SCEMs during both baseline test periods.  These 
results are summarized for the Ontario Hydro sampling periods in Figure 9.  As shown, for 
the baseline period before the SCR was brought online, the correlation between the Ontario 
Hydro and the SCEMs was poor (the SCEM was 33% higher than the Ontario Hydro on the 
inlet and 77% higher on the outlet).  Due to delays with port installation at the plant, the 
analyzers were installed nominally 12 hours prior to beginning Ontario Hydro sampling and 
the test log indicates some operational problems with both SCEM systems during this start-
up period.  During the second baseline period, the SCEMs were within 12% of the Ontario 
Hydro values at the inlet and 17% at the outlet.  Mercury measurements within 20% are 
considered acceptable.  The full Source Test reports are included in Appendix D:  Baseline 
SCR Bypass and Appendix E:  Baseline SCR Online. 

Coal and ash samples were also collected during both baseline test periods.  The 
mercury concentration in the coal and coal minus ash are also presented in Figure 9 in 
comparison with flue gas measurements.  The technique used for calculating the emission 
rate using coal and ash samples is discussed in the “Characterization of Process Solids” 
section.  The mercury concentrations measured in the coal and ash matches the Ontario 
Hydro measurements fairly well for both baseline test periods.  Mercury measurements were 
also collected at the outlet of the ESP using the STM.  These data match the Ontario Hydro 
within 10% during the baseline period before the SCR was in-service, and within 5% during 
the baseline period after the SCR was brought online. 
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Figure 9.  Mercury Concentrations Measured during Baseline Testing Before and After 
the SCR was brought into Service. 
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Comparison of the three measurement methods with data at the inlet and outlet of the 
ESP (Ontario Hydro, SCEM, and coal minus ash) suggests that the mercury removal across 
the ESP was less than 35% during both test periods.  In general, the methods suggest that the 
mercury removal was slightly worse when the SCR was online than while it was bypassed.  
Potential contributors to a slight difference in baseline mercury removal include temperature, 
LOI, SO3, or chlorine.  While the SCR was bypassed, the average duct temperature based 
upon plant operational data was 274ºF compared to 268ºF with the SCR online, a difference 
that does not support the observed difference in mercury removal.  The average inlet-field 
LOI during the March tests was 3.6% compared to 2.9% for the May tests.  Lower LOI can 
result in lower mercury removal.  SO3 measurements were unreliable, but SCRs can increase 
the SO3 concentration, which can negatively impact mercury removal effectiveness of ash 
and sorbents.  Finally, the only notable difference in the coal collected during these two test 
periods was the chlorine, with the earlier sample indicating higher chlorine.  The mercury 
removal for the three methods is shown in Figure 10. 

The coal blend ratio was varied while the SCR was offline from 60% PRB/40% 
bituminous to 70% PRB/30% bituminous.  No significant changes in mercury speciation or 
removal were noted. 
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Figure 10.  Mercury Removal during Baseline Testing as Measured by Three Methods. 
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The fraction of elemental mercury as measured using the SCEM was between 20 and 
40% of the overall vapor-phase mercury measured in the flue gas at the inlet and outlet of the 
ESP while the SCR was offline, as shown in Figure 11.  When the SCR was brought into 
service, the fraction of elemental mercury in the flue gas dropped below 10%.  This indicates 
that the SCR is effective at oxidizing mercury in Monroe flue gas.  The higher fraction of 
oxidized mercury did not have a significant impact on the native capture of mercury. 
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Figure 11.  Fraction of Elemental Mercury Measured during Baseline Testing. 
 

The temperature of the flue gas can affect the mercury capture.  Therefore, 
thermocouples were installed at various ports across the inlet to the ESP following baseline 
testing to track temperature differences across the duct.  During the week of March 28, the 
average temperature at the inlet to the ESP varied from 235 to 275ºF.  The temperature 
increases from Port 1 to Port 5 (see Figure 2 for port designations).  The average temperature 
in-line with the SCEM at the outlet of the ESP was 273ºF.  The average temperature in-line 
with the single port used for Ontario Hydro measurements during the first round of baseline 
testing was 245ºF.  Because the mercury concentrations measured at both the inlet and outlet 
of the ESP with the SCEM was higher than the Ontario Hydro, it appears there was a 
systematic bias (such as a calibration bias).  Assuming both SCEMs were biased equally, the 
temperature difference between the SCEM port and the Ontario Hydro port may have 
resulted in higher mercury removal measured at the cooler location.  However, the data in 
Figure 12 do not show differences in fly ash mercury concentration from one side of the ESP 
to the other, even though there was a 40ºF difference in temperature from one side to the 
other.  This suggests that temperature was not a factor in differences between the Ontario 
Hydro and SCEM measurements. 
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Hopper samples were collected during baseline testing and analyzed for mercury.  
The mercury concentration in ash collected from hoppers 1B through 4B with the SCR in 
bypass ranged from 188 to 239 ng/g as shown in Figure 12.  For reference, Hopper 1 is on 
the warmer side of the duct and Hopper 4 is on the cooler side (see Figure 2).  While the SCR 
was in-service, the mercury concentration in all hoppers was lower than while the SCR was 
in bypass.  The concentration with the SCR in-service ranged from 93 to 124 ng/g, as shown 
in Figure 12.  The lower mercury concentration in the hopper ash while the SCR was in-
service follows the trend of slightly lower mercury removal while the SCR was in-service 
indicated by the Ontario Hydro measurements. 
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Figure 12.  Mercury Content in Ash Collected during Baseline Testing. 
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Flow Modeling Results and Temperature and Velocity 
Measurements 

Both flue gas temperature and sorbent distribution can influence the effectiveness of 
sorbents for mercury control.  Therefore, a CFD model was developed for Monroe because of 
the large temperature stratification along the width of the duct, and the placement of the 
injection ports.  This effort was funded through a separate NETL contract with Fluent.  A 
presentation of the model results from Fluent is included as Appendix H. 

A three-dimensional sketch of the test portion of the Monroe Unit 4 ESP is shown in 
Figure 13.  The injection lances, splitter plate, and turning vanes are shown in the sketch.  
Fifty percent of the flow entering the inlet duct is split to the upper ESP and 50% to the lower 
ESP. 

Inlet
AC Injection

Outlets (~50% flow each)

Ladder vanes

Splitter plate

Perforated plate

Inlet
AC Injection

Outlets (~50% flow each)

Ladder vanes

Splitter plate

Perforated plate
 

Figure 13.  Model Sketch of Test Portion of Monroe Unit 4 ESP. 

The temperature of the flue gas entering the ESP, as measured by thermocouples 
placed on the injection lances in Ports 1 through 5, varied by roughly 40ºF during testing, as 
shown in Figure 14.  This temperature variation was included in the modeling effort.  The 
temperature varies from the top of the duct, at the splitter plate, to the bottom of the duct.  A 
10ºF temperature variation was measured during baseline Ontario Hydro testing in Port 2 on 
March 23, 2005.  This variation is shown in Figure 15.  The top-to-bottom variation was not 
included in the flow modeling.  The temperature variations measured at the inlet are also 
reflected in the temperatures measured at the outlet.  A contour plot of temperatures 
measured in outlet Ports 1-4 during M26A testing on March 23-24, 2005, is included in 
Figure 16.  The comparison of the three temperature plots suggests that there is little gas 
mixing from the inlet to the outlet of the ESP. 
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Figure 14.  Example of Temperature Variation Measured at ESP Inlet. 
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Figure 15.  Temperature Measured in Inlet Port 2 during Baseline Ontario Hydro 

Testing, 3/23/05. 
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Average temperature = 252ºF 
Figure 16.  Temperature Variation at the ESP Outlet Collected during M26A Testing, 

3/23–3/24/05. 

The injection lances used at Monroe are a multi-nozzle design (see Figure 4).  The 
sorbent flow through the lances must be included to determine the overall sorbent 
distribution entering the ESP, particularly because little mixing is expected within the ESP.  
CFD modeling suggests that, although the air flow through the nozzles is uniformly 
distributed, 80.7% of the sorbent exits through the lower lance holes.  The higher loading in 
the lower portion of the duct carries forward as the gas turns from the horizontal inlet duct 
through the vertical section and back to the horizontal approach to the ESP. 

The model predicts that only 56% of the duct at the entrance to the ESP has a sorbent 
loading of at least 10% of the average loading.  This obviously could affect the measured 
mercury removal depending on where the outlet measurement is collected.  The estimated 
sorbent loading at the ESP inlet perforated plate is shown in Figure 17, with the average 
loading for this case at 52.9 μg/m3.  This suggests that much of the gas passing through the 
ESP should have very little contact with injected sorbent.  These data are also shown in Table 
7, with the sorbent loading at the inlet perforated plate in-line with the outlet measurement 
ports.  These data suggest that measurements made in Ports 4 and 6 may result in higher-
than-average mercury concentrations because the sorbent loading is likely lower than 
average. 

Recall that the mercury SCEM was installed into outlet Port 5.  The sampling probe 
was placed so gas was drawn from the center of the duct.  Modeling suggests that the sorbent 
loading at this location was 39% above the average duct loading.  Therefore, if the model is 
accurate, measurements made with the SCEM may suggest higher than average removal.  
Measured mercury concentrations using the SCEM and STMs and their relationship to the 
model are discussed later in the “Mercury and PAC Stratification” section. 
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Figure 17.  Sorbent Coverage at ESP Inlet Perforated Plate. 

Table 7.  Modeled Sorbent Loading at Perforated Plate In-Line with Outlet Ports. 
Duct 

Depth 
Port 1 
μg/m3 

Port 2 
μg/m3 

Port 3 
μg/m3 

Port 4 
μg/m3 

Port 5 
μg/m3 

Port 6 
μg/m3 

25% 23.1 16.6 3.2 0.009 25.4 0.0 
50% 75.9 139.8 178.6 9.3 86.9 0.0 
75% 170.3 294.4 138.2 0.0 144.8 0.0 

Note: Average loading = 52.9 μg/m3. 
Highlighting has been added to the table to identify locations with above and below average 
sorbent loads. 

 
 

The model can also be used to predict the sorbent residence time between injection 
and when it reaches the perforated plate at the inlet to the ESP.  The model results indicated 
that the residence time was between 1 and 1.8 seconds, as shown in Figure 18. 
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Velocity measurements were made at the inlet and outlet of the ESP during each 
baseline test period and the long-term test.  Results from the initial baseline measurements 
suggest that the velocity was fairly uniform from top to bottom in inlet Port 2, and across 
Ports 1–4 at the outlet.  These profiles are shown in Figures 19 and 20. 

 
Figure 18.  Sorbent Residence Time into ESP. 
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Figure 19.  Velocity Measured in Inlet Port 2 during Baseline Ontario Hydro Testing, 

3/23/05. 
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Average velocity = 49.2 ft/sec 
Figure 20.  Velocity Variation at the ESP Outlet Collected during M26A Testing, 3/23–

3/24/05. 

Parametric Test Results 
Parametric testing was conducted during two periods:  1) from March 29–31, 2005, 

before the SCR was brought online, and 2) from May 23–26, 2005, after the SCR was in-
service.  Due to reduced demand, the parametric tests during this period were conducted with 
65% PRB.  While the SCR was in bypass, the balance of the coal was 20% mid-sulfur 
bituminous, and 15% low sulfur bituminous coal.  After the SCR was brought online the 
balance of the coal was all mid-sulfur eastern bituminous.  Each injection concentration 
tested was held steady for a minimum of two hours to allow each test condition to reach 
equilibrium.  Two sorbents were evaluated at several injection concentrations during the SCR 
bypass test period (DARCO® Hg and DARCO® Hg-LH) and three while the SCR was in-
service (DARCO® Hg, DARCO® XTR, and NEST). 
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The DARCO® Hg and DARCO® Hg-LH sorbents were evaluated at 1, 3, and 
6 lb/MMacf during both test periods.  The baseline (no sorbent injection) vapor-phase 
mercury removal was measured at the beginning of each injection test day.  The inlet 
mercury during both test weeks was fairly steady, with an average concentration of 11.4 
lb/TBtu while the SCR was in bypass and 7.6 lb/TBtu while the SCR was in-service.  Prior to 
bringing the SCR in-service, the mercury removal before each parametric test was nominally 
40% at the beginning of each test.  During the high injection concentration DARCO® Hg test 
with the SCR in bypass, the outlet mercury concentration began to trend down to 5 lb/TBtu, 
resulting in 58% mercury removal prior to initiating injection.  While the SCR was in-
service, the mercury removal prior to sorbent ranged from 18 to 32%. 
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Figure 21.  Results of Parametric Testing:  Mercury Removal Due to Sorbent. 

Results from these tests as shown in Figure 21 demonstrate similar performance 
between the DARCO® Hg and DARCO® Hg-LH with the SCR in bypass, and the 
DARCO® Hg performed essentially the same whether the SCR was in-service or in bypass.  
Due to the tube leak on April 1, 2005, the DARCO® Hg-LH sorbent was not tested at the 
higher injection concentration (i.e., 6 lb/MMacf).  Performance of the DARCO® XTR was 
similar to the other NORIT products at 3 lb/MMacf, but was measurably less efficient at 
removing mercury at an injection concentration of 6 lb/MMacf.  The non-carbon sorbent, 
NEST, demonstrated poor removal (10% at 5 lb/MMacf).  In order to compare the relative 
performance of the sorbents, Figure 21 shows only removal associated with sorbent injection 
and does not include any baseline removal. 

The flue gas at Monroe, due to the addition of eastern bituminous coal to the PRB 
coal, differs in two key respects from 100% PRB coal that can affect the performance of 
mercury sorbents:  1) the flue gas HCl is higher, which should improve the performance of 
untreated activated carbon, and 2) the SO2 and SO3 concentrations are higher, which can be 
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detrimental to the mercury removal performance of activated carbon.  Results from 
DARCO® Hg testing at Monroe indicate that the mercury removal at low injection 
concentrations is lower than at other sites tested that fire 100% PRB coal.  This is shown in 
Figure 22, where data from We Energies Pleasant Prairie Power Plant,3 AmerenUE’s 
Meramec Station,4 and Dominion’s Brayton Point Station5 are shown for comparison.  The 
slightly lower removal at low injection concentrations at Monroe compared to Meramec and 
Pleasant Prairie may be a symptom of the higher SO2 levels in the flue gas at Monroe or a 
result of SO3 injection used at Monroe to improve ESP performance.  However, the mercury 
removal continued to improve with increasing activated carbon concentrations, suggesting 
that sufficient halides, such as HCl, were available for continued effectiveness of the 
activated carbon beyond what was possible at the PRB-fired sites.  The higher mercury 
removal at Monroe than at Brayton Point may be a result of lower SO2 or SO3 levels at 
Monroe. 

Additional evidence of the potential impact of SO3 on mercury removal performance 
can be observed when comparing data from Monroe with data from DTE’s St. Clair Station.  
These data, presented in Figure 23, show that a brominated carbon was able to achieve more 
than 80% mercury removal at 2 lb/MMacf.  This carbon, BPAC, has shown similar 
performance to DARCO® Hg-LH at other test sites, suggesting something in the flue gas at 
Monroe is impeding performance.  It is likely that this is SO3.  It is also possible that sorbent 
distribution affected sorbent requirements at Monroe, as discussed in the previous section. 
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Figure 22.  Summary of DARCO® Hg Results at Monroe, Meramec, and Brayton Point. 
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Figure 23.  Comparison of Parametric Test Results at St. Clair and Monroe Stations. 

