
FINAL TECHNICAL REPORT 
September 1, 2006, through December 31, 2007 

 
Project Title:   LONG-TERM EVALUATION OF MERCURY MONITORING 

SYSTEMS AT ILLINOIS COAL FIRED BOILERS 
 
ICCI Project Number:  06-1/4.1C-1 
Principal Investigator:  Dr. Wei-Ping Pan, Western Kentucky University 
Other Investigators:  Dr. Chin-Min Cheng and Dr. Yan Cao, Western Kentucky 

University 
Project Manager:  Dr. Francois Botha, ICCI 
 

ABSTRACT 

Two mercury (Hg) continuous emission monitoring (CEM) systems were tested at four 
coal combustion facilities.   The linearity, response time, day-to-day stability, efficiency 
of the Hg speciation modules, and ease of use were evaluated.   Mercury monitoring 
results from Hg CEM systems were compared to an EPA-recognized reference method.  
A sorbent trap sampling system was also evaluated in this study to compare the relative 
accuracy to the reference method as well as to Hg CEM systems.  The behaviors of Hg 
emissions at the selected coal combustion facilities for Hg CEM system evaluation were 
investigated by measuring the concentrations and species of Hg at various sampling 
location along the flue gas path.  The material balance of Hg in the post coal combustion 
processes was established.  Results obtained from this study will be useful to coal 
combustion utilities considering mercury monitoring system to meet the requirement of 
the Clean Air Mercury Rule (CAMR).   

 

 

 

 

 

 

 

 

 

 



EXECUTIVE SUMMARY 

Coal-fired power generation processes have become the largest anthropogenic source of 
Hg and responsible for the annual release of approximate 50 tons of Hg into the 
atmosphere.  In 2005, the US Environmental Protection Agency (EPA) announced the 
Clean Air Mercury Rule (CAMR), which requires affected electric utility units to 
continuously monitor mercury (Hg) mass emissions, using mercury monitoring systems 
(e.g., Hg continuous emission monitoring (CEM) system and/or sorbent trap method).  
These monitoring systems will be subject to restrictive certification and quality 
assurance/quality control (QA/QC) procedures required by 40 CFR Part 75 to ensure that 
the Hg emission reduction goals of CAMR can be met.    

Institute for Combustion Science and Environmental Technology (ICSET) at Western 
Kentucky University (WKU) conducted four field studies to evaluate the stability, data 
integrity, and accuracy of using Hg CEM system and sorbent trap methods for long-term 
Hg emissions monitoring.   

Four coal combustion facilities were chosen that include two types of PC boilers (wall-
fired and cyclone) and one circulating fluidized bed (CFB) combustor. Various 
combinations of air pollution control devices were also included.  The goal is to provide 
comprehensive evaluation results.        

Beginning in July 2009, the State of Illinois will start control mercury emissions from 
coal-fired electric generating units with the implementation of Illinois Mercury Rule.  To 
help coal combustion utilities meet the requirement of the Illinois Mercury Rule, the 
emission behaviors of Hg at the four testing facilities were also investigated.   

The main objectives for this project were (1) to record the operation performance and 
instrument stability of two mercury (Hg) continuous emission monitoring (CEM) systems 
(i.e., Thermo Mercury Freedom and Tekran 3300); (2) to evaluate the feasibility of using 
a sorbent trap method as an alternative to the Hg CEMS; and (3) to investigate emissions 
and behaviors of Hg at the 4 tested coal combustion facilities under ozone and non-ozone 
season operating conditions. To this end, the following tasks were accomplished.    

Task 1: Recorded the responses of the two Hg CEM systems (i.e., Thermo Mercury 
Freedom and Tekran 3300) to the tests specified in the 40 CFR Part 75.  Various 
operation difficulties (e.g., malfunction of heating elements, low sample flow, incorrect 
calibration results, instrument drifting, and plugged sampling probe) were observed 
during setup and operation.  The occurrence of instrument difficulties resulted in 
extended installation period for one of the Hg CEM systems (21 days) and several system 
downtimes (ranging from 2 hours to over 10 days).   It also caused the evaluated Hg 
CEM systems fail to meet the criteria for passing the initial certification and data QA/QC 
assurance procedures.    The observation indicates the two Hg CEM systems evaluated in 
this study were still in the developing stage during the testing period.  Many instrument 
parts had not yet been standardized or well quality-controlled.   Systems still required 
long time to install to search for suitable setup.   The stability study demonstrates that the 
Hg CEM systems were able to run without major maintenance for a period of time after 



necessary modifications were made; however, the systems still needed frequent attention 
during operation to avoid operation difficulties.    

Task 2: Carried out relative accuracy test by comparing the Hg monitoring results from 
the two Hg CEM systems to the results from paired Ontario hydro method (OHM) 
sampling.  In addition to OHM, two other mercury monitoring methods (i.e., PS 
Analytical semi-continuous emission monitor (PSA SCEM) and a sorbent trap method 
were also used to evaluate the bias between these Hg sampling approaches.  It was found 
that the two evaluated Hg CEM systems passed the RA tests as the absolute differences 
between the monitoring results from the Hg CEM systems and paired OHM sampling 
were less than 1μg/dscm.   Results from one of the evaluated Hg CEM systems were, in 
general, lower than the results from OHM sampling as well as the other Hg CEM system.  
The bias was likely due to the Hg gas used for system calibration.   

Task 3: Evaluated the relative accuracy and operation feasibility of a sorbent trap 
sampling system as an alternative to the Hg CEMS.  Study results show that the sorbent 
trap method passed all RA tests.  In the 7 RA tests, the averages of sorbent trap sampling 
results were all slightly greater than the results from OHM sampling, with an exception 
of the second series carried out in the first field study (FS-1).  Results from long-term (5-
16 days) sampling were compared to the averages of the Hg data from Hg CEM systems 
collected during the same sorbent trap sampling period.  By using a regular probe in one 
of the field studies, it was found that the sorbent trap results were consistently higher than 
the Hg CEM results.  Deposition of ash at the tip of each sorbent trap was found.  The 
deposition might have caused the bias.  To eliminate the potential bias, an inertial-type 
probe developed by ICSET was used in the third field study (FS-3).  The sorbent trap 
results were found either slightly less (<0.3μg/dscm) or slightly higher (<0.02μg/dscm) 
than the Hg CEM results.  No deposition was found. One U.S. patent application has 
been filed.   

Task 4: Investigated the transformation of species and emissions of Hg along the flue gas 
paths of the tested facilities under ozone and non-ozone season operating conditions.    In 
the three testing facilities equipped with a SCR unit, the operation of the SCR 
significantly increased the amount of oxidized Hg in flue gas.  The increase of oxidized 
Hg significantly improved the Hg removal efficiency from 60 to 90% for one facility, but 
did not have noticeable effect on the other two facilities.  It was likely due to the Hg re-
emission phenomenon observed in the FGD processes of these two facilities.  The 
amount of elemental Hg increased 157% and 40%, respectively in the stack gases of the 
two facilities compared to the concentrations in the flue gases at the FGD inlets.  The 
emissions of Hg of these two facilities did not meet the Hg emission limit set by the 
Illinois Mercury Rule.  The limits can be met for these two facilities if the re-emission 
phenomenon can be reduced or eliminated.  The Illinois Mercury Rule will be 
implemented in July 2009.   