Long-Term (30-Day Injection) Test Results 
Results during the parametric testing series showed that mercury removal efficiencies 

greater than 80% (combined native and resulting from sorbent injection) could be achieved 
with DARCO® Hg at an injection concentration of 6 lb/MMacf, and that DARCO® Hg-LH 
did not demonstrate improved performance.  They also showed that the SCR did not 
significantly impact mercury capture.  After reviewing these results, the test team (DTE, 
ADA-ES, EPRI, and DOE/NETL) agreed to continuously inject DARCO® Hg during the 
long-term testing period.  The mercury emissions goal established by the test team at the 
onset of long-term testing was to maintain the average outlet mercury emissions for the 
period below 1 lb/TBtu.  Other goals of the long-term testing period included the following: 

1. Obtain sufficient operational data on removal efficiency over a 30-day period 

2. Evaluate the effects of sorbent injection on the particulate emissions as measured 
by Methods 5 and 17 and the continuous particulate monitor 

3. Obtain sufficient operational data to determine impacts to the balance-of-plant 
equipment 

4. Evaluate the effects of sorbent injection on byproducts 

Long-term testing was conducted from June 1 through July 1, 2005, with the SCR in 
service. 
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Throughout the long-term test, mercury measurements were made at the ESP inlet 
and outlet with SCEMs.  Manual measurements conducted during long-term testing included 
two sets of ASTM Method 6784-02 (Ontario Hydro), M8 (SO3), M5 (particulate), and M26A 
(halogen).  These test reports are included as Appendix F.  Several STM tests were also 
conducted at the inlet and ESP outlet as a backup to the SCEM and to evaluate the new 
equipment and analysis procedures.  A discussion of the STM results, including different trap 
analysis techniques, is included in Appendix G. 

A trend graph of mercury concentrations at the inlet and outlet of the ESP at Monroe, 
mercury removal, and DARCO® Hg injection concentration for the long-term tests at Monroe 
is presented in Figure 24.  During the first five days of long-term testing the system operated 
as designed.  Late on June 6, the feeder system malfunctioned and sorbent injection was 
suspended on the morning of June 7 for 29 hours.  Modifications were made to the sorbent 
injection system and it was returned to service on June 8.  The mercury removal decreased 
sharply when sorbent feed was interrupted, as shown in Figure 24. 

The average outlet mercury concentration was 0.91 lb/TBtu during periods of sorbent 
injection for the long-term tests.  For the entire 30-day period, including the 29 hours while 
the sorbent feeder was off, the average mercury emissions were 1.15 lb/TBtu.  This yields an 
average vapor-phase mercury capture of 87% while the feeder was operating, or 84% for the 
entire 30-day period.  The average sorbent injection concentration was 5.9 lb/MMacf for the 
30-day period.  This agrees well with the parametric testing results as shown in Figure 25.  It 
is likely that higher mercury capture could have been achieved if the sorbent distribution was 
optimized. 

The native mercury removal during the long-term test can be estimated using two 
methods:  1) the mercury concentration measured in the control-side ash samples, and 2) the 
mercury concentration measured in the inlet fly ash samples (samples collected using a 
cyclone upstream of sorbent injection).  The average mercury contained in the inlet field 
control-side ash samples collected during long-term testing was 0.85 lb/TBtu.  Based upon 
data from baseline ash samples, 40 to 50% additional mercury should be collected in the 
second field.  Assuming this is true for long-term testing, it is expected that nominally 
1.3 lb/TBtu mercury was removed by the ash on the control-side.  The average inlet mercury 
concentration measured by the SCEM during days when control-side ash samples were 
collected was 6.4 lb/TBtu, resulting in an estimated baseline mercury removal of 20% (the 
average mercury concentration for all coal samples collected during the long-term test was 
also 6.4 lb/TBtu).  The average mercury in the inlet fly ash samples collected with the 
sampling cyclone was 1.2 lb/TBtu, for an estimated 19.4 % baseline mercury removal.  
Therefore, the additional mercury removal due to the introduction of sorbent was 82% during 
periods while the feeder was operating (80% for the entire 30-day period). 
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Figure 24.  Thirty-Day DARCO® Hg Injection Test Results from Monroe. 

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8

Injection Concentration (lb/MMacf)

O
ve

ra
ll 

H
g 

R
em

ov
al

 (%
)

DARCO Hg
DARCO Hg, SCR
DARCO Hg: Long-Term

 
Figure 25.  Thirty-Day DARCO® Hg Injection Test Results from Monroe Compared to 

Parametric Results.  Removal shown includes both Native Capture and 
Sorbent Capture. 
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As discussed previously, the fraction of oxidized mercury was fairly high after the 
SCR was brought into service.  During the long-term test period, the average fraction of 
oxidized mercury at the inlet to the ESP was 97% and 88% at the outlet of the ESP. 

Mercury and PAC Stratification 
One of the predictions from the model was that the injection concentration would be 

much higher at the bottom of the multi-nozzle lances than at the top.  The results from STM 
testing at the outlet support the prediction that the loading is higher through the lower 
nozzles, but the extent of the increased loading is not as much as predicted by the model.  
STM results are presented in Figure 26 followed by CFD model predictions in Figure 27 
(from Table 7 presented earlier).  The mercury measurements 4 feet into the 6-foot deep duct, 
which are in line with the lower half of the injection lances, consistently showed significantly 
lower mercury concentrations.  The STM measurements also reflect the side-to-side variation 
predicted by the model with high mercury concentrations measured in Ports 6 and 4, and the 
lowest mercury concentrations measured in Port 2.  The model predicts the sorbent 
concentration was nominally 2.5 times the average loading at this location.  For reference, 
the SCEM was placed in Port 5 at a depth of 3.7 feet and the Ontario Hydro measurements 
were collected by traversing outlet Ports 1, 2, and 4. 

Stratification can also be noted by measuring the mercury collected with the fly ash in 
the hoppers.  The variation in average mercury across the four test-side ESP hoppers is 
shown in Figure 28.  Hopper 1 roughly lines up with outlet Port 6.  Based upon the model 
and STM measurements made in Port 6, it is not surprising that the fly ash mercury 
concentration is typically lower in Hopper 1.  The ash mercury concentration is also lower in 
Hopper 4, which is reflected in the above-average mercury concentrations measured in outlet 
Port 1. 
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Figure 26.  STM Measurements:  Outlet Ports, 6/24/05. 
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Figure 27.  Predicted Sorbent Loading from CFD Model. 
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Figure 28.  Variability in Fly Ash Mercury:  Test-Side Average during Long-Term Test. 

PAC stratification would result in mercury stratification at the outlet of the ESP.  One 
indication of PAC stratification is the variation in LOI measured in the inlet hopper samples 
during PAC injection.  As shown in Figures 29 and 30, the data indicate that the lowest 
average LOI on the test side was measured in Hopper 4.  The LOI approaches the control-
side LOI (Hopper 6), suggesting that less PAC was reaching the edge of the ESP.  Low LOI 
in Hopper 4 is reflected in the higher flue gas measurements from outlet Port 1 and lower 
mercury in the ash collected in Hopper 4, as discussed in the previous paragraph.  The LOI 
measured in Hopper 1 is also lower than in Hoppers 2 or 3, which is predicted in the model 
and supported by flue gas measurements.  For reference, at an injection concentration of 
5 lb/MMacf, the increased carbon should result in an increase of nominally 2.2% in the 
measured LOI.  No significant variation in the LOI across the test-side hoppers was noted 
during baseline testing, thus the variation measured during long-term testing is assumed to be 
due to PAC stratification. 
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Figure 29.  Variability in Fly Ash LOI:  Average during Long-Term Test. 
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Figure 30.  LOI in Hopper Ash Samples Collected during Long-Term Testing.  

Hopper 6 is the Control-Side.  (See Figure 8 for numbering.) 
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During the long-term test, mercury measurements were also made in the inlet ports 
using the STM.  These measurements suggest little stratification at the inlet, as shown in 
Figure 31.  For reference, the SCEM at the inlet was installed in Port 4 and the Ontario 
Hydro measurements were collected by traversing Ports 1 and 2. 
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Figure 31.  STM Measurements during Long-Term Testing:  Inlet Ports, 6/19–6/23/05. 

Several different techniques were used to measure mercury at Monroe.  These 
included flue gas measurements using the 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.  In general, 
the various techniques suggested similar mercury removal during the long-term test period.  
Results from coal, SCEM, Ontario Hydro, and STM measurements are compared in 
Figure 32.  Other than several inlet STM measurements collected on 6/19/05 and several 
outlet STM measurements sampled near the top of the duct (where the sorbent loading may 
have been lower), the different measurement techniques compare fairly well.  For reference, 
the mercury measured in the coal and ash is compared to the Ontario Hydro, SCEM, and 
STMs during two days of long-term testing, as presented in Figure 33.  The mercury removal 
projected by these techniques is summarized in Table 8. 
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Figure 32.  Mercury Measurements using Various Techniques. 
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Figure 33.  Mercury Measured by Several Techniques on Two Days of Long-Term 
Testing. 

Table 8.  Mercury Removal Measured by Several Techniques on Two Days of Long-
Term Testing. 

 6/22/2005 6/23/2005 
 Removal (%) Hg Emitted 

(lb/TBtu) 
Removal (%) Hg Emitted 

(lb/TBtu) 

Coal and Ash 72 1.59 63 2.52 
OH 84 0.90 88 1.03 
SCEM 90 0.86 90 0.77 
STM 78 1.58 77 1.72 
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Characterization of Process Solids 
Several types of process samples were collected during mercury control testing at 

Monroe.  Analyses conducted included ultimate, proximate, mercury, and chlorine for 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.  The results from 
mercury and LOI analyses conducted for long-term coal and ash samples were introduced in 
the previous section.  Additional results are presented below. 

Daily composite samples were collected by the as-fired coal analyzer sampling 
system using the secondary sweep function.  The coal samples collected by the secondary 
sweep represent the coal fired 5 to 6 hours after the sample is collected when the unit is 
operating at full load.  The sampler was set up to sample coal being supplied to the Unit 4 
silos between 3:00 a.m. and 11:00 a.m., thus representing the coal fired between 8:00 a.m. 
and 4:00 p.m.  Unfortunately, although samples were collected during testing, very few 
samples were delivered to ADA-ES for analysis or archived at Monroe.  Thus, limited coal 
data are available from long-term testing. 

Available samples of coal and fly ash collected throughout testing were analyzed for 
mercury content.  Mercury concentration in the coal samples can be used to estimate mercury 
concentration in the flue gas using guidelines provided in 40 CFR Part 60, Appendix A (see 
equation 1) 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 at this inlet.  Because 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.   

Mercury Emissions (lb/TBtu) = HgdFc(1-Bws)100/%CO2w (1) 
 Where: Hgd = Mercury Concentration (lb/dscf) 
  Fc = 106 [321 %Cd]/GCVd 
  Bws = Moisture fraction of flue gas 
  %CO2w= Percent CO2 in flue gas 
  %Cd = Percent carbon in coal from ultimate analysis (dry basis) 
  GCVd = Gross Calorific Value of coal from ultimate analysis,  
   dry basis (BTU/lb) 

Results from ultimate, proximate, chlorine, and mercury analyses conducted on coal 
samples collected on March 24 (SCR bypassed) and May 19 (SCR online) during the 
baseline testing series and during each set of Ontario Hydro measurements conducted during 
the long-term testing are presented in Table 9.  The coal samples collected during baseline 
SCR bypass testing had a higher chlorine content than the coal samples collected during the 
baseline SCR online or long-term tests. 
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Table 9.  Results from Baseline and Long-Term Coal Analyses (Dry Basis). 
 Baseline 

SCR bypass 
3/23/05 

Baseline 
SCR Online 

5/19/05 

Long-Term 
6/22/05 

Long-Term
6/23/05 

Element 
Hg (µg/g) 76.98 68.02 72.5 84.7 
Cl (µg/g) 1240 699.1 896.93 873.24 
Br (µg/g) 6.21 5.5 NA 7.82 
F (µg/g) 811 64 NA 542 

Proximate 
Ash (wt%) 8.61 8.41 8.42 8.77 
Volatile Matter (wt%) 39.77 39.20 40.08 40.05 
Fixed Carbon (wt%) 51.62 52.39 51.50 51.18 
Heating Value (BTU/lb) 12,722 12,592 12,591 12,426 
Total Sulfur (wt%) 0.88 0.72 0.76 0.81 

Ultimate 
Ash (wt%) 8.61 8.41 -- -- 
Carbon (wt%) 73.29 73.40 -- -- 
Hydrogen (wt%) 4.71 4.73 -- -- 
Nitrogen (wt%) 1.22 1.16 -- -- 
Total Sulfur (wt%) 0.88 0.72 -- -- 
Oxygen (by difference) (wt%) 11.29 11.58 -- -- 

1 3/24/06 sample 
2 6/24/06 sample 

Leaching Stability (Hg, Other Metals, and Halogens) 
Analyses were conducted on ash samples collected during the long-term test phase to 

determine the stability of mercury, bromine, arsenic, selenium, chlorine, and fluorine.  Two 
leaching procedures were conducted:  Synthetic Groundwater Leaching Procedure (SGLP), 
and Method 1311, Toxicity Characteristic Leaching Procedure (TCLP).  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 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.  
TCLP is the only leaching procedure approved for characterizing hazardous waste under the 
Resource Conservation and Recovery Act (RCRA). 
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The SGLP results for fly ash collected during long-term testing on the test- and 
control-sides of the ESP are presented in Table 10.  An analysis of each element contained in 
the sample is also included in Table 10 as “total in sample.”  The percent of each element 
leaching from the samples is provided in Table 11 for reference.  The TCLP results are 
presented in Table 12.  Mercury was below the detection limit of the primary analysis lab for 
all samples tested.  The leachate was sent to Frontier GeoSciences Inc. for a trace level 
analysis, and these results are included in the table.  The mercury concentrations in the long-
term ash samples were 121 µg/g on the control side and 667 µg/g on the test side.  Some 
arsenic leaching was measured, but the levels in most cases are near the detection limit, the 
exception is the control-side TCLP test where the value is an order of magnitude higher. 

For both the 18-hour and 30-day SGLP leach, the test-side bromine and selenium in 
the leachate were higher, and chlorine and fluorine were significantly higher, than the control 
side.  The concentration of selenium in the ash samples collected during long-term testing 
were almost twice as high on the test side than the control side (33 μg/g vs. 14 μg/g).  This 
ratio also carries through to the leachate.  There is also higher chlorine and fluorine on the 
test side than the control side.  The ability of activated carbon to adsorb other flue gas 
constituents has been observed during previous sorbent injection testing, such as during 
Phase I DOE/NETL testing at Brayton Point5 and Salem Harbor,6 where there were 
indications that the activated carbon was adsorbing additional selenium and chlorine from the 
flue gas. 

Table 10.  SGLP Results from Monroe Long-Term Testing (mg/L). 

Long-Term Long-Term Long-Term 
Condition 

Test Control Test Control Test Control 

ID 3335 3337 3335 3337 3335 3337 

Location Hopper 3B Hopper 6B Hopper 3B Hopper 6B Hopper 3B Hopper 6B

Date 6/22/2005 6/22/2005 6/22/2005 6/22/2005 6/22/2005 6/22/2005 

 Total in sample* Total in sample* 18-hour 18-hour 30-day 30-day 

As 1.66 1.46 0.02 0.02 <0.01 <0.01 

Br 0.78 <0.4 1.9 0.82 2.75 0.49 

Hg 0.0139 0.00408 3.31x10-6 1.96 x10-6 1.62 x10-6 7.42 x10-6 

Se 0.66 0.28 0.10 0.06 0.08 0.04 

Cl 5.40 <2 12 1.2 14.2 1.14 

F 0.5 <0.4 0.54 <0.05 0.12 <0.02 

* Based on analysis of ash and mixing ratio of 20g ash/liter solution. 
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Table 11.  Percent of Element Leaching from Sample:  Monroe Long-Term Testing (mg/L). 

Long-Term Long-Term 
Condition 

Test Control Test Control 

ID 3335 3337 3335 3337 

Location Hopper 3B Hopper 6B Hopper 3B Hopper 6B

Date 6/22/2005 6/22/2005 6/22/2005 6/22/2005 

 18-hour 18-hour 30-day 30-day 

As 1 1 <0.6 <0.7 

Br 244* >205* 353* 123* 

Hg 0.02 0.05 0.01 0.18 

Se 15 21 12 14 

Cl 222* >60 263* 57 

F 108* >12.5 24  

* Values > 100% suggest elemental analysis of ash was not accurate at these low 
concentrations 

 

Table 12.  TCLP Results from Monroe Long-Term Testing (mg/L). 

Long-Term Long-Term 
Condition 

Test Control Test Control 

ID 3335 3337 3335 3337 

Location Hopper 3B Hopper 6B Hopper 3B Hopper 6B

Date 6/22/2005 6/22/2005 6/22/2005 6/22/2005 

 Total in sample* Total in sample*   

As 1.66 1.46 0.02 0.26 

Hg 0.0139 0.00408 <0.0002 <0.0002 

Se 0.66 0.28 <0.01 0.08 

* Based on analysis of ash and mixing ratio of 20g ash/liter solution. 
 
 

In addition to the standard leaching protocols, a selective sequential extraction was 
conducted on a portion of the ash samples submitted for standard leaching tests.  The results, 
presented in Table 13, also indicate that the mercury is fairly stable in both samples.  The 
activated carbon in the test-side ash appeared to increase the stability of the sample as there 
was minimal leaching until exposed to 12N nitric acid (HNO3).  Furthermore, this is a fairly 
aggressive digestion and a condition not expected to occur in an ash landfill environment. 
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Table 13.  Selective Extraction of Mercury from 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) 

Test-Side 
3B 0 1.45 2.24 739 12.8 755 
% of Total 0% 0.2% 0.3% 97.9% 1.7% 100% 

Control-Side 
6B 0 29 2.46 127 5.34 164 
% of Total 0% 17.7% 1.5% 77.4% 3.3% 100% 

 

Thermal Desorption 
Two samples collected during long-term testing, including one analyzed using the 

SGLP and TCLP leaching techniques, were also analyzed to determine the mercury thermal 
desorption characteristics.  In these tests, the samples were heated from a temperature of 
22ºC to 750ºC, at a rate of 25ºC per minute.  The mass of mercury desorbed was measured as 
a function of temperature.  For the control-side sample, three distinct peaks were noted at 
260, 304, and 355ºC.  The largest was at the lowest temperature (260ºC).  The sample 
containing PAC was more thermally stable, exhibiting a single peak at 368ºC.  The single 
desorption peak suggests that the mercury is bound in the ash/PAC as a single compound, 
and that there is a different mercury compound adsorbed on activated carbon, as compared to 
fly ash.  The desorption trends are presented in Figure 34. 
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Figure 34.  Thermal Desorption Profile for Control- and Test-Side Ash Samples. 
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Balance-of-Plant Impacts 

Characterization of Particulate Emissions 
Monroe was chosen for inclusion in this program partially because it has a marginally 

sized, cold-side ESP (SCA = 285 ft2/kacfm) and the test team was seeking information 
regarding the potential increase in particulate emissions resulting from PAC injection. 

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.  The ESP spark rate and power were monitored closely during testing.  No 
change was a noted as result of sorbent injection.  A trend graph showing the spark rate in 
each collection field, the power in each field, and the sorbent injection rate during parametric 
testing with the SCR online is presented in Figure 35. 
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Figure 35.  ESP Operation and Opacity during Parametric Testing.  Opacity 

Represents Stack Data.  One-Eighth of the Stack Flow was PAC Treated. 
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The second issue related to the impact of activated carbon injection on a moderate-
sized ESP 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 phase of the test 
program.  At Monroe, an injection concentration of 6 lb/MMacf represents an increase in the 
overall particulate loading of nominally 2%.  DARCO® Hg activated carbon had a mass 
median diameter of 17 micrometers, which should be readily captured in the ESP.  No 
increase in opacity was expected during these tests, especially because only one-eighth of the 
gas stream was evaluated.  The 6-minute average opacity is included in Figure 35. 

Two approaches were used to measure particulate emissions from the test portion of 
the ESP:  EPA Methods 5 and 17 particulate measurements and a Beta Guard continuous 
particulate monitor installed at the ESP outlet.  Results from M17 measurements at the inlet 
and M5 measurements at the outlet of the ESP collected during baseline and long-term 
testing are presented in Table 14.  Because of the location of the outlet sampling ports, 
separate measurements were made in the front half of the duct (near the sampling port and 
representing gas passing through the upper section of the ESP) and in the back half of the 
duct (near the back wall and representing gas passing through the bottom of the ESP).  The 
average outlet emissions in the front half of the duct from baseline testing was 0.0136 
grains/dscf, compared to 0.0128 grains/dscf during long-term testing.  The outlet average 
emissions in the back half of the duct from baseline testing was 0.0193 grains/dscf, compared 
to 0.0164 grains/dscf during long-term testing.  The resulting ESP collection efficiency 
during the baseline and long-term test periods was 99.21 and 99.45%, respectively.  These 
data suggest that PAC did not increase the particulate emissions from the ESP. 

Table 14.  Average ESP Inlet and Outlet Particulate Loading, Baseline, and Long-Term. 
Period Inlet 

Particulate 
(gr/dscf) 

Outlet Front 
Particulate 

(gr/dscf) 

Outlet Back 
Particulate 

(gr/dscf) 

ESP Collection 
Efficiency 

(%) 
Baseline 2.0875 0.0136 0.0193 99.21 
Long-Term 2.6767 0.0128 0.0164 99.45 

 

The BetaGuard was operating at the ESP outlet throughout the long-term test.  The 
reported particulate concentration was normalized to the measurements made by Method 5.  
A trend graph of the BetaGuard output for the long-term test is presented in Figure 36.  As 
shown, the probe was moved from the front half of the duct to the back half of the duct 
during the first two weeks of long-term testing.  The response of the analyzer is another 
indication that the particulate loading was higher at the back of the duct. 
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Figure 36.  M5 and BetaGuard Particulate Measurements and Photo during Long-

Term Testing. 

There were no significant increases in BetaGuard reading from the test ESP during 
sorbent injection.  One item of note is that the samples collected on the filter tape during 
sorbent injection were noticeably darker than the samples collected beforehand, as seen in the 
Figure 36 photo, suggesting higher carbon in the ash.  Although a distinct color change was 
noted with and without PAC injection, M5 measurements do not indicate an increase in the 
overall particulate (ash + PAC) emissions. 

During PAC Injection 

No PAC Injection 
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Collection Efficiency of Carbon 
The carbon content of several hopper ash samples collected at Monroe 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 Monroe testing 
was well above this level and an LOI analysis should be a good representation of the carbon 
content of the ash. 

LOI levels for individual ash samples collected during the second half of long-term 
testing were presented in Figure 30.  Key trends apparent from the graph include the 
following: 

1. The LOI in Hopper 4 is lower than the other three inlet hoppers, as discussed in 
the previous section. 

2. The LOI measured in Hopper 11, just downstream of Hopper 3, is higher than in 
any of the inlet hoppers.  This has been observed at other PAC injection sites 
and suggests that the ESP is less efficient at collecting PAC than fly ash. 

The measured LOI in the first and second collection fields can be used to estimate the 
relative collection efficiency of PAC and fly ash.  The LOI measured for samples collected 
on several days during baseline and long-term testing while the SCR was in-service are 
presented in Figure 37.  If the fly ash collection efficiency in each field of the ESP is 
estimated, the collection efficiency of the unburned carbon and unburned carbon + PAC can 
be estimated by the following calculations: 

LOI1 = carbon1/(ash1 + carbon1) ● 100 2a 
LOI2 = carbon2/(ash2 + carbon2) ● 100 3a 

For low LOI sites, the LOIi can be approximated as carboni/ashi to simplify the 
analysis.  For this simplified calculation, it is further assumed that the collection efficiency 
for either carbon or ash does not change from field 1 to field 2.  In this case,  

LOI1 = carbon1/(ash1) ● 100 = (carbon0 ● ηc )/(ash0 ● ηa) ● 100 2b 
LOI2 = carbon2/(ash2) ● 100  
= ((carbon0 - carbon1) ● ηc )/((ash0 - ● ash1) ηa) ● 100 3b 

Where carbon0 = carbon entering ESP 
carboni = carbon collected in field I 
ηc = ESP collection efficiency of carbon 
ash0 = ash entering ESP 
ashi = ash collected in field I 
ηa = ESP collection efficiency of ash 

Therefore,  
ηc =1- (LOI2/LOI1)(1- ηa) 4 
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Figure 37.  Field 1 (Hopper 3) and Field 2 (Hopper 11) LOI during Baseline and Long-

Term Testing, SCR Online. 

Using equation 4 and assuming the collection efficiency for fly ash was 80% per 
field, the estimated collection efficiency of unburned carbon during the baseline test period 
ranged from 59 to 69% (average 64%).  During the long-term period, the collection 
efficiency for PAC + unburned carbon ranged from 69 to 75% (average 72%).   

Calculating the relative collection efficiency of carbon is valuable, because it can 
provide insight into potential increased emissions resulting from PAC injection.  For 
example, at Monroe during the long-term tests, the injection concentration averaged 
5.9 lb/MMacf.  If each of three fields capture 72% of the incoming carbon, the estimated 
increase in outlet emissions is 0.13 lb/MMacf, or 0.00091 gr/acf.  Results from baseline M5 
measurements indicated that the average particulate emissions were 0.0098 gr/acf with a 
standard deviation between the six measurements of 0.003 gr/acf.  Although the projected 
increase in emissions of 0.00091 gr/acf represents 9.2% of the baseline particulate emissions, 
it is well within the standard deviation of six measurement runs and may be difficult to 
measure accurately using a batch method. 

Results of Halide and SO3 Measurements 
Additional sampling methods were conducted to better characterize the flue gas at 

Monroe.  Tests included EPA Method 26A to determine the halogen and hydrogen halide 
concentrations, and two techniques to determine the SO3 concentration.  The results of M26A 
tests are presented in Table 15 and Figure 38.  As shown, the halogen concentrations are 
fairly consistent throughout all test periods and the PAC did not appear to be effective at 
removing any halogen species.  For reference, the HCl concentration at the outlet ranged 
from 41 to 67 ppm. 
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Table 15.  Results of EPA Method 26A Measurements during Baseline and Long-Term 
Testing. 

Emissions (lb/TBtu) 
Test Phase 

HCl HF HBr Cl2 Br2 
Inlet 83,328 3,177 627 20.8* 20.8* Baseline SCR 

Bypass Outlet 63,845 3,012 426 12.8 156 
Inlet 48,633 3,001 392 363 26.7 Baseline SCR 

Online Outlet 39,199 2,214 341 128 36.3 
Inlet 59,149 6,045 79.3* 512 79.3* 

Long-Term 
Outlet 56,336 4,486 76.7* 267 76.7* 

* The test firm reported identical results for Cl2 and Br2 during the initial baseline period 
and identical results from HBr and Br2 during the long-term test period.  Errors are 
suspected but could not be confirmed by the test crew. 
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Figure 38.  Results of EPA M26A Measurements. 

SO3 Measurements 
In order to evaluate the potential effects of SO3 at Monroe Unit 4, measurements were 

conducted at the inlet of the ESP during both baseline periods (SCR bypassed and in-service) 
and during long-term testing.  Initial testing during the SCR bypass period using the 
controlled condensate method indicated SO3 levels below the detection limit of the method.  
During subsequent testing with the SCR in-service, EPA Method 8 was used.  The results 
from SO3 measurements are presented in Table 16.  SO3 is introduced into the duct at 
Monroe for ESP conditioning and the SO3 measurements were made downstream of the SO3 
ports.  No SO3 measurements were made downstream of the ESP. 
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The reported SO3 concentration varied from 1.7 to 12.7 ppm in the samples collected.  
Low SO3 concentrations (less than approximately 5 ppm) can be challenging to measure.  It 
is unknown whether the variation reported is due to actual variations, or inaccuracies in the 
measurement technique.  No SO3 measurements are available from the period with the SCR 
in bypass to determine if the SCR increases the SO3 concentration. 

Table 16.  SO3 Measurements at the ESP Inlet during SCR Baseline and Long-Term 
Testing. 

Test Period Date ppm SO3 ppm SO2 
1 Baseline 5/18/05 12.7  
1 Long-Term 6/21/05 1.7 540 
2 Long-Term 6/21/05 4.7 553 
3 Long-Term 6/21/05 7.8 530 

Average Long-Term 4.71 5382 
1.  Average of tests 1 through 2. 
2.  SCR average from plant CEM. 
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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 775-MWe Monroe Station Unit 4 were 
determined.  The cost of process equipment sized and designed based on the long-term test 
results for approximately 80% 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 17. 

 
Table 17.  System Design Criteria for Mercury Control System at Monroe Unit 4 

(6 lb/MMacf Injection, >80% Mercury Control). 

Parameter  
Number of silos 2 
Number of injection trains 4 operating, 2 spare 
Design feed capacity/train (lb/hr) 520 
Operating feed capacity/train (lb/hr) 325 
Sorbent storage capacity (lbs) 456,000 
Conveying distance (ft) 200 
Sorbent DARCO® Hg 
 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 

775-MWe Unit 4 is $1,769,000.  Total capital required is estimated at $3.0 million.  Costs 
were estimated based on a long-term powdered activated carbon injection concentration of 
6.0 lb/MMacf.  For Monroe Unit 4, this would require an injection rate of nominally 
1296 lbs/hr at full load.  Assuming a unit capacity factor of 85% and a delivered cost for 
DARCO® Hg sorbent of $0.55/lb, the annual sorbent cost for injecting PAC into the 
existing ESP would be about $5,308,000.  This corresponds to a nominal sorbent cost of 
$18,000 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) 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.5 
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DOE Phase II testing at Holcomb showed mercury removal levels of 90% were 
obtained with an SDA and FF while injecting DARCO® Hg-LH.  Data from Meramec also 
showed mercury removal levels of 90% with DARCO® Hg-LH and an ESP.  Testing at 
Monroe showed mercury removal levels of 80% with DARCO® Hg injection at 
6.0 lb/MMacf.  Table 18 and Figure 39 summarize data from Monroe, as well as from 
these other sites. 