Task 5: Calculated mercury material balances to evaluate the Hg removal efficiency 
achieved by the individual air pollution control device (i.e., SCR, FFBH/ESP, and/or 
FGD) equipped at each tested facility.   In general, only less than 15% of the total Hg was 
particulate-bound in flue gas with an exception of one facility, where over 70% of total 



Hg was particulate-bound before the baghouse unit.  Over 95% of total Hg removed by 
the FGD unit was found in the solid portion of the FGD slurry or FGD gypsum.   
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OBJECTIVES 

The main objectives for this project are (1) to record the operation performance and 
instrument stability of two mercury (Hg) continuous emission monitoring (CEM) systems 
(i.e., Thermo Mercury Freedom and Tekran 3300); (2) to evaluate the feasibility of using 
a sorbent trap methods as an alternative to the Hg CEMS; and (3) to investigate emissions 
and behaviors of Hg at tested coal combustion facilities under ozone and non-ozone 
season operating conditions. To this end, the following tasks were accomplished. 

1. Recorded the responses of the two Hg CEM systems (i.e., Thermo Mercury Freedom 
and Tekran 3300) to the tests specified in the 40 CFR Part 75. 

2. Carried out relative accuracy test by comparing the monitoring results from the two 
Hg CEM systems to the results from paired Ontario hydro method (OHM) sampling.  
In addition to OHM, two other mercury monitoring methods (i.e., PS Analytical semi-
continuous emission monitor (PSA SCEM) and a sorbent trap method were also used 
to compare the differences between these Hg sampling approaches.   

3. Evaluated the relative accuracy and operation feasibility of a sorbent trap sampling 
method as an alternative to the Hg CEMS.  

4. Investigated the transformation of species and emissions of Hg along the flue gas 
paths of the tested facilities under ozone and non-ozone season operating conditions.     

5. Calculated mercury material balances to evaluate the Hg removal efficiency achieved 
by the individual air pollution control device (i.e., SCR, FFBH/ESP, and/or FGD) 
equipped at each tested facility.   

INTRODUCTION AND BACKGOUND 

Coal-fired power generation processes have become the largest anthropogenic source of 
Hg and responsible for the annual release of approximate 50 tons of Hg into the 
atmosphere1,2.  Mercury (Hg) is one of the 189 hazardous air pollutants listed in the 1990 
Amendments to the Clean Air Act.  In 2005, the US Environmental Protection Agency 
(EPA) announced the Clean Air Mercury Rule (CAMR), which caps mercury emission 
from coal-fired power utilities and establishes a mercury cap-and-trade program.  The 
Clean Air Mercury Rule (CAMR) requires affected electric utility units to continuously 
monitor mercury (Hg) mass emissions, using mercury monitoring systems (e.g., Hg 
continuous emission monitoring (CEM) system and/or sorbent trap method).   These 
monitoring systems will be subject to restrictive certification and quality 
assurance/quality control (QA/QC) procedures required by 40 CFR Part 75 to ensure that 
the Hg emission reduction goals of CAMR can be met.   

The Institute for Combustion Science and Environmental Technology (ICSET) at 
Western Kentucky University (WKU) conducted four field studies to evaluate the Hg 
CEM systems and sorbent trap method for measuring Hg emissions.  In these field 
studies, the initial certification and data quality assurance and quality control (QA/QC) 
procedures specified in the 40 CFR Part 75 were carried out to evaluate the capability of 
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tested Hg CEM systems to pass compliance requirements, as well as to examine the data 
integrity and system stability during operation.   

In addition to Hg CEM system, a sorbent trap method for monitoring the Hg emission 
was also tested in the study to evaluate the feasibility of using this sampling method as an 
alternative to the Hg CEM system.  During the evaluation, short- (one hour) and long- (5-
16 days) term samplings were carried out to evaluate the effect of ash and flue gas 
moisture on the sampling operation.    

Two types of PC (pulverized coal) boilers (i.e., wall-fired and cyclone) and a circulating 
fluidized bed (CFB) combustion system were studied.  Combinations of various air 
pollution control devices were also included in the study to provide comprehensive 
evaluation results.        

EXPERIMENTAL PROCEDURES 

Testing Site and Locations 

Evaluation studies were conducted at four coal combustion facilities, which are referred 
as FS-1, FS-2, FS-3, and FS-4, respectively, in the following discussion.   The 
configuration of each test unit is summarized in Table 1.    

For a given test, the sampling location for Hg CEM system was above the nearest flow 
restriction by a distance of greater than 10 duct diameters and away from the flue gas 
outlet by at least 22 duct diameters.  Gas sample (treated or untreated depending on the 
CEM types) was transported to the analyzer through a heated umbilical line (100-125 
meters in length).        

While carrying out OHM sampling, the stack gas was collected from the location where 
was either 90 or 180 degree from the Hg CEM sampling probe with an exception of the 
testing conducted at FS-3.  During the FS-3 test, flue gas was extracted from the two flue 
gas desulfurization (FGD) unit outlet ducts for the OHM sampling.   

In addition to the stack, Hg was also measured at other sampling locations along the flue 
gas path (e.g., SCR inlet, APH inlet, ESP inlet, baghouse inlet, or FGD inlet) to 
investigate the changes of Hg emissions and species in flue gas.   

Hg Continuous Emission Monitoring (CEM) Systems 

Two Hg CEM systems tested in this project are Thermo Mercury Freedom and Tekran 
3300 systems.  For a given CEM system, the configuration includes an analyzer, a 
calibration unit for generating elemental Hg gases, a dilution sampling probe, a heated 
umbilical line, and a gas conditioning unit for converting ionic mercury to elemental Hg 
and removing acidic components in the flue gas.   
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Table 1. Configurations of Test Sites. 

Field 
Test No. 

Testing 
Period 

Facilit
y Boiler Fuel Types Capacity 

(MWe) 
Boiler 
Types APCD Configurations

1 11/16,2006-
1/27, 2007 S FS-1 Bituminous 115 CFB1 SNCR2+FF3 

2 4/5, 2007-
5/29, 2007 C FS-2 Bituminous 90 Cyclone SCR4+ESP5+FGD 

4 4/10, 2007-
7/7, 2007 C FS-4 Bituminous 205 Wall-fired SCR+ESP+FGD 

3 5/31, 2007-
8/5, 2007 S FS-3 Bituminous 173 Cyclone SCR+ESP+FGD 

1 circulation fluidized bed 
2 selective non-catalytic reduction 
3 fabric filter  
4 selective catalytic reduction  
5 electrostatic precipitator  

Both Hg CEM systems use inertial type sampling devices allowing for ash-free flue gas 
to be extracted from the stack.  The extraction movement was driven by passing 
compressed air through an eductor installed at the exit end of the sampling loop.  An 
axial gas flew with high velocity can be generated through the inertial filter by the 
eductor.  After being extracted, flue gas containing fly ash particles continue to travel in 
the straight direction.  Sample stream was withdrawn by a vacuum created by a second 
eductor at a very low filter face velocity, which separates the sample stream from fly ash.   
Both sampling units diluted the gas sample after separating fly ash from the sample 
stream.   

For the Tekran 3300 system, the diluted gas sample was transported through a heated 
umbilical line to a conditioner located more than 100 meters away from the sampling 
probe.  In the conditioner, the gas sample was separated into two streams; i.e., Hg(0) and 
Hg(T).  The Hg(0) stream delivered gas sample containing only elemental Hg and other 
insoluble components to the analyzer after passing through a scrubber, where ionic Hg 
and acidic components in the sample gas were removed.  The Hg(T) stream passed a 
catalyst tube where ionic Hg is reduced to elemental Hg at a temperature of 700oC.  After 
removing acidic components in another scrubber, the Hg(T) stream was sent to the 
analyzer.  A chiller (5oC) was used to remove excess moisture in the conditioned sample 
gas.  For the Hg CEM systems from Thermo Mercury Freedom system, the sample 
conditioning unit was located in the probe assembly.  Diluted gas samples were 
immediately treated after being diluted.  Instead of using de-ionized water, the Thermo 
system applies sorbent to remove acidic components from the sample stream.    

Both CEM systems utilized atomic fluorescence spectroscopy as the Hg detector.  The 
difference between the two analyzers was the application of gold traps.  Two parallel 
gold traps were used by the analyzer in the Tekran system to selectively capture the 
elemental mercury in the sample gas prior to the detector.  In the case of the Thermo 



 4

system, flue gas was continually delivered into the detector without passing through gold 
traps, and therefore, generated continuous Hg readings.   The Thermo system was set to 
provide a 5-minute average reading every 1 minute.    

Only compressed air was required to operate the Thermo system.  In the case of the 
Tekran system, in addition to compressed air, supplies of ultra high purity Argon and de-
ionized water were also required. 

Sorbent Trap Mercury Sampling System 

A sorbent trap sampling system provided by Apex Instruments was used in this study.  A 
known volume of dry flue gas was extracted from stack through paired sorbent traps with 
a constant flow rate of 0.2 to 0.6 liters per minute.  Each trap consisted of three sections 
of activate carbon.  The first section was designed to capture Hg in the flue gas.  The 
second and third sections were used for sampling and analytical QA/QC purposes.  After 
sampling, each section of the trap was analyzed for Hg using an Ohio Lumax Mercury 
Analyzer (Ohio Lumex, OH).  The analyzer decomposes the sorbent with known mass at 
a temperature between 600-800oC.  The Hg concentration was determined by measuring 
the mercury vapor released during the decomposition using Zeeman atomic adsorption 
spectroscopy. 

Certification Tests 

A series of initial certification tests described in the Appendix A of 40CFR Part 75 were 
conducted.  The tests included 7-day daily calibration error check, linearity check, system 
integrity check, and cycle time test.   The relative accuracy of a given Hg CEM system 
was also determined by comparing the monitoring readings to the results from twelve 
runs of paired OHM sampling.   The data QA/QC procedures specified in the Appendix B 
of Part 75 were also conducted to evaluate the stability of the CEM system.     

Initial Certification Tests:   Detailed testing procedures can be seen in the Appendix A of 
40CFR Part 75.  In summary, the 7-day calibration error test is to evaluate the accuracy 
and stability of the Hg gas monitor’s calibration over an extended period of unit 
operation.  For the linearity check test, three concentration levels of Hg gases were 
chosen based on the fuel burned by the unit to determine whether the response of a gas 
monitor is liner across its range.  Instead of using elemental Hg, three levels of ionic Hg 
were used in the system integrity check to verify the effectiveness of the sample gas 
conditioning unit.  The cycle time test is to measure whether a gas monitoring system is 
capable of completing at least one cycle of sampling, analyzing, and data recording every 
15 minutes.    

Relative Accuracy Test:  The relative accuracy (RA) test was performed using the OH 
reference method.  Detail RA test procedure is described in the Appendix A of 40 CFR 
Part 75.  In short, while conducting the RATA test, both continuous monitoring and 
reference method start simultaneously for at least one hour or 1dscm flue gas.   Twelve 
runs of OH tests were performed within a period of 168 consecutive unit operating hours 
and at least 9 runs of the data are chosen as the reference values based on the criteria 
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specified in the procedure.  Depending on the numbers of reference values chosen, 9 to 
12 mean values of the Hg monitoring data collected from the test CEM system during the 
same periods when OH tests are calculated and compared to the reference values.    After 
the instrument pass the RA test, bias test is performed to determine whether the 
monitoring system is biased low with respect to the reference method.        

Data QA/QC Procedures:  Three types of tests; i.e., daily calibration error check, weekly 
one point system integrity check, and linearity check, were performed on the test CEM 
after the first RATA he data QA/QC procedure includes daily calibration. Testing 
procedures were very similar to the tests described in the initial certification tests. 

Solid and Liquid Samples 

Coal and fly ash samples were collected to calculate mass balance and provide 
information on how coal and ash compositions affect the mercury emissions and species.  
The “loss on ignition” (LOI) of ash was determined as per ASTM Method D 5142 using 
TGA 601 or TGA 701 thermogravimetric analyzer (Leco, MI).  The ultimate analysis for 
carbon and sulfur were determined using ASTM Methods D 5373 and D 4239, 
respectively.  Leco CHN2000 and Leco SC432 were employed to determine carbon and 
sulfur contents, respectively.  Mercury contents of coal and ash samples were analyzed 
by a LECO AMA-254 Advanced Mercury Analyzer (Leco Co, MI), which directly 
combusts solid samples at 750oC and applies atomic adsorption spectroscopy to measure 
trace Hg concentration.  This type of analyzer was the principal instrument used to 
develop the newest ASTM standard method of analysis for mercury in coal and 
combustion residues, D 6722.   The analyzer has a 0.01ng Hg detection limit, a working 
range from 0.05 to 600ng, reproducibility smaller than 1.5%, and a five-minute analysis 
time.   FGD slurry was filtered and separated into liquid and solid portions after 
sampling.   

RESULTS AND DISCUSSION 

Hg CEM Evaluation 

Setup and Operation 

Table 2 provides an overview of the evaluation results from the four CEM system 
evaluation studies.  In the first field study carried out at FS-1, it took 3 weeks to setup and 
perform adjustment on the Thermo system before initial certification tests started.  The 
Thermo system was also removed from service for 10 days due to analyzer drifting issue.  
The operation difficulties observed during the first field study are summarized in Table 3.  
The setup and adjustment duration did not include the time spent on umbilical line 
installation and infrastructure construction (e.g., compressed and/or Argon gas lines, de-
ionized water supply, power supply, and/or instrument shelter).   

As shown in Table 3, the problems found in the first field study included malfunction of 
heating elements, low sample flow, and incorrect calibration results.  These problems 
were resolved mostly by replacing parts.  In a 10-month long-term field evaluation 
conducted by EPA 3 , similar operation problems were also found, including probe 



 6

blockage, operation system failure, and malfunction of critical parts (e.g., heating 
elements, analyzer, and calibrator).  After the system was modified and parts were 
replaced, the Thermo system worked much better in the FS-3 study, although the system 
was removed from service for two days to replace converter.      

In the case of the Tekran system, no problem was observed during the setup of the two 
evaluation studies (FS-2 and FS-4).  However, the probe was plugged by fly ash and 
caused low sample flow during the operation period in FS-4.  The system was removed 
from service for several hours to correct the problem.    

Table 2. Summary of Hg CEM setup, certification, and data validation results. 

Field 
Test 

Total 
Study  

Duration 

Hg 
CEM 

System 

Setup/ 
adjustment 
duration2 

(day) 

System 
down-time3 

(day) 

7-day cal. 
Error 
check 

Linearity 
Check 

System 
Integrity 
Check 

Cycle 
time 

check 
(min)

1 72 Thermo 21 10/51 2/2 2/2 0/1 13 
2 53 Tekran 2 0/51 2/2 1/1 1/1 10 
3 68 Thermo 2 2/66 2/2 1/1 0/1 10 
4 68 Tekran 3 0/65 2/2 1/1 1/1 8 

Table 3. Summary of Hg CEM setup, certification, and data validation results. 