Table 18.  Summary of Mercury Removal Efficiencies and Costs for Different Air 
Pollution Control 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 

Monroe ESP PRB/ 
Bituminous Blend DARCO® Hg 80 0.85 
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Figure 39.  Comparison of Projected Annual Sorbent Costs for ESP, COHPAC®, and 

SDA + FF Configurations on Results from NETL Full-Scale Tests. 
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System Description 
For this cost estimate, the permanent commercial PAC injection system for 

Monroe will consist of two bulk storage silos and three dilute-phase pneumatic conveying 
systems. 

DARCO® Hg 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.  Point level probes and weigh cells monitor 
sorbent level and inventory.  Silo sizing was based on the capacity to hold approximately 
11 truckloads of DARCO® Hg sorbent, sufficient for 14 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. 

The plant’s existing DCS would be used to control all aspects of the system. 

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

accommodate the PAC system.  This includes upgrades to the electrical supply at Monroe to 
provide new service to the PAC system.  Instrument air, intercom phones, and area lighting 
will also be required. 

Cost and Economic Methodology 
Costs for the PAC storage and injection equipment are provided by ADA-ES with 

input from NORIT Americas based on the design requirements in Table 17.  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.  Because the technology is relatively simple and well proven 
on similar scale, the process contingency was set at 5%.  PAC equipment can be installed in a 
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 
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PAC system.  The annual maintenance costs were based on 5% of the uninstalled equipment 
cost.  Levelized costs were developed based on a twenty-year book life and are presented in 
constant dollars in Table 19. 

The uninstalled PAC storage and feed equipment costs are estimated at $1,769,000.  
The estimated cost for a PAC injection system and storage silo installed on the 775-MWe 
Unit 4 is $3,006,000 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 20. 

Table 19.  Levelized Costs Summary. 
20-Year Levelized Costs Summary—$ Constant 

Fixed Costs 352,000 
Variable O&M 6,965,000 

Total 7,317,000 
Total Levelized Costs $/kW 8.71 

Operating Levelized Costs $/kW 8.29 
Operating Levelized Costs mills/kW-hr 1.11 

Total Levelized Costs mills/kW-hr 1.17 
 

Table 20.  Capital and Operating & Maintenance Cost Estimate Summary for PAC 
System on Monroe Unit 4 (Annual Basis 2005). 

Capital Costs Summary 
Equipment, FOB Monroe $1,769,000 
Site Integration (materials and labor) $53,000 
Installation (PAC silo and process equipment and foundations) $212,000 
Taxes $113,000 
Indirects/Contingencies $859,000 
Total Capital Required $3,006,000 
$/kW 3.88 

 
Sorbent @ $0.55/lb $5,308,000 
Power, Labor, Maintenance $166,000 
Waste Disposal 0 
Annual O&M for 2005 ($/kW) 7.06 
Mills/kW-hr 0.95 
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CONCLUSIONS 
The primary objective of testing at DTE Energy’s Monroe Power Plant was to 

determine the cost and effects of sorbent injection for control of mercury in stack emissions 
from Unit 4.  Monroe Unit 4 was chosen for this evaluation because it has a marginally sized, 
cold-side ESP (SCA = 285 ft2/kacfm) and it fires a blend of PRB and bituminous coals.  
General observations and conclusions include: 

• Native mercury removal 
o Less than 35% during both baseline test periods (SCR bypassed and online).  Inlet 

mercury was about 5.5–6.5 lb/TBtu during baseline tests. 

o Native removal, as measured on the control-side of the ESP (no sorbent injection), 
was nominally 20% during long-term testing. 

• The coal blend ratio was varied while the SCR was offline from 60% PRB/40% 
bituminous to 70% PRB/30% bituminous.  No significant changes in mercury 
speciation or removal were noted. 

• The SCR was effective at increasing the fraction of oxidized mercury from between 
60 and 80% without the SCR to >85% with the SCR online. 

• Parametric Testing: 
o Incremental removal of mercury by DARCO® Hg and DARCO® Hg-LH was about 

10–20% at 1 lb/MMacf; 35–45% at 3 lb/MMacf; and 70–75% at 6 lb/MMacf.  
Mercury emissions at the highest sorbent injection concentration were 1.1 lb/TBtu. 

o Similar performance was observed with DARCO® Hg and DARCO® Hg-LH when 
the SCR in bypassed. 

o DARCO® Hg performed essentially the same whether the SCR was in-service or in 
bypass. 

o Performance of the DARCO® XTR was similar to the other NORIT products at 
3 lb/MMacf, but was measurably less efficient at removing mercury at an injection 
concentration of 6 lb/MMacf. 

o The non-carbon sorbent, NEST, demonstrated poor removal (10% at 5 lb/MMacf). 

o At a high injection rate (6 lb/MMacf) there was better performance by the sorbent 
than on PRB-only units.  However, performance was somewhat worse at lower 
injection rates.  The variation is attributed to halide content in the flue gas. 

• Long-Term Testing 
o Average outlet mercury concentration was 0.91 lb/TBtu during periods of sorbent 

injection for the long-term tests.  This yields an average vapor-phase mercury 
capture of 87% (82% due to sorbent injection).  The average sorbent injection 
concentration was 5.9 lb/MMacf DARCO® Hg for the 30-day period. 
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o Inlet SCEM and coal mercury both averaged 6.4 lb/TBtu during the long-term test 
period. 

o Some mercury stratification was observed at the outlet of the ESP using LOI, 
mercury in ash, and flue gas mercury measurements.  Side-to-side stratification 
was likely due to the non-ideal location of existing ports used for the injection 
lances.  Top-to-bottom stratification was likely a result of lance design. 

• Balance-of-Plant 
o No change in ESP spark rate or power was a noted as result of sorbent injection. 

o No increase in stack opacity or particulate emissions (EPA Method 5) was noted 
due to sorbent injection.  While the SCR was in operation, the measured average 
particulate emissions were 0.012+0.006 gr/acf during baseline testing and 
0.009+0.003 gr/acf during long-term testing.  This measured decrease in 
particulate emissions from baseline to long-term testing is likely due to variations 
in unit operation and may not reflect changes resulting from carbon injection.   

o During the long-term test period, analysis of the carbon content of the hopper ash 
suggested that the ESP collection efficiency for PAC + unburned carbon ranged 
from 69 to 75% (average 72%) per field.  At an injection concentration of 
5.9 lb/MMacf, this suggests a potential increase in the particulate emissions of 
0.00091 gr/acf for this three-mechanical-field ESP.  This is less than the standard 
deviation measured for the six sample runs collected during either the baseline or 
long-term M5 tests. 

o 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 injection 
tests at Monroe indicated that less than 0.2% of the mercury collected in the ash 
samples leached over a 30-day period.   

o Both leaching and thermal desorption results indicate that mercury is more stable 
on Monroe ash containing PAC than on ash without PAC. 

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 Monroe indicated that using 
DARCO® Hg would result in higher mercury removal (80%) at a sorbent cost of $18,000/lb, 
or 70% lower than the benchmark.  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 change in outlet emissions from baseline to long-
term testing was 81%. 
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LIST OF ACRONYMS AND ABBREVIATIONS 

 
ACI Activated carbon injection 

CFD Computational fluid dynamics 

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 

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 

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 
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Project Objectives 

The objective of testing at DTE Energy’s Monroe Power Plant is to determine the 
cost and effects of sorbent injection for control of mercury in stack emissions.  Monroe 
Power Plant is located in Monroe County, MI.  The project will evaluate the effects of 
sorbent injection on an electrostatic precipitator (ESP) and the effects of using a selective 
catalytic reduction process (SCR) on mercury speciation and sorbent performance.  This 
evaluation will be conducted on one-quarter of the 785 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 

Basin Electric’s 
Laramie River 
Station  

PRB SDA - ESP 550/138 <10%** 

DTE Energy’s 
Monroe Station 

PRB – E. Bit. 
Blend 

SCR - ESP 785/196 N/A 

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. 
** Estimation based on similar full-scale data. 
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Monroe Unit 4 was chosen as part of this evaluation because it has a marginally-
sized ESP (SCA = 258 ft2/Kacfm) and it fires a blend of PRB and bituminous coals.  This 
combination will allow an evaluation of the effects of sorbent injection on mercury 
control and ESP performance on an ESP that represents the size of many units in the 
industry and will allow evaluating the impact of coal blending on mercury control.  
During testing at Holcomb Station in this program, firing a blend of PRB and western 
bituminous coal resulted in an increase in the native mercury removal.   

Mercury control testing was also performed at DTE Energy’s Detroit Edison St. 
Clair Station in early August of 2004 under a separate DOE cooperative agreement.  
Results from testing at the St. Clair Station showed mercury removal efficiencies were 
limited to less than <70% with injection of a non-treated activated carbon (i.e., DARCO 
Hg).  During these tests the unit fired a blended coal comprised of 85% subbituminous 
coal and the balance was an eastern bituminous coal.   When the unit fired 100% 
subbituminous coal, maximum mercury removal efficiencies for DARCO Hg were 
limited to a maximum mercury capture of ~65%.  Thus it appears that the fraction of 
eastern bituminous coal may add some constituent to the flue gas to improve performance 
for a non-treated activated carbon.    

Testing at the St. Clair Station also included the injection of a brominated carbon 
(B-PAC) supplied by Sorbent Technologies Corporation.  During the parametric tests, 
injecting B-PAC at an injection concentration of 1 lb/MMacf appeared to lower mercury 
emissions by 70% with an 85% coal blend ratio.  Increasing the sorbent injection 
concentration to 3 lb/MMacf yielded a mercury capture of about 90%.  Adjusting the coal 
blend ratio to 100% subbituminous coal, the performance was even higher with mercury 
removal efficiencies over 75% and 94% when injecting B-PAC at 1 and 3 lb/MMacf 
respectively (Rogers, et. al, 2004).  Monroe has extensive coal blending facilities and will 
allow a repeat of some of the tests conducted at St. Clair, however the amount of 
subbituminous fuel in the coal is limited to a maximum of 80%.   

Another key feature of Monroe is that it uses a selective catalytic reduction SCR) 
process for NOx control during the ozone season.  Operation of the SCR may affect 
mercury speciation at the ESP inlet or sorbent performance.  During testing at Monroe, 
the effects of sorbent injection, coal blending, and SCR operation will be evaluated for 
effects on mercury control. 

Host Site Description 
Monroe Power Plant is located in Monroe County, MI.  The test unit (Unit 4) is a 

load-following super-critical 785-MW (gross) pulverized coal, wall fired, electric 
generating unit with a horizontal shaft Lungstrum air preheater.  The unit typically burns 
a 60/40 blend of PRB and Eastern Bituminous coal. The unit is capable of firing blends 
of up to 80% PRB coal while incurring a load reduction.  The unit is equipped with 4 
ESP’s in a piggy-back configuration, with 2 boxes on top and 2 boxes on bottom, 
operating in parallel for particulate removal.  Each ESP has 5 electrical fields in series 
and 12 hoppers:  3 front to back and 4 side to side.  Other air pollution control equipment 
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used by Monroe Unit 4 include an SCR used for NOx control during ozone season and 
SO3 injection for flue gas conditioning. 

For sorbent injection testing with injection upstream of the ESP, only one-quarter 
of the 785 MW flue gas stream will be treated.  A sketch showing one half of the Unit 4 
flue gas path is shown in Figure 1.  Tests will be conducted to determine the mercury 
removal efficiency when injecting sorbent across the ESP with and without the SCR in 
operation.  Data will also be available to determine the amount of mercury captured in-
flight prior to entering the ESP.  Key operating parameters for Monroe Unit 4 are shown 
in Table 2.   

Inlet 
Measurement 

Sorbent 
Injection 

Outlet 
Measurement 

ESP

ESP

Gas Flow 

 

 

Figure 1.  Sketch of Lower North ESP of Monroe Unit 4 Testing Layout 
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Table 2.  Monroe Key Operating Parameters 

Unit 4 

Size (MW) 785 

Test Portion (MWe) 196 

Coal PRB – Eastern Bituminous  
Blend (60/40) 

 PRB Bit 

 Heating Value (as received) 8,700 12,319 

 Sulfur (% by weight) .04 .72 

 Chlorine (%) ~0.01 .05 

 Mercury (µg/g) 0.056 .08 

Particulate Control  Cold Side ESP 
SCA = 258 ft2/kacfm 

Sulfur Control Compliance Coal 

Air Pre-Heater Lungstrum Horizontal Shaft 

Ash Reuse Disposed to Ash Pond 

 

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 selection 
 Sample and data coordination 
 Baseline tests 
 Parametric tests 
 Long-term tests 

4 Data analysis 
5 Sample evaluation 
6 Economic analysis 
7 Site report 
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Task 1.  Host Site Planning and Coordination 
Efforts within this task include planning the site-specific tests with DTE Energy 

and Monroe Power Plant, DOE/NETL, and contributing team members.  ADA-ES met 
with plant personnel on November 9, 2004 to discuss the overall scope of the program, 
the potential impact on plant equipment and operation, and to identify potential 
equipment and port locations.  Additional communications between ADA-ES and DTE 
Energy 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 was held January 11, 2005. 

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 January.  Installation of the new test ports will be 
completed by March 2005.  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 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 up to three 
different sorbents.  DARCO Hg a lignite-derived activated carbon supplied by NORIT as 
DARCO HG, is considered the benchmark for these tests because of its wide use in 
DOE/EPRI/EPA-sponsored testing.  Potential alternative sorbents include those that may 
be more effective than DARCO Hg, or sorbents that are effective but cost less per pound.  
Examples that have demonstrated improved effectiveness on low-rank and high PRB 
blend sites include halogenated sorbents tested at Holcomb, Mercer, St Clair, and other 
DOE and EPRI sites.   

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 Monroe includes installation of required platforms and scaffolding, supplying 
compressed air and electrical power, wiring plant signals including boiler load to the silo 
control panel, 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 
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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 Trailers (3) Signal Wiring / Telephones / Power 
 

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 
Monroe 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 Monroe. 

Monroe 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. 
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Feeder and Analyzer Descriptions 

The carbon injection system, shown installed at Holcomb in figure 2, consists 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.  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. 

Figure 2.  Carbon Injection Storage Silo and Feeder Trains Installed at Holcomb  
 

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 
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system is calibrated using vapor-phase elemental mercury.  A sketch of the system is 
shown in Figure 3.  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. 

Sample Extraction

Sample 
Conversion/
Speciation

Sample Transport

Data Management

 

Figure 3.  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. 
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Subtask 3.1 Sorbent Selection 

Data from other sites, similar to Monroe Unit 4 (i.e. PRB – Bit blend coal, similar 
operating temperature), will be used to determine which sorbents will be tested during the 
parametric and long-term testing series.  