Period Problem Observed Solutions 

11/17-12/9 

1. incorrect probe temperature  
2. high zero air background 
3. low sample flow 
4. unstable calibration gas flow 

rate 

1. replaced probe 
2. cleaned umbilical line 
3. removed blockage found in the 

S2 valve in the analyzer 

12/20-12/22 1. unstable calibration results 
and Hg readings 

1. replaced the lamp with a 
heating element 

2. upgraded instrument software 

12/25-1/14 1. unstable and negative Hg 
readings  

1. installed Nitrogen generator  
2. Used Nitrogen as carrier gas 

for the analyzer 
3. replaced the calibration unit 

Initial Certification Test 

1. 7-day Calibration Error Check 

The first 7-day Calibration Error Check was carried out at the beginning of each 
evaluation study after Hg CEM system was installed and adjusted.  Another run of the 
calibration check was performed during the last week of each study.  The results obtained 
from the 7-day calibration error tests are summarized in Table 2.  Responses from the Hg 
CEM system to the zero air and 10μg/dscm span calibration gas should be within 1 
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μg/dscm to pass the test.  As shown in Table 2, the two Hg CEM systems passed all the 
7-day Calibration Error Check tests.  

2. Linearity Check 

The linearity check of each evaluated Hg CEM system was evaluated after the system 
passed the 7-day calibration error check.  Three concentration levels (ranging from 3.00 
to 10.00μg/dscm) of elemental Hg gases provided by the calibration unit were used as 
calibration standards.  The triplicate CEM responses to each Hg standard were recorded 
and the difference between the responses and the reference concentration were calculated.     
As summarized in Table 2, all tested Hg CEM systems passes the Linearity Check test.   

3. Three-Point System Integrity Check 

Three levels of oxidized Hg gases generated by a HovaCal Hot Vapor Calibrator 
(EcoChem Analytics, TX) were used for the test.  The HgCl2 solution used for producing 
the oxidized Hg vapor was prepared from a NIST traceable stock solution.  The Tekran 
system passed the System Integrity Checks carried out during the FS-2 and FS-3 studies 
as the mean values of the responses to the three concentration levels of oxidized Hg 
vapor were within 5% of the span value (10μg/dscm).  For the Thermo system, 
satisfactory data was not obtained.  The problem was likely due to insufficient high 
temperature of the glass-coated, T-shaped Swagelok connector located in the probe where 
oxidized Hg vapor was injected.  The designed of the probe allows the temperature of the 
inertial filter to be kept above 180oC using a heating shell.   The injection point for 
oxidized Hg vapor was located outside of the heating shell and the temperature was not 
able to be kept as high.  A lower temperature at the injection point might result in the 
lower recoveries.      

4. Cycle Time Check 

The up-scale cycle time was first determined.  After the instrument reached a stable 
response to zero air, flue gas was introduced and measured. The upscale cycle time was 
determined as the time it took for the instrument reading within 5% of the stable flue gas.  
Down-scale cycle time was then determined using a standard gas with the Hg 
concentration about 10μg/dscm.  A stable value is equivalent to the reading when either 
the change between the two most recent readings was less than 2.0% of the span value for 
1 minute, or when the change was less than 6% from the measured average concentration 
over 6 minutes.  The cycle time for the Tekran and Thermo systems was summarized in 
Table 2.      

System Operation Stability 

The operation stability of the two Hg CEM systems is demonstrated by the daily 
calibration error check results (Figure 1) from the 4 field studies.   As shown in the 
figure, the Thermo system encountered operation difficulties from 12/25 to 1/13 and no 
satisfactory calibration error check results were available.  The stability of the Thermo 
system increased significantly during the testing carried out at FS-3.  It passed all the 
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daily calibration check.  During the testing carried at FS-2, the Tekran system also passed 
every daily calibration error checks performed.  However, two problems (clogged probe 
and de-ionized water overflow) occurred in the testing at FS-4, which resulted in 8 
unsatisfactory daily calibration error check results in 68 days operation.   

 

 

 

 

Figure 2. Daily calibration results of Hg CEM systems during operation: (a) Thermo 
system at FS-1; (b) Tekran system at FS-2; (c) Tekran system at FS-3; (d) Thermo system 
at FS-4.   
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Relative Accuracy and Bias Tests 

During each field test, two series of relative accuracy (RA) tests were performed on the 
evaluated CEM system with an exception of the test carried out at FS-4, where only one 
RA test was carried out. During the other 3 field studies, the first series was conducted 
after initial certification tests were completed.  The second series was carried out during 
the last week of each field study.  Results obtained from the RA tests conducted in the 
four field tests are summarized in Table 4.  The bias test results were also calculated and 
listed in the table.    

Table 4. Results of RATA and Bias Tests. 

Field Study 1 2 3 4 
Unit Thermo Hg Freedom Tekran 3300 Thermo Hg Freedom Tekran 3300 
Series 1 2 1 2 1 2 1 
Hg CEM System 
OHM 
Available 
Runs 

10 12 12 11 12 12 12 

OH1
average 0.12 0.10 1.88 1.93 1.41 1.30 0.70 

CEM1
average NA 0.34 2.44 1.64 1.74 1.88 0.49 

RA2, % NA 311.5 71.1 33.9 38.5 60.5 40.6 
d 3 NA -0.25 -0.56 0.29 -0.33 -0.58 0.21 
|cc|4 NA 0.06 0.16 0.36 0.15 0.21 0.08 
Conclusion NA pass pass pass pass pass pass 
Bias test5 NA pass pass pass pass pass failed 

Sorbent Trap Method 
ST6

average NA 0.04 2.20 2.21 1.59 1.35 0.67 
RA, % NA 143.4 35.1 16.8 38.5 60.55 19.5 
d  NA 0.12 -0.32 0.04 -0.18 -0.05 0.03 
|cc| NA 0.11 0.29 0.34 0.27 0.44 0.10 
Conclusion NA pass pass pass pass pass pass 
Bias test NA failed pass pass pass pass pass 
dCEMS

7 NA 0.30 0.16 -0.46 0.15 0.47 -0.18 
1 μg/scm 
2 Relative accuracy=([difference arithmetic mean]+[confidence coefficient])/RM 

Arithmetic Mean×100 
3 difference arithmetic mean 
4 confidence coefficient 
5 difference arithmetic mean should be less than confidence coefficient to pass the bias 

test 
6 average of Hg monitoring results from sorbent trap method 
7 CEMSaverage-STaverage 

As shown in Table 4, the RA results were all greater than 20%, which was higher than 
the acceptable criteria for the Hg CEM system to pass the RA test.  The difference 
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between the mean value of the CEM measurements and the OHM mean value, however, 
did not exceed 1.0μg/scm, an alternative criterion when the average of the Hg 
concentration measured by the OH method during the RA test is less than 5.0μg/dscm.   
As the results, both evaluated Hg CEM systems passed the RA test.   

By comparing the CEM readings to the OHM results, it is found that the Tekran Hg CEM 
system responded lower Hg values, except for the readings from the first series of the RA 
tests in FS-2.  The Tekran system was found to bias low according to the bias test results 
from FS-4.  In the case of the Thermo system, the readings were consistently higher than 
the OHM results.   

The lower responses observed in the A Hg CEM systems and higher responses observed 
in the B Hg CEM systems were likely due to the bias existing between the Hg calibration 
gases generated by the two systems.  With a same tag value, the instrument calibrated 
with a higher concentration of Hg gas responds lower compared to the instrument using a 
Hg gas with a lower concentration for calibration.    

The observation indicates the Hg systems provided by the vendors were still in the 
developing stage during the testing period.  Many instrument parts had not yet been 
standardized or well quality-controlled.   Systems required long time to install as the 
results of searching for suitable setup.   The stability study demonstrates that the Hg CEM 
systems were able to run without major maintenance after necessary modifications were 
made; however, the both systems need frequent attention during operation to avoid 
difficulties.      

Sorbent Trap for Hg Monitoring 

Using a sorbent trap method as an alternative to the Hg CEMS was also evaluated in this 
project.  Both short- (1-2 hours) and long- (5-16 days) term studies were carried out.  In 
the short-term study, paired sorbent trap sampling was simultaneously conducted along 
with the OHM sampling.   

Comparisons of Hg monitoring results from short-term sorbent trap sampling to OHM 
and CEM system can be seen in Table 4.  As shown in the table, the sorbent trap method 
passed all RA tests.  In the 7 RA tests, the averages of sorbent trap sampling results were 
all greater than the results from OHM sampling with an exception of the second series in 
FS-1.  In that series, the average of 12 1-hour runs sorbent trap sampling was 
0.04μg/dscm, which is much less than the OHM (0.1μg/dscm) and Hg CEM results 
(0.34μg/dscm).  It was likely due to low Hg concentration level in the flue gas.  Short 
sampling duration resulted in the amount of Hg adsorbed in the sorbent trap very close to 
the analytical detection limit.     

Long-term (5-16 days) sampling was carried out to evaluate the operation feasibility of 
using the sorbent trap method.  Results from the sorbent trap method were compared to 
the averages of the Hg data from Hg CEM systems collected during same periods when 
sorbent trap samplings were carried out.  Detailed sampling duration and results can be 
seen in Table 5.  For a given sampling event, two sorbent traps were installed at the tip of 
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the sampling probe.  Two types of sampling devices; i.e., regular and inertial-type probes 
(modified by ICSET) were used to investigate the effect of moisture and fly ash on 
sampling operation.   

As shown in Table 5, the results from sorbent trap were constantly about one order of 
magnitude lower than the CEM average readings in FS-1.  However, results from sorbent 
trap method seem to be more reliable than the results from the Hg CEM system.  In a 7-
day sampling span, the sorbent trap collected approximately 4dscm of stack gas. More 
than 100ng of Hg was collected in a sorbent trap after sampling, which is well-above the 
detection limit of the analytical method applied in this study.  The Hg analyzer (Leco 
AMA-254) used for this project is a direct combustion atomic florescent spectroscopy 
and has a detection limit of 5ng.  In the case of the Thermo system, the Hg concentration 
in the sample gas delivered to the analyzer was lower than 20ng after dilution, which is 
very close to the background noise of the instrument (about 10ng).              

By using a regular probe in the FS-3 study, it was found that the sorbent trap results were 
consistently higher than the Hg CEM results.  Different from FS-1, deposition of ash at 
the sorbent tip was found.  The deposition might have caused the bias.  However, it might 
also due to the bias caused by the Hg CEM system.   To eliminate the potential ash effect, 
an inertial-type probe was also used in FS-3.  The sorbent trap results were found either 
slightly less (<0.3μg/dscm) or slightly higher (<0.02 μg/dscm) than the Hg CEM results.  
No deposition was found.   

A side-by-side comparison of the results from regular and inertial-type sampling setup 
was carried out in FS-4.  No significant difference was found between the results from 
sorbent trap and the Tekran Hg CEM system, with an exception of the first series.  One of 
the two sorbent traps showed a much higher value resulting in a higher relative deviation 
(>21%).  In the other 2 series, the sorbent trap results were greater than the results from 
the Tekran Hg CEM system (<0.32μg/dscm).  No ash deposition was found in any of the 
trap after week-long sampling.         

The relative deviation (RD, %) was calculated by dividing the absolute value of the 
difference between the results from the two traps by the sum of the results from the two 
traps.  Based on the criterion, the RD should be less than 10% to valid the sampling 
results.  As can be seen in Table 10, in a total of 14 sampling runs, 5 did not pass the 
criteria. Another data QA/QC parameter specified in the sorbent trap sampling 
procedures (Appendix K of 40CFR Part 75) is spike recovery.  For field sample analyses, 
the recovery is required to be within 25% of spiked concentration.  It was found that the 
recovery was far below the satisfactory criterion.   

Mercury Emission 

The concentrations and species of Hg in flue gas were measured at various locations 
along the flue gas path using the OH method.   The Hg emission characteristics of each 
tested facilities are discussed in the following sections.   
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Field Study 1 (FS-1)   

Mercury emission measurements were carried out twice under two SNCR operation 
conditions (i.e., on and off).  Flue gas samples were extracted from the inlet and outlet of 
the baghouse.  A total of seven sets of OH method sampling were conducted on 12/5, 
12/29, and 12/30 when SNCR was not in operation.  Fourteen sets of measurements were 
carried out on 1/2, 1/5, and 1/8 with SNCR in operation.     

Table 6 summarizes the results obtained from the two emission studies. The mercury data 
are in a unit of lb/GWh, which are dry-based and have been corrected to 3% oxygen.  The 
total mercury, i.e., Hg(T), is the sum of the elemental mercury, i.e., Hg(0), oxidized 
mercury, i.e., Hg(2+), and particle-bound mercury, Hg(P).     

As can be seen in the table, the Hg emission rate observed at the baghouse inlet was very 
consistent in the two series of measurements.  The Hg(T) emission rate was found to be 
0.026±0.007 and 0.028±0.009 lb/GWh on both SNCR operation conditions. The emission 
rate of Hg after the baghouse unit decreased dramatically. Only 0.0014±0.0012lb/GWh 
was found when SNCR was not in operation. The emission rate was even lower 
(0.00096±0.00018lb/GWh) when SNCR was turned on. Under both SNCR operation 
conditions, the emission of Hg at FS-1 was lower than the limit set by the Illinois 
Mercury Rule, which will be implemented on July 1, 2009.      

An Hg removal efficiency of 95% was achieved by the baghouse without SNCR in 
operation.  It was determined to be 97% when SNCR was in operation. The slightly 
increase of Hg removal efficiency was likely due to a higher oxidized Hg presented in the 
flue gas before the baghouse unit.  However, the increase of oxidized Hg in flue gas with 
SNCR unit in operation was not significant. 

Field Study 4 (FS-4) 

Changes of mercury concentrations and species in FS-4 were measured by extracting flue 
gas samples from various locations along the flue gas path; i.e., SCR inlet (only in ozone 
season), APH inlet, ESP inlet, FGD inlet, and Stack.  The first series of Hg measurement 
was conducted on 1/22 and 1/23.  Six sets of OHM sampling were carried out. One set of 
OHM sampling means simultaneously conducting sampling at each designated location.  
In the second series, which was conducted on 5/6 and 5/7, flue gas samples were 
extracted from one more location; i.e., SCR inlet, to study the effect of SCR on Hg 
speciation.  Nine sets of OH method sampling were conducted.  Twelve more sets of OH 
method sampling were completed during the period from 7/6-7/8. The objective is to 
investigate the effect of SCR operation duration on Hg concentration and species.    

Tables 7 and 8 summarize results obtained from these three series of Hg emission studies.  
The mercury data are in a unit of lb/GWh, which are dry-based and have been corrected 
to 3% oxygen.   
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Table 5. Comparison of Long Term Hg Monitoring Results from Sorbent Trap Method 
and Hg CEM Systems. 
 