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 5, 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 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.  The outlet particulate emissions are a key parameter to assess the impact of 
carbon injection on ESP performance.  Therefore, particulate emission measurements will 
be made with EPA Method 17. 

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 6.  The final 
schedule will be agreed upon prior to beginning baseline testing. 
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Table 5.  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 

Particulate 
Emissions 

EPA Method 17 Yes Yes 

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, ammonia 
flow rate, etc…) 

Yes Yes 
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Table 6.  Tentative Sample Collection Schedule 

* If sample collection is possible 

Test 
Condition 

Type Frequency Comments 

Coal Daily 1 liter 

ESP Ash Daily: 
One Hopper Each Row on Test Side 
(3B, 11B, 19B) 

2 samples per week: 
All Inlet Hoppers on Test Side, One 
Hopper Each Row on Control Side. 
(1B – 4B, 6B, 14B, 22B) 

Weekly: 
One Inlet Hopper on Test Side and 
Control Side (3B, 6B) 

 
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: 
One Hopper Each Row on Test Side 
(3B, 11B, 19B) 

 
1 liter 

Coal Daily 1 liter 

ESP Ash Daily:  
One Hopper Each Row on Test Side 
(3B, 11B, 19B) 

2 samples per week: 
All Inlet Hoppers on Test Side, One 
Hopper Each Row on Control Side. 
(1B – 4B, 6B, 14B, 22B) 

Weekly: 
One Inlet Hopper on Test Side and 
Control Side (3B, 6B) 

 
1 liter 

 

1 liter 
 
 

(2) 5 gallon - 
Samples 

Long-
Term 

Bottom Ash* 2 samples per week 1 liter 
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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 the control and test ESP hopper configuration is 
presented in Figure 4.   

 

 Gas 
Flow 

   Gas 
Flow   

8B 7B 6B* 5B 4B* 3B* 2B* 1B* 

16B 15B 14B* 13B 12B 11B* 10B 9B 

24B 23B   22B* 21B 20B 19B* 18B 17B 

South (Control) ESP North (Test) ESP 

  *Sampled Hopper 

Figure 4.  Sketch of Unit 4 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.  Method 17 particulate samples will also be collected 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 7).  The parametric tests will be conducted at full-load 
conditions to document sorbent injection requirements at various sorbent injection rates.  
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Mercury measurements will be made during the parametric tests to characterize mercury 
capture with sorbent injection.  During the parametric tests, sorbents will be injected at 
various rates to develop a relationship between sorbent injection rate and mercury 
removal efficiencies across the ESP.  In addition to sorbent injection, the effects of coal 
blending on mercury control will also be evaluated.   

The first week of parametric testing will evaluate the effects of sorbent injection 
for control of mercury in stack emissions.  The schedule allows for three different 
sorbents to be evaluated over a period of eight days.  The first will include the DARCO 
Hg 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 Hg is derived from a Texas-Lignite coal, and has 
a bulk density of 25-30 lbs/ft3.  During this test series, the SCR will not be in service.  

The other sorbents tested will be a chemically treated activated carbon supplied 
by NORIT Americas, DARCO Hg-LH and one other alternative sorbent (TBD).  Other 
full-scale testing has showed similar performance between DARCO Hg-LH and B-PAC, 
however the cost of DARCO Hg-LH is approximately 35% lower than B-PAC.  DARCO 
Hg-LH was evaluated at Meramec Station under this four-site DOE/NETL program and 
was effective at increasing mercury capture compared to baseline results.  Meramec 
burns a PRB coal and is configured with a cold side ESP for particulate control.  
Enhancements effective at Meramec are likely to improve performance at Monroe.  
Therefore, during the third week of testing, DARCO Hg-LH, a halogenated activated 
carbon will be evaluated at several injection concentrations.  EPA M26a tests will also be 
conducted at the outlet of the ESP to determine if there is an increase in vapor-phase 
halogens as a result of injecting halogenated material. 

Over the weekend, Monroe Station has the ability to increase the percent 
composition of PRB in the coal blend.  The amount of PRB coal could be increased from 
baseline conditions of 60% up to a maximum of 80% while incurring unit load reduction.  
The balance of the coal blend will be mid eastern bituminous coal.  The benchmark, 
DARCO Hg will also be injected for a short period during the coal blend tests.  These 
data will be compared to the normal operating coal blend ratio of 60/40 to look at the 
effects of coal blending on mercury capture and sorbent performance. 

Parametric testing will also look at the effects of the SCR on mercury control.  All 
testing conducted prior to the start of ozone season, which starts May 1, will be 
conducted with the SCR off.  In order to shakedown any start up issues, the SCR will be 
placed in service approximately 1 week prior to May 1.  Sorbent injection and coal 
blending tests are planned after the SCR has been in service for approximately 1 week to 
allow the system to reach equilibrium.  The sorbent injected during this period will be 
chosen based on results from the SCR off tests.  The sorbent showing the most promise 
will likely be chosen for the SCR on tests.   

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 HG, the DARCO HG-LH, or the alternative sorbent.   
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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 DTE Energy/Monroe.  It is the intent 
of DOE that these settings represent the most cost effective condition for 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, 
M26A, and M17 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.  The SCR will be in service for NOx control 
during long term testing. 

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 7.  Proposed Full-Scale Test Sequence for Monroe Unit 1 

Test Description Start 
Date 

Parameters/Comments Boiler Load 

Baseline SCR OFF 
 

3/21/05 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 – 80/20 blend test Weekend Day 
Day 6 – 70/30 blend test Weekend Day 

Full Load* 24 
hours per day 
60/40 blend 
Days 2-4 

Parametric Sorbent 
Injection Testing 
SCR OFF 

3/28/05 Day 1 – DARCO Hg, 1 lb/MMacf 
Day 2 – DARCO Hg, 3 lb/MMacf 
Day 3 – DARCO Hg, 6 lb/MMacf 
Day 4 – DARCO Hg-LH, 1 lb/MMacf 
Day 5 – DARCO Hg-LH, 3 lb/MMacf 
Day 6 – DARCO Hg, 80/20 blend Weekend Day 
Day 7 – DARCO Hg, 70/30 blend Weekend Day 
Day 8 – Alternative Sorbent, TBD 

Full Load* 
6AM-6PM 
60/40 blend 
Days 2-5 

Outage Window / 
Contingency 

4/5/05 –
4/22/05 

Monroe Has a one week summer preparation outage 
scheduled for April if a forced outage does not occur 
earlier during spring of 2005.  In the event a forced 
outage occurs during baseline or Parametric testing, 
this period will be used to reschedule testing 

TBD 

SCR Transition 4/22/05 
–4/30/05 

No Testing No 
Restrictions 

Baseline SCR ON 5/2/05 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 – 80/20 blend test Weekend Day 
Day 6 – 70/30 blend test Weekend Day 

Full Load* 
6AM-6PM 
60/40 blend 
Days 2-4 

Parametric Sorbent 
Injection Testing 
SCR ON 

5/9/05 Day 1 – 3: Most promising sorbent from SCR Off 
Tests 
Day 4 - 5: Coal Blending, testing conditions and 
blend ratios TBD. 

Full Load* 
6AM-6PM 
60/40 blend 
Days 2-5 

Long-term tests  5/25/05 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.  SCR to be placed in operation in the 
middle of long term testing. 

Full Load* 
only during 
Ontario 
Hydro  

* Monroe Unit 4 modulates between 785MW and 750MW at full load operation. 
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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.  A sample list of plant parameters is given below: 

• Boiler Load 
• Stack Gas Flow 
• Stack Gas Temperature 
• Economizer Outlet Temperature 
• ESP Inlet Temperature 
• ESP Outlet Temperature 
• Opacity 
• SO2 
• Fuel System Data 

o Coal firing rate 
o Coal ultimate analysis 
o Coal blend ratio 

• Boiler Excess O2 
• Ambient Temperature 
• Ambient Barometric Pressure 
• NOx 
• SCR Ammonia Flow 
• ESP Electrical Conditions 

o Secondary Current 
o Secondary Voltage 
o Secondary Power 
o Spark Rate 
 

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.  

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 
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other potential tests such as alkalinity, size distribution, chlorine, fluorine, and metals 
such as selenium and arsenic.  A summary of the analyses to be performed is included in 
Table 8. 

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 DTE Energy’s Monroe Station.  ADA-ES has developed 
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.   

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.   
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Table 8.  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. 

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 
document providing a comprehensive review of the testing that will be submitted to the 
host utility. 
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Schedule 

The tentative schedule for activities at Monroe Station is shown in Table 9. 

Table 9.  Tentative Schedule for Monroe 
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Key Personnel 

Key personnel for the Monroe tests are identified in Table 10. 

Table 10.  Key Project Personnel for Monroe Mercury Field Evaluation 

NAME COMPANY ROLE PHONE # E-MAIL 

Melanie McCoy DTE Energy Plant Director 313-235-9012 mccoym@dteenergy.com 

Sharon Sjostrom ADA-ES Program Manager 303-339-8856 sharons@adaes.com 

Travis Starns ADA-ES Site Project 
Manager 

303-339-8857 traviss@adaes.com 

Cody Wilson ADA-ES Site Project 
Engineer 

303-339-8860 codyw@adaes.com 

Dan Fahrer DTE Energy Project Engineer 734-384-2341 fahrerd@dteenergy.com 

Jerry Amrhein ADA-ES Hg Monitors 303-339-8841 jerrya@adaes.com 

Cam Martin ADA-ES Equipment Design 303-339-8849 camm@adaes.com 

Richard Schlager ADA-ES Contracts 303-339-8855 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 
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Sample Management Plan – DTE Energy Monroe Power Plant                                                                    
Project #:  03-7006-72                                    

 
 
 
ADA-ES, Inc. is conducting an evaluation looking at sorbent injection for mercury control at DTE 
Energy Monroe Power Plant.  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 400 samples from various solid 
process streams at the Monroe Power Plant.  ADA-ES has developed 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.  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.   
 
 

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 Monroe Power Plant Unit 4 
are shown in Figure 1. 
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Figure 1.  Monroe Power Plant Unit 4 Configuration and Sampling Locations. 
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Sample Collection 
Coal and combustion byproducts 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 composite samples will be collected by the as fired coal analyzer 
sampling system using the secondary sweep function.  The coal samples collected by the 
secondary sweep represents the coal fired 5 to 6 hours after the sample is collected when the 
unit is operating at full load.  The sampler will be setup to sample coal being supplied to the 
unit 4 silos between 3:00am and 11:00am, thus representing the coal fired between 8:00am 
and 4:00pm.  The sampling frequency will be set so that sample weights are at least 1600g. 
The fuel tracking system data will allow ADA to determine when coal represented by the 
sample is fired. 
 
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.  Collection locations shall be specified by 
Monroe Station personnel. 
 
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. 

Deleted: Input collection process after 
discussion with DTE.  I have a call into 
Dave Skyver (Monroe’s Coal Specialist).
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 Gas 
Flow 

   Gas 
Flow   

1B 2B 3B* 4B 5B* 6B* 7B* 8B* 

9B 10B 11B* 12B 13B 14B* 15B 16B 

17B 18B   19B 20B* 21B 22B* 23B 24B 

South (Test) ESP North (Control) ESP 

 
*Sampled Hopper 

 
Figure 2.  ESP Hopper Layout and Sampling Locations. 
 
 
If possible, plant personnel may collect a fly ash sample inside the ESP at the end of the 
long-term testing period.  This sample should be collected from any surface structures (e.g., 
ledges, corners) that are capable of holding fly ash material in place for a long period 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. 
 
ESP Outlet Particulate Matter Sample – A semi-continuous particulate monitor (PM) will 
be placed at the ESP outlet location.  The PM instrument draws a sample of flue gas from a 
probe through a piece of filter tape.  A mass measuring sensor called a BetaGuard measures 
the mass of the particles loaded on the filter tape.  Mechanical Systems, Inc. will lease their 
BetaGuard particulate monitor for these tests.  Since the instrument utilizes Beta particles to 
measure the mass of particulate matter, the sample collected on the tape can be used for 
additional testing.  Particulate matter collected on the filter tape will be subject to various 
carbon fraction techniques and other pertinent testing protocols.   
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Table 1.  Tentative Sampling Schedule. 

*If sample collection is possible 
 

Test 
Condition 

Type Frequency Volume 
Collected 

Coal TBD TBD 

ESP Ash Daily: 
One Hopper Each Row on Test Side 
(6B, 14B, 22B) 

2 samples per week: 
All Inlet Hoppers on Test Side, One 
Hopper Each Row on Control Side. 
(5B – 8B, 3B, 11B, 19B) 

Weekly: 
One Inlet Hopper on Test Side and 
Control Side (3B, 6B) 

 
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: 
One Hopper Each Row on Test Side 
(6B, 14B, 22B) 

 
1 liter 

Coal Daily 1 liter 

ESP Ash Daily:  
One Hopper Each Row on Test Side 
(6B, 14B, 22B) 

2 samples per week: 
All Inlet Hoppers on Test Side, One 
Hopper Each Row on Control Side. 
(5B – 8B, 3B, 11B, 19B) 

Weekly: 
One Inlet Hopper on Test Side and 
Control Side (3B, 6B) 

 
1 liter 

 

1 liter 
 
 

(2) 5 gallon - 
Samples 

Long-
Term 

Bottom Ash* 2 samples per week 1 liter
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Sample Management Strategy 
During the mercury control evaluation, Monroe 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
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Figure 3.  Sample Management Flowchart. 
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.  
 

Sample Analysis  
 
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. 
 
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.  
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Table 2.  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 

 
 
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 17, Method 26a, and controlled condensate.  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 3.  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) 

HBr, HCl, HF, BR2, CL2 M26a Ion chromatography per the promulgated EPA Method 26a 

Particulate Matter M17 Gravimetrically 
Hg M324 EPA Method 1631 
Total/Elemental Mercury Continuous AF or AA -Analysis 

ESP Inlet 

SO3 Controlled 
Condensate 

–Per Method 

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

HBr, HCl, HF, BR2, CL2 M26a Ion chromatography per the promulgated EPA Method 26a 
Particulate Matter M17 Gravimetrically 
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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APPENDIX C 
 

SUMMARY OF MERCURY MEASUREMENT 
METHODS – DRY SORBENT TRAP 

 
Section 1.0 – Overview of the Dry Sorbent Trap Method – based on 40 CFR Part 75, 
Appendix K, Quality Assurance and Operating Procedures for Sorbent Trap Monitoring Systems 
 
Section 2.0 – Procedures for Dry Sorbent Trap Method 
 



   

1.0 DRY SORBENT TRAP METHOD – BASED ON 40 CFR PART 75, APPENDIX K 

1.1 Summary of Test Method 
The method of using activated carbon traps for measuring mercury at coal-fired power plants has 
been given several acronyms over the past few years such as Quick SEM or QSEM (EPRI trade 
mark), EPA Method 324 or M324, and, most recently, it was defined in Appendix K of 40 CFR 
Part 75 under the title “Quality Assurance and Operating Procedures for Sorbent Trap 
Monitoring Systems.”  EPA first proposed a sorbent trap method for mercury as Draft Method 
324, it was then revised and issued as 40 CFR Part 75, Appendix K.  In this Appendix, it will be 
referred to as the Sorbent Trap Method (STM). 
 
This Appendix summarizes some key variables that must be controlled for good quality 
application of the sorbent trap method, followed by some specific EPA requirements for quality 
assurance/quality control (QA/QC).  Much of the information is derived from Appendix K, and 
when necessary, supplemented by the proposed Method 324 and “Mercury Flue Gas 
Measurements, Understanding Draft Method 324 and Validation Results.”1   
 
As described in Appendix K, the sorbent media traps are to be three sections and the third section 
pre-spiked.  In addition, the data are to be normalized based on the sample-specific spike 
recovery.  This quality assurance criteria was proposed without extensive field testing to ensure 
its accuracy and reliability.  Testing in the field has indicated that the spiking procedures need 
further evaluation.  Thus, this Appendix and the application of the procedures for conducting 
STM measurements are based on Appendix K, but with modifications as needed until the spiking 
procedure is improved. 
 
The method involves inserting a glass tube filled with sorbent media with a high mercury 
capacity into a gas stream and drawing a measured amount of gas across the carbon trap.  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.  Two traps are run in parallel for each test and are referred 
to as a paired sample.  The paired traps can then be sent to a lab and analyzed for mercury, or 
analyzed via thermal desorption. 
 

1.2 Method Application (noncompliance or compliance tests) 
The method can be used for the determination of vapor-phase mercury concentrations ranging 
from 0.03 μg/dNm3 to 100 μg/dNm3 in relatively 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 sorbent trap that is sampled in-situ and that must be 
kept dry; 

• Breakthrough of mercury is evaluated by a trap design including at least two sections; 
• 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. 

                                                 
1 EPRI. “Quality Assurance/Quality Control Guidelines for Mercury Measurements Technical Report”, EPRI, Palo 
Alto, CA: 2005. 008267. March 2005 



   

1.3 EPA Appendix K Scope 
EPA restricts the use of this method to relatively low-dust conditions (i.e., after pollution control 
devices) at sources subject to Subpart I of Part 75.  It can be applied to controlled or uncontrolled 
sources either as a Reference Method (for example, for RATA testing) or as a continuous 
mercury monitoring technique to demonstrate compliance (in place of a CEM).  Quality control 
requirements include paired concurrent sampling and maintaining the sampling rate within 
specific parameters.  The range of sampling duration is stated as 30 minutes to several days.  
EPA allows analysis via any analytical technique that can meet the specified performance criteria 
(e.g., digestion followed by Cold Vapor Atomic Fluorescence Spectrometry [CVAFS] or Cold 
Vapor Atomic Absorption Spectrometry [CVAAS], or thermal desorption).  
 
Persons using this method should have a thorough working knowledge of Methods 1, 2, 3, 4, and 
5 of 40 CFR Part 60, as well as the analysis technique selected.   
 

1.4 Sorbent Trap Monitoring System Components 
A simplified diagram of the field sampling train is presented in Figure 1.  Flue gas is extracted 
through a carbon trap connected to the end of a probe and a ball valve at the end of the probe can 
be used to isolate the probe from the rest of the system.  As per Appendix K and as specified in 
the definition of a “sorbent trap monitoring system,” the following components shall be included: 

• Probe; 
• Paired sorbent traps; 
• Heated umbilical line; 
• Moisture removal device(s); 
• Air-tight sample pump; 
• Dry gas meter; and, 
• Automated data acquisition and handling system. 
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Figure 1.  Schematic of Typical Sorbent Trap Monitoring System 
 



   

1.4.1 Sampling Probe 
The sampling probe assembly is to have a leak-free attachment to the sorbent trap(s) and be 
configured such that the sample gas enters the trap directly (e.g., mounted at the probe entrance).  
A single probe can be used for the paired sample, or co-located, individual probe/trap assemblies 
with sufficient separation to prevent aerodynamic interference. It is critical to prevent 
condensation to avoid plugging the traps and a calibrated thermocouple should be used to 
monitor temperature to ensure it is high enough; otherwise the probe/sorbent trap assembly 
should be heated.  See Attachment A for additional details on a currently used probe. 
 

1.4.2 Sorbent Trap Design 
Appendix K is a performance-based method that allows some latitude as to the selection of the 
sorbent media as long as the performance specifications are met.  The specifications presented 
below have been extensively tested and provide the greatest confidence in achieving good 
accuracy and precision.  Any alternative sorbent would need to demonstrate similar performance. 
 
It is recommended that any sorbent be tested in the laboratory to ensure that the background 
mercury levels are consistently low enough to produce the require precision in the method 
appropriate for the source.  Sorbent materials should undergo spike and recovery testing to 
demonstrate the sorbent capacity in the full flue gas matrix.  Selection of the sorbent traps are 
based on the following: 

1) Achievement of the performance criteria of the method; and, 

2) Data available to demonstrate that the trap can pass the criteria in EPA Method 301 when 
actual results are compared with those from EPA Methods 29 or 101A, or ASTM Method 
D6784-02 (OH Method) for the measurement of vapor-phase mercury in a similar flue 
gas matrix. 

 
In addition, the sorbent trap must be obtained from a reliable source that has clean handling 
procedures in place for ultra low-level mercury analysis. This will help assure the proper 
environment required for manufacturing sorbent traps with low blank levels of mercury. 
 
Sorbent traps must have separate main and back-up sections in series for collection of mercury.  
Analysis of both the main and back-up sections is required, in order to evaluate breakthrough of 
mercury and provide assurance that all mercury is captured.  As mentioned previously, Appendix 
K specifies a three section, pre-spiked trap, however, the focus of this discussion is on two 
section traps and the specifications of the proposed Method 324 are used. 
 
As presented in the proposed M324, key sorbent trap sampling requirements or needed 
characteristics are shown in Table 1.  These criteria are based on the Flue gas Sorbent Total 
Mercury (FSTM) trap from Frontier Geosciences, Inc. (Seattle, WA), both in terms of 
temperatures and sampling rates.  The sorbent trap is not specified in the method, but currently 
the FSTM trap is the only commercially-available trap that has been tested.  This trap contains a 
chemically treated charcoal sorbent.  It is expected that other vendors will develop supply 
capability in the very near future as driven by market forces. 
 
The FSTM trap has been designed in two sizes, designated small and large; Figure 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). 



   

Table 1. Sorbent Trap and Sampling Requirements from Proposed M324 (FSTM Trap) 

Item to be Determined Small Sorbent Trap Large Sorbent Trap 
Sampling Target:  Mercury        
Loading Range, ug 

Minimum = 0.025 μg/trap 
Maximum = 150 μg/trap 

Minimum = 0.10 μg/trap 
Maximum = 1800 μg/trap 

Sampling Duration Required: 
Limits on Sample Times 

Minimum = 30 minutes 
Maximum = 24 hours 

Minimum = 24 hours 
Maximum = 10 days 

Sampling Temperature Required 200º to 425ºF 200º to 425ºF 
Sampling Rate Required 0.2 to 0.6 L/min; start at 0.4 L/min 

Must be constant proportion within 
±25% if greater than 12 hours; 
constant rate within ±25% if less 
than 12 hours 

0.2 to 0.6 L/min; start at 0.4 L/min 
Must be constant proportion of 
stack flowrate within ±25% 

 
 

 
 

Figure 2. Dimensions and Configuration of the Existing FSTM Sorbent Trap 
Note: not to scale 

 

1.4.3 Heated Line and Moisture Removal 
As mentioned above, it is critical to prevent condensation in the traps so a heated line is used as 
an additional measure.  A drying system to remove water vapor is incorporated before the gas 
stream enters the dry gas meter (i.e., external).  The system should be robust and suitable for 
continuous duty.  In situations where an acidic gas may be present, Drierite (or calcium sulfate) 
can be used as the desiccant; normally silica gel is adequate. 
 

1.4.4 Sampling Console 
The sampling console main components include a vacuum pump, dry gas meter, and sample flow 
rate meter and controller.  The vacuum pump is to be leak-tight and capable of operating within 
the expected flow range.  The dry gas meter is used to determine total sample flow and must be 
accurate to within 2% and calibrated at the flow rate and conditions actually encountered during 
sampling.  Also for correcting final sample volume, it should be equipped with a temperature 
sensor to measure typical meter temperatures accurate to within 3°C.  The flow rate indicator and 
controller are used to maintain necessary sampling flow rates. 
 
The consoles are typically referred to as “STM boxes” and they can be equipped with one 
sampling train or channel, which requires two boxes at each sampling location, or two uniquely 
identified channels so only one box is required at each sampling location. 

Carbon Trap
Gas Flow

Gas Flow

      B Section                     A Section

             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



   
2.0 PROCEDURES FOR SORBENT TRAP METHOD 

The intent of the project team is to follow the procedures in Appendix K with a few 
modifications. Detailed procedures for operation of each STM box are outlined in the individual 
Operating Manual/User’s Guide. The procedures contained in Attachment B have been 
developed for operators to follow in the field. The focus of this section is to highlight the QA/QC 
procedures applicable to all STM systems to ensure representative mercury measurements. The 
STM boxes are typically used for temporary evaluations and care must be taken to assure proper 
maintenance between installations for the best performance. The QA/QC procedures for each 
STM box include an annual calibration and as practicable, checks prior to shipment to each new 
job site, Attachment C contains this procedure.  A sample STM Data Sheet is in Attachment D. 
 

2.1 Sorbent Trap Sampling Procedures 
Certain key QA/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 in Section 2.3.3 below. 

• Sorbent traps need to be inserted directly in the flue gas duct when sampling, with no 
upstream tubing, filter, etc.  An exception to this is sampling in flue gas in temperatures 
greater than 425°F.  In this case, the flue gas is drawn through a glass probe maintained 
above 400 into the trap maintained between 350°F to 400°F. 

• 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 (see Attachment A). 

• 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 flow must be maintained at a constant rate ±25%. 
• 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. 
 

2.2 Mercury Analysis Procedures for STM 
Appendix K is a performance-based method that allows latitude as to the selection of sample 
analysis techniques as long as the performance specifications are met.  Recovery techniques are 
listed as leaching, digestion, and thermal desorption, while analytical techniques include 
CVAFS, CVAAS (with and without gold trapping), and in-situ X-ray fluorescence.  Below are 
some highlights of the acid leaching/CVAFS procedures, including a discussion of CVAFS 
versus CVAAS, as well as a discussion of direct combustion with CVAAS. 
 

2.2.1 Acid Leaching and CVAFS or CVAAS Procedures 
The CVAFS 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.  A detailed procedure for 
the analysis of the sorbent trap is available from Frontier Geosciences upon request. 
 
In the proposed Method 324, the sampling procedures, sample volume, sorbent trap digestion 
procedures, analysis procedures, matrix effects, field blank criteria, lab blank criteria, B-trap 
criteria, field spike criteria, detector response, precision, accuracy, and bias were all determined 
based on the CVAFS detection system.  Thus the procedures have been extensively documented.  
Although not fully documented, the post digestion analysis can also be performed by the 
CVAAS technique using existing recognized procedures, such as those contained in ASTM 
Method D6784-02 or EPA Method 29.   
 
The procedures for CVAAS analysis are currently being prepared and will be available through 
EPRI’s test program (the round-robin laboratory study).  Issues for resolution include eliminating 
matrix interference effects and recommendations on when it is appropriate to preconcentrate the 
sample (possibly always, as with CVAFS). 
 

2.2.2 Direct Combustion of Sorbent Traps 
As an alternative, analysis of sorbent traps can be completed using direct combustion instead of 
acid leaching and analysis.  The Lumex RA915+ and RP M-324 units manufactured by Ohio 
Lumex, Inc. are likely to be the most suitable for this approach, due to the sensitivity and 
selectivity of the Lumex system, although other instruments may also be suitable.  The Lumex 
system is a compact CVAAS system that uses Zeeman shift to reduce interferences, coupled with 
a pyrolizer to combust the sample to be analyzed. 
 
One clear advantage of the sorbent trap combustion method is that no trap digestion is required, 
therefore it is a relatively quick and simple analysis that can be readily conducted at the field site.  
A significant disadvantage of the method is complete destruction of the sample.  No re-analysis 
or other QA duplicate analysis is possible.  To protect the potential loss of data, extra field 
samples may need to be collected.  Work is on-going to develop procedures and QC 
documentation for this method. 
 

2.3 QA/QC Procedures and Cleanliness for STM 
As the method is broadly applicable and strictly performance-based, the QA/QC procedures are 
applied to all different sorbents, traps, and analysis techniques. The QA/QC criteria 
recommended, as well as the importance of cleanliness throughout the trap preparation, handling, 
and analysis, are discussed below. 
 

2.3.1 QA/QC Procedures 
The method requires the analysis of mercury in both main and back-up portions of the sorbent 
within each trap.  As is the case for the OH Method, getting good blanks (both mercury load and 
consistency/repeatability) and using proper cleanliness procedures cannot be emphasized 
enough.  The requirements from Appendix K for optimum performance of the method are 
described in Table 2.  Table 3 includes some additional QC checks that Frontier Geosciences 
recommends and currently incorporates into their analyses.  As some of the QA/QC procedures 
are still being developed, such as the spiking procedure, changes may be incorporated into the 
method, and these QA/QC requirements are not included in Table 2.  Equations for calculating 
the mercury concentration and the relative difference between sampling pairs are shown below. 
 



   
Hg Concentration 
Calculate the Hg concentration for each sorbent trap, using the following equation: 

 
Where:  

C = Concentration of Hg for the collection period, (µgm/dscm)  
M* = Normalized total mass of Hg recovered from sections 1 and 2 of the sorbent trap, (µgm)  
Vt = Total volume of dry gas metered during the collection period, (dscm). For the purposes 
of this appendix, standard temperature and pressure are defined as 20°C and 760 mm Hg, 
respectively. 

 
 
Paired Trap Agreement 
Calculate the relative deviation (RD) between the Hg concentrations measured with the paired 
sorbent traps: 

 
Where:  

RD = Relative deviation between the Hg concentrations from traps “a” and “b” (percent)  
Ca = Concentration of Hg for the collection period, for sorbent trap “a” (µgm/dscm)  
Cb = Concentration of Hg for the collection period, for sorbent trap “b” (µgm/dscm)  

 
 
 



   
Table 2.  QA/QC Criteria and Corrective Action 

QA/QC Specification Acceptance Criteria Frequency and 
Requirement Corrective Action 

Pre-test Leak-check <4% of target sampling 
rate 

Prior to sampling, sampling 
lines and probe with carbon 
traps in place and capped 

Repair leak.  Do not start 
sampling until leak check is 
passed.   

Post-test Leak-check <4% of average sampling 
rate 

After sampling, sampling 
lines and probe with carbon 
traps in place and capped 

Flag data and repeat run if 
for regulatory compliance. 

Ratio of Stack Gas 
Flow Rate to Sample 
Flow Rate 

Maintain within ±25% of 
initial ratio from 1st hour 
throughout sampling 

Monitor run every hour via 
visual/data logger 

Adjust when data are 
recorded. 