Field Study 11,2 21,2 31,3 
Hg CEM 

Unit B1 A1 B1 

Series 1 2 3 1 2 3 4 5 1 2 3  
Sampling 
duration 
(days) 

6 6 7 7 7 8 10 7 7 11 16  

Sorbent 
Trap  0.02 0.03 0.03 2.73 2.43 2.84 3.66 2.83 1.71 1.69 2.07  

RD4, % 3.5 0.3 5.0 1.2 5.0 1.1 5.8 12 6.6  11.9 35.9  
Spike 

Recovery5, 
% 

48.4 4.0 19.2 93.7 93 86.8 93.7 84.8 NA NA NA  

CEMS 
data6 0.79 0.18 0.46 1.95 1.95 1.57 1.98 1.59 1.93 1.99 2.05  

dCEMS
7 0.77 0.15 0.43 -0.78 -0.48 -1.27 -1.68 -1.24 0.22 0.3 -0.02  

Field Study 41,2,3 
Hg CEM 

Unit A1   

Series 1 2 3 
Sampling 
duration 
(days) 

7 7 7 

CEMS 
data5 0.23 0.25 0.37 

Sampling 
device Regular Inertial Probe Regular Inertial Probe Regular Inertial Probe

Sorbent 
Trap  0.28 1.85 0.53 0.67 0.51 0.65 

RD4, % - 21.6 10 0.1 1.7 12.1 
Spike 

Recovery, 
% 

86.8 87.3 98.7 97.9 96.0 100.5 

dCEMS
7 -0.05 -1.52 -0.28 -0.32 -0.18 -0.28 

1 unit: μg/dscm   
2 Regular sorbent trap probe was used for sampling   
3 Ash-free inertial probe was used  

4  ( ) %100,%
21

21
×

+

−
=

traptrap

traptrap

CC

CC
RD

 
5 Spike recovery= %100×

spiked

measured

C
C  

6 Averages of monitoring results during sorbent trap sampling 
7 CEMSaverage-STaverage. 
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Table 6.  FS-1 Hg Emission Characteristics from OHM. 

Emissions 
(lb/GWh)  

Bag House Inlet Bag House Outlet 
12/29-12/30, 2006 (SNCR not in operation) 

Hg(0) 1 0.004±0.002 0.0008±0.0006 
Hg(T) 2 0.026±0.007 0.0014±0.0012 

Hg(0)/Hg(T) 21±16% 59±11% 
Removal Efficiency3 95% 

1/5, 1/8, 2007 (SNCR in operation) 
Hg(0)  0.005±0.003 0.0007±0.0002 
Hg(T)  0.028±0.009 0.00096±0.00018 

Hg(0)/Hg(T) 16±6% 69±14% 
Removal Efficiency3 97% 

1 Elemental Hg 
2 Total Hg 
3 ( )

%
THg

THgTHg

inletBH

BHoutletinletBH 100
)(

)()(
×

−   

  

Table 7. FS-4 Hg Emission Characteristics from OHM during Non-ozone Season. 
 

Emissions 
(lb/GWh)  

APH Inlet ESP Outlet FGD Inlet Stack 
1/21-1/22, 2007 (non-ozone Season) 

Hg(0) 1 0.053±0.007 0.054±0.006 0.037±0.008 0.026±0.003 
Hg(T) 2 0.065±0.015 0.077±0.005 0.096±0.012 0.029±0.004 

Hg(0)/Hg(T) 81±12% 70±7% 39±4% 91±3% 
ESP3 0%  
FGD4  69% 

Removal 
Efficiency 

Overall5 55% 
Re-emission6  No Re-emission 

1 Elemental Hg 
2 Total Hg 
3 ( )

%
THg

THgTHg

inletESP

FGDinletinletESP 100
)(

)()(
×

−  

4 ( )
%

THg
THgTHg

inletFGD

StackinletFGD 100
)(

)()(
×

−  

5 ( )
%

THg
THgTHg

inletSCR

StackinletSCR 100
)(

)()(
×

−  

6 ( )
%

Hg
HgHg

inletFGD

FGDinletstack 100
)0(

)0()0(
×

−  

 

As can be seen in Table 7, Hg(T) remained relatively constant (0.063-0.070lb/GWh) 
before the flue gas passed the FGD unit.  No change on Hg(T) across the ESP unit was 
found.  The FGD unit significantly reduced the Hg(T).  Approximately 69% of removal 
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efficiency was achieved according to the two studies.  The Hg emission rate was 
determined to be 0.029±0.004lb/GWh.   Also shown in the table, when flue gas traveled 
from APH inlet to ESP outlet the Hg(0) to Hg(T) ratio decreased from 80±12% to 
70±7%.  The ratio decreased to 39±4% after the ESP unit.  

Compared to non-ozone season, the emission of total mercury at the stack during the 
ozone season was found to be lower.  The emission rate was determined to be about 
0.007lb/GWh (Table 8).  An overall Hg removal efficiency of 90% was achieved.  
According to the tests conducted on 5/6 and 5/7, the Hg(0) to Hg(T) ratio was determined 
to be 73±11% before the SCR unit and the ratio decreased to 52±12% at the SCR outlet.  
Also shown in the table is the re-emission of elemental across the FGD unit.  A 38% re-
emission was observed during the tests conducted on May 6 and May 7.  Only 17% was 
found on the second tests conducted in the ozone season.    

Table 8.  FS-4 Hg Emission Characteristics from OHM during Ozone Season. 
Emissions 
(lb/GWh)  

SCR Inlet APH inlet ESP Inlet FGD Inlet Stack 
5/6-5/7, 2007 (first week of ozone season) 

Hg(0) 1 0.053±0.010 0.035±0.010 0.003±0.003 0.004±0.002 0.0055±0.0015 
Hg(T) 2 0.074±0.014 0.067±0.007 0.049±0.016 0.061±0.011 0.007±0.002 

Hg(0)/Hg(T) 73±11% 52±12% 7±4% 7±4% 77±12% 
ESP3 18%  
FGD4  89% 

Removal 
Efficiency 

Overall5 91% 
Oxidation 29%  

Re-emission6  38% 
7/6-7/8, 2007 (second month of ozone season) 

Hg(0)  0.028±0.013 0.013±0.007 - 0.0047±0.0013 0.0055±0.0010 
Hg(T)  0.065±0.012 0.07±0.02 - 0.071±0.006 0.0076±0.0014 

Hg(0)/Hg(T) 40±20% 15±7% - 6±3% 65±20% 
ESP 0%  
FGD  89% 

Removal 
Efficiency 

Overall 89% 
Oxidation 54%  

Re-emission  17% 
1 Elemental Hg 
2 Total Hg 
3 ( )

%
THg

THgTHg

inletESP

FGDinletinletESP 100
)(

)()(
×

−  

4 ( )
%

THg
THgTHg

inletFGD

StackinletFGD 100
)(

)()(
×

−  

5 ( )
%

THg
THgTHg

inletSCR

StackinletSCR 100
)(

)()(
×

−  

6 ( )
%

Hg
HgHg

inletFGD

FGDinletstackt 100
)0(

)0()0(
×

−  
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Field Study 2 (FS-2) 

Flue gas sample was collected from the ESP inlet, FGD inlet, and stack during the study 
conducted on 4/15-4/17 (non-ozone season) at FS-2.  For the ozone season (testing 
carried out from 5/22-5/24), flue gas was extracted from one more location; i.e., SCR 
inlet.   

Table 9 summarizes the results obtained from the two emission studies carried out at FS-
2. As can be seen in the table, the Hg(T) concentration was found to be higher in the Unit 
32 duct (0.086±0.017lb/GWh) than the Unit 31 duct (0.070±0.013lb/GWh).  The two 
ducts become one common duct before the FGD unit, where the Hg(T) concentration was 
measured to be 0.064±0.014lb/GWh.   