B-Section Bed Analysis <5% of A-Trap Bed Value Every sample Investigate field procedures 
and retrain.  Sample 
invalidated if for regulatory 
compliance.   

Paired Trap Results <10% Relative Deviation Every sample, at least one 
duplicate paired train for 
each series of samples 
collected 

Investigate field 
procedures.  Sample 
invalidated if for regulatory 
compliance.   

RATA – if permanent 
installation used for 
continuous compliance 

Relative Accuracy <20% 
OR mean difference <1 
ug/dm3 if low emitter 

Initial certification and 
annually thereafter 

Investigate procedures.  
Data invalidated until 
RATA passed.   

Dry Gas Meter 
Calibration 

Calibration factor (Y) 
within ±5% of average 
value from initial (3-point) 

Prior to Initial Use: at 3 
orifice settings; then 
Quarterly: at 1 setting 

Recalibrate the meter at 3 
orifice settings to determine 
new value of Y. 

Temperature Sensor 
Calibration 

Absolute temperature from 
sensor within ±1.5% of a 
reference sensor 

Prior to Initial Use; then 
Quarterly 

Recalibrate. Sensor not to 
be used until criteria is met. 

Barometer Calibration Absolute pressure by 
instrument within ±10 mm 
Hg of reading with a 
mercury barometer 

Prior to Initial Use; then 
Quarterly 

Recalibrate. Instrument not 
to be used until criteria is 
met. 

Other Recommended QA/QC 
Sorbent Trap 
Laboratory Blank 
(same lot as samples) 

<5 ng/trap and a standard 
deviation of <1.0 ng/trap 
(n=3) 

Analyze three blanks per 
set of 20 sorbent traps 

Investigate trap blank 
source and correct.  Blank 
correction might be 
applicable. 

Sorbent Trap Field 
Blank (same lot as 
samples) 

<5 ng/trap and a standard 
deviation of <1.0 ng/trap 
(n=3) OR <5% of average 
sample collected 

Analyze one blank per 10 
sorbent traps used in field 

Notify field personnel of 
handling issue and retrain.  
Investigate lot blank. 

Field Spikes  80% to 120% recovery  
 

For long-term regulatory 
monitoring, 1 per every 3 
samples for the first 12 
samples  

If the 1st 4 field spikes do 
not meet the ±20% criteria, 
take corrective sampling 
and laboratory measures 
and repeat at the 1 per 
every 3 sample rate until 
the ±20% criteria is met. 

Laboratory Matrix and 
Matrix Spike 
Duplicates 

Recommended: 75-125% 
recovery with RPD ±25 

1-10 (20 TBD) samples – 1 
trap analyzed 

Reanalyze, investigate, flag 
data if not resolvable. 

 



   
 

Table 3.  Frontier Geosciences Recommended QA/QC Additions 
QA/QC Specification Acceptance Criteria Frequency Corrective Action 

Calibration Curve 
Correlation 

Coefficient (minimum 
of 5 points) 

r ≥ 0.995, linear 
regression forced 

through zero 

Beginning of 
analytical day, 
every 12 hours 

thereafter 
 

Recalibrate 

Initial/Continuing 
Calibration 
Verification 
(ICV/CCV) 

80-120% recovery  
Following every 
calibration, 1 per 

10 analytical cycles 

Halt analysis, reanalyze, 
recalibrate if necessary 

(ICV) or rerun all 
samples since last valid 

CCV (CCV) 

Initial/Continuing 
Calibration Blank 

(ICB/ CCB) 

Individual limit of  
<0.25 ng/L 

(Instrument blanks are 
not blank corrected) 

Following every 
calibration, 1 per 

10 analytical cycles 

Halt analysis, reanalyze, 
recalibrate if necessary 

(ICB) or rerun all 
samples affected by high 

blank (CCB) 

Laboratory Analytical 
Duplicate (AD) ≤20 RPD/RSD 1 per batch of 20 

samples 

Reanalyze, halt analysis 
and investigate possible 
instrumental causes of 
error, flag data if not 

resolvable 
 
 

2.3.2 Bias 
For STM testing, sampling and QA/QC issues are possible that would adversely impact data 
quality.  For instance, the method is not designed for sampling in high-dust environments.  
Particulate is minimized in the operation of the STM sample train by sampling at low-dust 
locations, by sampling cross-flow, and by the very low sample flow rate.  If ash is captured in the 
trap there is the potential for the ash to adsorb mercury during sampling and not be included in 
the analysis for total mercury.  Even if this ash mercury component is analyzed, it is not 
isokinetic, and therefore not a representative sample of ash.  This is not generally a problem 
when sampling downstream of particulate collectors, but needs to be evaluated for higher-
particulate stacks. 
 
The sorbent trap is not designed to measure mercury if it gets wet.  This can lead to high B-
section levels and possible breakthrough of mercury, which would result in a low bias to the 
measured result. 
 

2.3.3 Cleanliness 
To prevent samples from becoming contaminated during the sampling and analysis process 
constitutes one of the greatest difficulties encountered in trace metals determinations in general.  
Therefore, it is imperative that extreme care be taken to avoid contamination when preparing, 
collecting, transporting, and analyzing samples for mercury.  Throughout the handling of the 
sample trap, from production through sampling and analysis, clean handling is essential. The 
traps need to be handled with clean gloves, enclosed in clean containers, and sealed following 
testing. 
 



   
Samples may be contaminated by numerous routes.  Potential sources of mercury contamination 
during sampling include: lab ware, containers, sampling equipment, reagents, improperly cleaned 
or stored equipment, and atmospheric inputs such as dirt and dust.  Even human contact can be a 
source of mercury contamination. Therefore, it is imperative that the procedures described in this 
method are carried out by well-trained, experienced personnel. 
 
Avoid exposure of the sample to contamination by performing operations in an area known to be 
free from contamination.  Two of the most important factors in avoiding/reducing sample 
contamination are (1) an awareness of potential sources of contamination, and (2) strict attention 
to work being done.  Care must be taken to avoid touching other potentially contaminated 
surfaces when handling the sorbent trap. 
 
The general philosophy relating to contamination control is to ensure that any object or substance 
that contacts the sample is free from any material that may contain mercury.  The following 
provide guidelines for avoiding mercury contamination: 

• Use a clean environment. The ideal environment for processing samples is a class-100 clean 
room.  If a clean room is not available, all sample preparation should be performed in a 
nonmetal glove box fed by mercury-and particle-free air or nitrogen.  Digestion should be 
performed in a nonmetal fume hood equipped with a HEPA filtration and ideally situated in a 
clean room.   

• Minimize exposure to the atmosphere.  Apparatus that will contact samples, blanks, or 
standard solutions should be opened or exposed only in a clean room, clean bench, or glove 
box, so that exposure to an uncontrolled atmosphere is minimized. 

• Make sure all work surfaces are clean before a given batch of samples is processed.  All work 
surfaces in the hood, bench, or glove box in which the samples will be processed should be 
cleaned. 

• Wear non-talc gloves during all operations involving handling of samples and blanks, both in 
the field and in the lab. 

• Use metal-free equipment. All apparatus used for determination of mercury must be 
nonmetallic, free of material that may contain metals, or both. 

• Use high-grade mercury free reagents. During analysis it is possible to introduce 
contamination into samples from method reagents used during processing and analysis. 
Reagent blanks must be analyzed for contamination prior to use. If reagent blanks are 
contaminated, a new batch of reagents must be prepared. 

• Prevent analytical contamination. Contamination can also occur during analysis as a result of 
carryover when a sample containing a low concentration of mercury is processed 
immediately after a sample containing a relatively high concentration of mercury. Due to the 
potential for widely varied concentrations, it is important to understand when sample carry-
over is likely to occur and provide assurance that the analytical system remains in control.  

• In the field, prevent contamination by airborne particulate matter, including airborne dust, 
ash, dirt, nearby corroded or rusted pipes, wires, or other fixtures; or metal-containing paint.  
Whenever possible, sample handling should occur as far as possible from sources of airborne 
contamination.  
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APPENDIX D 
 

Baseline SCR Bypass, Source Test Results 
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APPENDIX E 
 

Baseline SCR Online, Source Test Results 
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APPENDIX F 
 

Long-Term Source Test Results 
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APPENDIX G 
 

STM Results and Discussion



STM Evaluations 
The purpose of this Appendix is to further discuss the results from testing 

prototype STM equipment and a new analysis technique at Monroe.  This discussion 
focuses on the following five areas: 

1) Evaluate the three-section, large sorbent traps pre-spiked for Appendix K 
compliance; 

2) Assess the performance of automated field sampling equipment from ESC; 

3) Investigate whether running the large sorbent traps for several days may 
impact results; 

4) Compare results from direct combustion and digestion followed by CVAF; 
and, 

5) Discuss additional stratification data. 

Table G-1 presents the type of tests conducted. 

 
Table G-1.  Equipment and Analyses Evaluated at Monroe 

Test/Equipment Purpose Number of Runs 

Three-section, Pre-spiked, L-
series Large Sorbent Traps 

Evaluate recovery of spiked 
samples 

12 traps (including 
two field blanks) 

L-series Large Traps, including 
Special Design where Spiked on 
Front of Third Section 

Evaluate spiking location 4 Paired Samples 

Prototype Automated ESC 
Equipment 

Relative difference of duplicate 
sampling channels 

4 Large Trap 
Paired Samples; 13 
Small Trap Pairs 

Prototype Automated ESC 
Equipment 

Relative difference of difference 
sampling consoles 

4 Paired Samples 

Direct Combustion Lab 
Technique 

Compare to results from 
digestion 

6 Paired Samples 

Direct Combustion Lab 
Technique 

Evaluate benefit of quick turn-
around 

13 Paired Samples 

 

Spike Trap Recovery 
The procedures for conducting sorbent trap analyses are specified in 40 CFR Part 

75, Appendix K “Quality Assurance and Operating Procedures for Sorbent Trap 
Monitoring Systems.”  As described in Appendix K, the sorbent media traps are to be 



pre-spiked.  Specifically, Section 5.1.1 of 40 CFR Part 75 Appendix K gives further 
details on the sorbent trap design as follows: 

“The sorbent media used to collect Hg must be configured in a trap with three 
distinct and identical segments or sections, connected in series, that are 
amenable to separate analyses. Section 1 is designated for primary capture of 
gaseous Hg. Section 2 is designated as a backup section for determination of 
vapor-phase Hg breakthrough. Section 3 is designated for QA/QC purposes 
where this section shall be spiked with a known amount of gaseous Hg0 prior 
to sampling and later analyzed to determine recovery efficiency.” 

 

In Appendix K, Section 7.1.2 describes the gaseous Hg0 spiking of sorbent traps.  
The pre-sampling spike added to section 3 of each sorbent trap is to be within ±50 
percent of the expected section 1 mass loading.  Four paired samples were conducted 
with large traps (i.e., duration of many days) during the long-term test phase.  Based on 
the expected section 1 mass loading, section 3 of each large sorbent trap was spiked at 
2400 ng/trap. 

Section 11.3 of Appendix K specifies the calculation of the percent recovery of 
each section 3 spike as follows: 

 
Where:  

%R = Percentage recovery of the pre-sampling spike  
M3 = Mass of Hg recovered from section 3 of the sorbent trap (μg)  
Ms = Calculated Hg mass of the pre-sampling spike, from §7.1.2 of Appendix K (μg)  

 
Pre-sampling spike recoveries must be between 75 and 125 percent. To report 

final mercury mass, the data for sections 1 and 2 are to be normalized based on the 
sample-specific spike recovery, and then the normalized masses are added together.  The 
value from the spiked section 3 is used solely to calculate spiking recovery, which is used 
to correct the individual mercury sample for measurement bias. 

The Clean Air Mercury Rule (CAMR) specifies that the sorbent trap is to be pre-
spiked on the back of the third section.  A component of the testing at Monroe was to 
evaluate if the spike location may affect the data.  In order to test this supposition, special 
traps were created that allowed spiking on the front (upstream end) of the third section 
(as opposed to the back, or downstream end).  A total of twelve spiked large traps were 
collected, including two field blanks.  In order to evaluate the potential impact of spike 
location, six were spiked on the back of the third section (numbered one through six) and 
six on the front (numbered seven through twelve).  The results for the third section are 
referred to as “section C” in this analysis.  

The spike recoveries were determined by digestion followed by CVAFS by 
Frontier Geosciences in the lab.  Because some results that were lower than expected, the 



twelve C-traps were re-analyzed.  Figure G-1 shows the spike recovery for each trap from 
both analyses.  As shown in the figure, the recovery was much better for those spiked on 
the front.  Table G-2 presents the Section C mercury values and spike recoveries from 
both analyses.  The range in percent recovery for those spiked on the back is highly 
variable with average values from 38.8% to 88%.  Data for those spiked on the front are 
more consistent with a range from 77.8% to 97.9%, which are all within the acceptable 
range (i.e., 75 – 125%).  In addition, the percent difference between the two analysis 
values for each run range from less than 1% up to 38%, with an average of 12%.  This 
indicates that the procedures specified in CAMR may not be the best way to QA/QC 
traps and correct results.  Having to recalibrate the analyzer based on these results could 
make the mercury measurements less accurate. 
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Figure G-1. Comparison of Spike Recovery for Large Traps 
 
Table G-2. Comparison of the Section C Mercury Values and Spike Recovery  

Trap Section C Blank 
Corrected (ng/trap)*

Trap Section C Blank Corrected 
Percent Recovery (%)

1st Analysis Re-analysis 1st Analysis Re-analysis Average

1 (L101) 1443 1194 17.26 60.1 49.8 54.9
2 (L102) 934.9 927 0.86 39.0 38.6 38.8
3 (L103) 2099 2090 0.43 87.5 87.1 87.3
4 (L104) 1928 2054 6.54 80.3 85.6 83.0
5 (L105) 2030 2196 8.18 84.6 91.5 88.0
6 (L106) 949 1300 36.99 39.5 54.2 46.9
7 (L107) 1882 2033 8.02 78.4 84.7 81.6
8 (L108) 2291 2107 8.03 95.5 87.8 91.6
9 (L109) 2332 2188 6.17 97.2 91.2 94.2

10 (L110) 2416 2284 5.46 100.7 95.2 97.9
11 (L111) 2458 2118 13.83 102.4 88.3 95.3
12 (L112) 1591 2141 34.57 66.3 89.2 77.8

Absolute % 
Difference 
between 
Analyses

Trap 
Number 
and ID

Spike 
Location

Back

Front



An additional check specified in Appendix K for quality assurance of the data is 
that the Relative Deviation (RD) between the paired samples should be <10%.  This is a 
measure of the agreement between the two traps run in parallel for each paired sample, 
and the sample is to be invalidated if the RD is over 10%.  As per Section 11.7 of 
Appendix K, paired trap agreement is to be calculated as follows: 

 
Where:  
RD = Relative deviation between the Hg concentrations from traps “a” and “b” (percent)  
Ca = Concentration of Hg for the collection period, for sorbent trap “a” (μg/dscm)  
Cb = Concentration of Hg for the collection period, for sorbent trap “b” (μg/dscm)  
 

Figure G-2 shows the raw mercury concentrations versus the values normalized 
by the sample-specific spike recovery for the four large trap pairs run during the long-
term test phase.  Note that a total of twelve large traps were collected, however two traps 
were field blanks and two associated with a test that was cancelled.  While those traps 
could be tested for spike recovery (as above), they do not yield valid mercury 
measurements, thus four pairs are presented below.  As both of the spike recovery 
analyses are valid, the average recovery shown in the last column of Table G-2 is used to 
normalize the data.  Pairs 1 (L101&102) and 2 (L105&106) were those spiked on the 
back of the third section and Pairs 3 (L107&108) and 4 (L110&L111) on the front.  Note 
that for all cases the mercury concentrations are corrected upwards based on the spike 
recoveries, and for those Pairs with low recoveries, such as Pair 1, quite significantly. 

Table G-3 summarizes the RDs for the raw and normalized data for the four large 
trap pairs. Based on the raw data, only Pair 4 passes the RD quality assurance criteria of 
10%, although paired samples 1 and 3 are close.  While based on the normalized data, 
both traps spiked on the front (i.e., Pairs 3 and 4) pass.  Unlike the specifications in Table 
K-1 of Appendix K for Relative Accuracy, which is the acceptance criteria for RATAs, 
the RD criteria are stricter (10% versus 20%) do not allow a provision for low emitters.  
This is a further indication that the spiking procedures need further evaluation. 

Figure G-2.  Raw and Normalized Mercury Concentrations 
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Table G-3.  Relative Deviations for Four Large Trap Paired Samples 

Relative Deviation (%) Paired 
Sample Trap Number and ID Raw Data Normalized Data

1 1 (L101) & 2 (102) 14.5 31.0 
2 5 (L105) & 6 (106) 65.9 80.3 
3 7 (L107) & 8 (108) 11.5 5.7 
4 10 (L110) & 11 (L111) 0.94 2.3 

 

New Field Sampling Equipment 
The prototype equipment from ESC is important because it automates proportional 

sampling making the Appendix K method more feasible to run for continuous mercury 
monitoring.  The new ESC field sampling equipment is one box with two channels, 
referred to in this analysis as Channels 1 and 2.  One probe is used with two traps so two 
independent measurements are taken.  Manual sampling consoles were used for 
comparison.  These have been used at other sites in this test program.  Two boxes are used 
to obtain independent samples, and these data are referred to as Boxes 6 and 7. 

The STM is a proven technique, so the main goal of this test was to determine the 
durability, reliability, and ease-of-use of the new ESC equipment.  Items such as set-up, 
leak checking, operating, and installing/changing traps, as well as data logging, 
downloading, and analysis were evaluated as they compare to measurements collected 
with other sampling consoles.  Overall the ESC system ran very well and was easy to 
operate and maintain.  There were some instances of difficulty with leak checks and 
downloading data, but these were resolved. 

Both large and small traps were run as paired samples in order to compare results.  
The four large trap runs conducted at the ESP outlet during the long-term test phase used 
the ESC equipment.  The normalized results for Channels 1 and 2 are shown in Table G-
4.  Recall that the large traps were spiked at different locations on the third section, Pairs 
1 and 2 on the back, and 3 and 4 on the front.  The percent difference between Channel 1 
and 2 shows much better agreement for Pairs 3 and 4, with both Pairs within 12%.  Pair 2 
is an example of how a paired sample can have a large percent difference, in this case 
over 800%, but due to low emissions the absolute difference is small, only 0.28 lb/TBtu. 

Table G-4.  Data for ESC Equipment and Large Traps 
Total Normalized Outlet 

Mercury – ESC Equipment
(lb/TBtu) 

 
Pair Sample and Sampling 

Time 
Channel 1 Channel 2 

Percent 
Difference 

(%) 

Absolute 
Difference 
(lb/TBtu) 

1: 6/2/05 9:02 – 6/6/05 8:10 1.36 (L101) 2.59 (L102) -89.8 1.23 
2: 6/11/05 9:45 – 6/13/05 17:14 0.03 (L105) 0.31 (L106) -813.6 0.28 
3: 6/15/05 11:13 – 6/20/05 10:34 1.18 (L107) 1.33 (L108) -12.1 0.15 
4: 6/27/05 10:38 – 7/1/05 7:43 0.96 (L110) 1.00 (L111) -4.7 0.04 

 



Because the small traps are intended for shorter sampling times (i.e., hours versus 
days), several runs were made during the parametric test phase, as well as during long-
term testing.  Eight paired samples were conducted on the ESP outlet with the small traps 
during parametric testing, and five on the ESP outlet during long-term testing.  Results 
for the outlet mercury measurements are shown in Figure G-3 with “P” indicating the 
pairs sampled during parametric testing and “LT” indicating those run during long-term 
testing.  As shown, the percent difference between ESC equipment Channels 1 and 2 for 
all but two of the paired samples with small traps is within 20%, showing good 
agreement between the pairs with no consistent bias high or low between the channels.  
Moreover, as with the large trap paired samples, for Pairs 4 and 5 the actual difference 
between the values is small. 
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Figure G-3.  Absolute Percent Difference between Channels 1 and 2 for Small 

Sorbent Traps 
 
 

Four runs were also made to compare the ESC equipment to the Apex boxes, with 
each sample collected over the same time period.  Figure G-4 shows the results for Boxes 
6 and 7 (Apex) and Channels 1 and 2 (ESC).  The ESC equipment measured higher 
mercury for each of the duplicate runs.  This may be a result of stratification in the duct 
and not related to sampling system performance.  The paired samples for each type of 
equipment match well to each other. 
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Figure G-4.  Comparison of Apex Instruments and ESC Equipment 
 

Duration of STM Tests 
Another component of testing with large (i.e., longer duration) traps was to see if 

the duration of sampling may affect the data as well.  The concern is that sulfur in the 
fuel may cause the effectiveness of the carbon to drop resulting in lower recovery.  Figure 
G-5 shows the outlet mercury concentration measured by the new ESC equipment, with 
eight large traps (four paired samples) and 26 small traps (13 paired samples).  Small 
traps were run during both the parametric testing in May and long-term testing in June, 
while large traps were used only during long-term testing.  During parametric tests, the 
type and injection rate of activated carbon is changed several times each day and, 
consequently, the mercury concentration at the ESP outlet is very unstable.  Therefore, 
only short-term tests (1-3 hour) were conducted using the small traps.  During the long-
term test phase, operations are held as steady as possible for 30 days.  Therefore, ideal 
conditions exist for conducting long-term tests using the large “L-series” traps.  The 
sampling time for large traps was 2½ to five days.  No obvious bias in measured mercury 
was noted as a result of sampling duration for these periods. 

Additional Stratification Discussion 
During long-term testing a concern arose that there was stratification in the duct 

that could be effecting the mercury measurements.  In order to investigate the potential 
that stratification was impacting the mercury measurements, additional STM 
measurements were conducted at the ESP outlet from June 15 to 24.  The STM samples 
were collected at the various ports to evaluate stratification across the duct and at varying 
depths to evaluate stratification from front to back.  Figure G-5 shows the data by port for 
the various STM measurements (no values for Port 5 as the analyzer was in this port).  
The ports with the better alignment to injection lances have the lower mercury values.  
Stratification from the north to the south is evident with the highest values at Port 6 
(south).  This indicates, as predicted by the modeling, that the injection lance spacing had 
an important impact on mercury concentrations and carbon distribution was not optimal. 
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Figure G-5.  Mercury Measurements by Port for STM 
 

Figure G-6 presents a surface plot of the average mercury concentration for each 
port at different depths through the duct.  Stratification is even more evident from the 
front to the back of the duct.  Other than at Port 1 where the two paired values were the 
same, the measurements made at a depth of two feet are consistently higher than those at 
four feet, indicating mercury is lower at the back of the duct, which is representative of 
the bottom of the ESP.  Thus, consistent with modeling results indicating higher loading 
in the lower portion of the duct, carbon appears to be better distributed at the bottom of 
the ESP than at the top.  Once again Port 2 had lower mercury measurements, with Ports 
4 and 6 recording the highest values.  This stratification across the duct and from front to 
back complicates the comparison of data from the various methods and analysis 
techniques. 
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2 feet

4 feet

Port

Outlet Mercury 
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Figure G-6.  STM Mercury Measurements at Various Depths 
 



New Sorbent Trap Analysis – Digestion versus Combustion 
The other aspect of evaluating the new STM techniques is to investigate other 

methods for analyzing the sorbent in the carbon traps.  As discussed previously, digestion 
is currently the accepted method for determining the mercury concentration.  However, 
this method is relatively time consuming, expensive, and requires an experienced lab 
technician.  Thus, alternate techniques are being investigated. 

The Ohio-Lumex equipment was used to thermally desorb the contents of the trap 
and directly measure the mercury concentration in the off-gas.  One clear advantage of 
the combustion method is that it is relatively quick and simple (because digestion is not 
required) and can be conducted in the field.  This technique has been through limited 
field-testing. 

ADA-ES and FGS used the Ohio-Lumex to analyze six paired samples collected 
using the Apex boxes and compare the results to the digestion method.  The first pair was 
collected during parametric testing of sorbents at the end of May and direct combustion 
was conducted by ADA-ES, the other five were collected during the long-term test phase 
and analyzed by FGS.  These data are presented in Figure G-7.  The data show good 
agreement between combustion and digestion.  Four of the six paired samples have a 
percent difference between digestion and combustion of less than ±10%.  The two with 
poorer agreement are Pair 1 (31.4%) and 5 (24.7%), although the absolute difference 
between the values for both pairs is less than 1lb/TBtu. 
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Figure G-7. Comparison of Paired Samples Analyzed by Combustion and Digestion 

 

An additional thirteen paired samples were analyzed by ADA-ES and FGS using 
the combustion method, with both traps in the pair analyzed by direct combustion.  
During the investigation of stratification in the duct (June 15 to 24), the combustion 
method was used because data are available quickly.  Figure G-8 shows the data for the 
paired samples with both analyzed by combustion.  For the first six pairs, which were run 
before the probe depth was varied, the percent difference is within ±15%, showing good 



agreement between the paired samples.  Note that Pairs 6 and 13 were conducted at Port 
6 (on the south side where carbon distribution was not optimal) and the mercury 
measured is much higher.  

Stratification is evident in Pairs 7 through 12, which were conducted when the 
probe depth was varied (Box 7 at two feet and Box 6 at four feet).  While varying the 
depth does not allow for direct comparison between the combusted pairs, it does provide 
additional evidence of stratification.  Recall that the sample collected at two feet is 
consistently higher than that collected at four feet, with values double to as much as three 
times higher. 
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Figure G-8.  Comparison of Paired Samples Analyzed Using the Direct Combustion 

Method (Note Pairs 7 through 12 are not Co-located) 
 
 

Summary 
This Appendix includes details from the various tests of new STM equipment and 

lab analysis techniques, some of the highlights include the following: 
• Spike location on large traps is critical.  Special traps were created that allowed 

spiking on the front (upstream) of the third section (as opposed to the back or 
downstream end), and the recovery was much better for those spiked on the front. 

• Relative Deviation acceptance criteria for the Method are stricter than those for 
Relative Accuracy and do not include a provision for low emitters.  Most of the 
values measured in this program are close to 1 ug/dscm, so differences between the 
paired samples are even less.  Thus for this site and others with low emissions, a 10% 
criteria can result in disproportionate invalidation of data. 

• Percent differences for some paired samples may be high, but at such low emissions 
the absolute difference between the two values is not. 

• New ESC equipment performed well and appears easy to operate and maintain. 



o Large traps spiked at different locations on the third section demonstrate 
variability in percent difference between Channels 1 and 2, with much better 
agreement for the two pairs spiked on the front, as both pairs are within 12%.   

o Percent difference between Channels 1 and 2 for all but two of the small trap 
paired samples are within 20%, showing very good agreement and no consistent 
bias high or low between the channels. 

 Good agreement between combustion and digestion.  Four of the six paired traps have 
a percent difference between digestion and combustion of less than ±10%. 
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APPENDIX H 
 

Modeling Report 



Detroit Edison’s Monroe Station
Phase II – DOE/NETL ACI field test site

• Monroe has a very wide rectangular duct (51.5ft)
− Major temperature stratification exist to backend of ESP
− How about sorbent stratification? 

• ESP is being included in model (simple approach to limit model size)
− No attempt to mimic particulate collection/behavior inside ESP 

Inlet
AC Injection

Outlets (~50% flow each)

Ladder vanes

Splitter plate

Perforated plate



Inlet Temperature Profile

Inlet  Temperature Profile
Detroit-Edison Monroe

y = -0.0178x3 + 0.2638x2 + 1.9758x + 379.77
R2 = 0.9998

y = -0.1465x2 + 4.7263x + 374.8
R2 = 0.9967
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Monroe Temperature Stratification
Predicted vs. Measured Outlet Temperatures

2682674

2422572

2272321

CFD
[deg-F]

Measured
[deg-F]

Probe #

• Temperature stratification confirmed  
• Reasonable match with measured 

outlet temperatures
• Adiabatic wall conditions assumed

Outlet Sampling Probes

Inlet temperature profile fitted 
from field measurements



On the Design of Injection Lances

• When employing multi-nozzle lances, a detailed lance model to 
determine injection split becomes a necessary pre-processing step

Four-nozzle lance
Used at DE-Monroe

lb/hr kg/s
Sorbent feed rate 250 0.0315
Carrier gas 0.2785

ROSIN-RAMMLER LANCE SPLIT Mass Flow
Size (mic Size Fraction Upper Lower Upper Lower

1 0.2954 0.39 0.61 0.003624 0.005689
20 0.3864 0.16 0.84 0.001941 0.010242
40 0.1883 0.06 0.94 0.000366 0.005571
60 0.0825 0.04 0.96 0.000104 0.002497
80 0.0340 0.03 0.97 3.27E-05 0.001039

100 0.0134 0.02 0.98 8.96E-06 0.000414
1.000 0.006076 0.025452 0.031528

AC Mass Split 19.3% 80.7%
Air split 46.7% 53.3%



Monroe ACI testing
Sorbent Trajectories

• The five four-nozzle lances provide only partial full coverage from side-to-side. 
• At the perforated plate (near ESP inlet), top-to-bottom dispersion is adequate (next slide)
• Stratification such as this may cause packages of gas to pass untreated by ACI

Sorbent trajectories colored by residence time Residence time ( injection-to-perf plate)



Monroe ACI testing
Sorbent Coverage and Lesson #3

56% covered at > 0.1xAvg.sorb.conc.

NorthNorth



Sorbent Concentrations at ESP inlet
Locations aligned with outlet Hg sampling probes

North

#1 #2 #3 #4 #5 #6

up

mid

down

0.0144.80.0138.2294.4170.3down

0.086.99.3178.6139.875.9mid

0.025.40.0093.216.623.1up

#6#5#4#3#2#1μg/m3

Aligned with 
outlet probe locations

25%

50%

75%

High sorbent conc.

Low to Medium sorbent conc.

No sorbent

Average sorbent conc @ perf-plate = 52.9 μg/m3
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