Table 9. FS-2 Hg Emission Characteristics from OHM.  

Emissions 
(lb/GWh) 

 
SCR Inlet 
Unit 31 

SCR Inlet 
Unit 32 

ESP Inlet 
Unit 31 

ESP Inlet 
Unit 32 

FGD Inlet    
Units 31/32   

common duct 
Stack 

4/13-4/15, 2007 (Non-Ozone Season) 
Hg(0) 1 NA NA 0.050±0.010 0.049±0.014 0.024±0.006 0.019±0.005 
Hg(T) 2 NA NA 0.070±0.013 0.086±0.017 0.064±0.014 0.022±0.005 

Hg(0)/Hg(T) NA NA 71±6% 51±12% 38±6% 87±8% 
ESP3 19%  
FGD4  65% 

Removal 
Efficiency 

Overall5 71% 
Oxidization  
Re-emission  No Re-Emission 

5/22-5/24, 2007 (Ozone Season) 
Hg(0)  0.076±0.018 0.07±0.02 0.007±0.006 0.008±0.004 0.007±0.002 0.018±0.012 
Hg(T)  0.100±0.019 0.11±0.02 0.089±0.013 0.100±0.016 0.074±0.003 0.028±0.016 

Hg(0)/Hg(T) 76±5% 65±5% 8±6% 8±4% 9±4% 64±12% 
ESP 23%  
FGD  62% 

Removal 
Efficiency 

Overall6 73% 
Oxidation 89%  

Re-emission  157.1% 
1 Elemental Hg 
2 Total Hg 
3 ( )

%
THg

THgTHg

inletESP

FGDinletinletESP 100
)(

)()(
×

−  

4 ( )
%

THg
THgTHg

inletFGD

StackinletFGD 100
)(

)()(
×

−  

5 ( )
%

THg
THgTHg

inletSCR

StackinletESP 100
)(

)()(
×

−  

6 ( )
%

THg
THgTHg

inletSCR

StackinletSCR 100
)(

)()(
×

−  
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A Hg removal efficiency of 19% was achieved by the ESP unit when using the mean of 
the Hg concentrations measured at the two ESP inlets as the representing Hg(T) 
concentration at the ESP unit. The Hg(T) concentration decreased to 0.022±0.005lb/GWh 
after the FGD unit. Approximate 65% of total mercury was removed by the FGD unit.  
An overall Hg removal efficiency of 71% was achieved during the non-ozone season.     

During the ozone season when the SCR was turned on, the Hg emission measurement 
conducted on 5/22-5/24 (Table 9) showed that the Hg(0) to Hg(T) ratio was about 71% 
before the SCR unit were turned on, which decreased significantly to approximately 8% 
when the SCR was on.  The oxidation rate of elemental Hg was determined to be 89% by 
the SCR unit.   

The Hg(T) concentration decreased to 23% after the ESP units, which was slightly higher 
than 19% found during the non-ozone season.  The increase was likely due to a higher 
portion of Hg(T) in the flue gas presented in its oxidized form.  After passing the FGD 
unit, 62% of the Hg(T) was further removed from the flue gas.  Overall, the Hg removal 
efficiency was found to be slightly higher than the non-ozone season.  In the three-day 
testing period, a SCR bypass damper was not able to be closed due to mechanical failure.         

The increased of oxidized Hg in the flue gas during the ozone season did not have 
noticeable effect on Hg removal.  The configuration of FS-2 was similar to FS-4 in terms 
of boiler types and air pollution control devices.  As shown in Figure 2, the removal 
efficiency of FS-4 was higher than the removal efficiency observed from FS-2.   
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Figure 2. Comparison of Hg removal efficiency observed from FS-2 and FS-4.  

The lower than expected Hg removal was likely due to the re-emission of Hg in the FGD 
process.  The concentration of elemental Hg increased 157% at the stack compared to the 
concentration observed at the FGD inlet.    
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Field Study 3 (FS-3) 

Flue gas samples were collected from five locations (i.e., SCR inlet, SCR outlet, ESP 
inlet, FGD inlet, and stack) for Hg analysis during the first Hg emission study conducted 
on 5/15-17.  In the second study, no flue gas was extracted from the ESP inlet.   

 Table 10 summarizes the results obtained from these two emission studies.  As shown in 
the table, the Hg(T) concentration remained relatively constant (0.063-0.070lb/GWh) 
before the flue gas passed the FGD unit.  No change on the Hg(T) concentration across 
the ESP unit was found.  Approximately 80% of removal was measured according to the 
two studies.  The Hg emission concentration was determined to be 0.013±0.002 and 
0.011±0.004lb/GWh from the two measurements.     

The oxidation rate of elemental Hg was determined to be 79% by the SCR unit.  The 
Hg(0) to Hg(T) ratio was from74-90% before the SCR unit, which was reduced to 16% 
after the SCR unit.  The significant difference in the Hg(T) to Hg(0) demonstrated the 
effect of SCR operation on Hg species.  The ratio further decreased to about 10%  at the 
FGD inlet.         

Table 10.  FS-3 Hg Emission Characteristics from OHM. 

Emissions 
(lb/GWh)  

SCR Inlet SCR Outlet ESP Inlet FGD Inlet FGD Outlet  
Duct A/Duct B 

5/15-5/17, 2007 
Hg(0) 1 0.058±0.010 0.011±0.003 0.007±0.003 0.008±0.002 0.011±0.002 
Hg(T) 2 0.064±0.008 0.066±0.012 0.063±0.011 0.070±0.011 0.013±0.002 

Hg(0)/Hg(T) 90±7% 16±5% 12±4% 11±4% 82±5% 
ESP3 0%  
FGD4  82% 

Removal 
Efficiency 

Overall5 78% 
Oxidization 79%  

Re-emission6  33% 
6/6-6/7, 2007 

Hg(0)  0.042±0.009 0.009±0.004 - 0.006±0.004 0.009±0.003 
Hg(T)  0.059±0.005 0.053±0.006 - 0.059±0.008 0.011±0.004 

Hg(0)/Hg(T) 74±12% 16±7% - 9±5% 79±10% 
ESP 0%  
FGD  81% 

Removal 
Efficiency 

Overall 80% 
Oxidation 79%  

Re-emission  29% 
1 Elemental Hg 
2 Total Hg 
3 ( )

%
THg

THgTHg

inletESP

FGDinletinletESP 100
)(

)()(
×

−  

4 ( )
%

THg
THgTHg

inletFGD

StackinletFGD 100
)(

)()(
×

−  
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5 ( )
%

THg
THgTHg

inletSCR

StackinletESP 100
)(

)()(
×

−  

6 ( )
%

THg
THgHg

inletFGD

StackinletFGD 100
)(

)()0(
×

−  

Mercury Material Balance 

Calculation Principal 

The material balance of Hg was calculated based on the following procedure.  The ratio 
of Hg output to Hg input (i.e., R) at stack is determined by 

inHg

outHg

M
M

R
,

,=                            eq. 1 

where MHg,in is the amount of Hg into the process when one unit of coal is fired, which is 
calculated from the Hg concentration in the coal samples.  MHg,out is the sum of Hg in 
stack gas (  stackM ), bottom ash ( baM ), economizer ash ( econM ) ashes, air pre-heater ash 
( APHM ), precipitator ash ( fa M ), and FGD slurry (  slurryFGD M ).   

slurryFGDAPHeconbafa stackoutHg MMMM+M+MM +++=,                    eq. 2     

1. Hg in stack gas 

 stackM  is calculated by  

stackDF,3% stack CVM ×=                 eq. 3 

%3,DFV  is the dry flue gas volume generated by firing one unit of coal.  The volume is 
corrected to 3% O2, which can be calculated theoretically by the following equations.  

 0
OH

0
df%3, 1)V-(a+V+V

2
=DFV                                           eq. 4 

in which, 0
dfV , OHV

2
,and 0V are the dry flue gas volume, water vapor in flue gas, and air 

volume required for a complete combustion, respectively.    

0
NSOCO

0
df 222

V+V+VV =                                                                         eq. 5 

CoalinContentarbonC0.01866V
2CO ×=                                 eq. 6 

CoalinContentSulfur×= 0.007V
2SO                                                  eq. 7 

CoalinContentNitrogen0.008+0.79VV o0
N ×=

2                                    eq. 8 
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contentOxygen 0.0333-contentdrogen H0.265+content)Sulfur 0.375+contentbon 0.0889(CarV 0 ×××= y
o

OH Va0.0161+ContentWater 0.0124+ContentHydrogen 0.111V
2

××××=        eq. 9 

)3-(21V
OV+1a o

20
df ×

×=
                                                                                    eq. 10  

2. Hg in bottom ash 

ba M  is calculated by  

mbababa CAyM ××=                                     eq. 11 

where  bay  is the fraction of bottom ash provided by the power plant.  A  is the ash 
content in coal. mbaC  is the concentration of selected element in bottom ash.   

3. Material in economizer ash 

econ M  is calculated by 

meconeconecon CAyM ××=                                eq. 12 

where  econy  is the fraction of economizer ash estimated by empirical data or provided by 
the facility.  meconC  is the element content in economizer ash. 

4. Material in air pre-heater ash 

APH M  is calculated by 

APHm,Cy ××= AM APHAPH                              eq. 13 

where  APHy  is the fraction of air pre-heater ash estimated by empirical data or provided 
by the facility.  APH m,C  is the element content in air pre-heater ash.  

5. Material in precipitator ash 

fa M  is calculated by 

ESPmfafaaf hCAyM ×××=                             eq. 14 

where fay  is the fraction of fly ash estimated by empirical data or provided by the power 
plant.  mfaC  is the element concentration in ESP fly ash.  ESPh  is the particulate collecting 
efficiency of ESP provided by the power plant.  
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6. Material in FGD Slurry 

slurry FGDM  is calculated by 

reagentreagentmmakeupmakeupmgypsumgypsummblowdownblowdownm mCmCmCmCM ×−×−×+×= ,,,,slurry  FGD

                                                                                                                                      eq. 15 

where blowdownm,C , gypsumm,C , makeupm,C , reagentm,C  are the element concentrations in FGD 
blowdown, gypsum, makeup water, and FGD reagent, respectively.  blowdownm , gypsumm , 

makeupm , reagentm are the amount of FGD slurry blowdown, gypsum, makeup water, and 
reagent produced or consumed when one unit of coal is fired. 

To calculate the material balance of selected elements, parameters used for the 
calculation are listed in Table 10.  The proximate and ultimate analysis results can be 
seen in Table 11.  By combining the concentrations of Hg in flue gas, ash, and FGD by-
products (summarized in Table 12), the material balance of Hg at the post combustion 
process was established for each tested facility and the results can be seen in Table 13.   

Table 10. Parameters Used for Material Distribution Calculation 

FS-1 FS-2 FS-3 FS-4 parameter unit 
Value 

yba
1 - 0.25 0.7 0.2 0.72 

Yecon
1 - - 0.025 0.025 0.025 

YAPH
1 - - 0.025 0.025 0.025 

Yfa
1 - 0.75 0.25 0.75 0.23 

hesp/baghouse
1 % 99.9 99.5 99.5 99.5 

M Discharge
1   0.22 - - 

M Gypsum
1 kg/kg coal - - 0.14 0.16 

M Blowdown
1 kg/kg coal  - 0.55 0.56 

1 From either facility operation data or empirical values 
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Table 11. Proximate, Ultimate, and Hg Analyses Results of Coal.  

    FS-1 FS-2 FS-3 FS-4 

    12/29-
12/30, 2006 

1/5,1/8, 
2007 

05/07, 
2007 

7/6-7/8, 
2007 

 4/13-4/15, 
2007 

 5/22-5/24, 
2007 6/6-6/7, 2007 

Number of Samples 2 2 2 3 26 12 3 
Moisture % 22.5 19.7 10.9 15.3 19.1 18.5 19.5 

Ash % 27.4 24.1 27.6 26.4 11.1 11.2 10.2 
Vol. Mat  % 21.2 25.2 24.3 23.6 39.6 37.7 28.5 

Sulfur  % 2.15 2.65 2.93 2.58 3.99 4.11 4.40 
Btu  BTU/lb 6871 8928 10072 8624 12716 12629 12732 

Carbon % 37.8 43.7 63.9 48.4 69.7 70.0 70.6 
Hydrogen % 5.13 5.23 4.38 4.91 5.01 4.97 4.96 
Nitrogen % 0.66 0.77 0.93 0.79 1.41 1.37 1.19 
Oxygen % 26.9 23.5 21.3 23.9 8.8 8.3 8.7 
Chloride ppm 238 181 330 250 2280 2175 1934 
Mercury ppm 0.076 0.086 0.078 0.069 0.062 0.072 0.077 
Fluoride ppm 105 126 135 122 51 59 73 

Dry basis 

Table 12. Hg Concentrations in Each Coal Combustion By-products. 

    FS-1 FS-2 FS-3 FS-4 

  Unit  12/29-12/30, 
2006 

1/5,1/8, 
2007 

05/07, 
2007 

7/6-7/8, 
2007 

 4/13-4/15, 
2007 

 5/22-5/24, 
2007 

6/6-6/7, 
2007 

Flue gas 
SCR Inlet μg/dscm - - - 9.00 - 8.05 6.92 

APH Inlet μg/dscm - - 9.32 9.20 - 7.51 7.15 
BH/ESP Inlet μg/dscm 4.16 3.96 10.38 6.80 6.57 6.57 6.82 

FGD Inlet μg/dscm - - 12.86 8.81 5.35 5.91 7.55 
Stack μg/dscm 0.28 0.13 3.96 0.95 1.88 2.25 1.41 

Solid Sample 
Bottom Ash mg/kg - - - 0.01 - -  
Economizer 

Ash mg/kg - - - 0.02 - -  

BH/ESP Ash mg/kg 0.28 0.38 0.03 0.03 0.06 0.03  
FGD Slurry 
Discharge mg/kg - - - - 0.13 0.18 - 

FGD 
Gypsum mg/kg - - 0.35 0.49 - - 0.36 

Wastewater μg/L - - <5 <5 - - 8 

 



 23

Table 13. Summary of Hg Material Balance. 
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CONCLUSIONS AND RECOMMANDATIONS 

The observations from this study indicate that the evaluated Hg systems provide by the 
two market-leading vendors were still in the developing stage during the testing period.  
Many instrument parts had not yet been standardized or well quality-controlled.   Both 
systems required long time to install as the results of searching suitable setup (Field 
Studies 1 and 2).  The operation requires much less maintenance after systems had been 
modified or updated (as observed from field studies 2, 3, and 4).   

The most challenging procedure in certification was conducting System Integrity check.  
During the five field studies, a HovaCal system was used to provide oxidized Hg vapor.  
Since the system was not integrated into both testing systems, extra caution is required 
while performing the test. For example, the whole calibration line has to be kept above 
180oC to prevent the formation of a “cold spot”.  Glass-coated connection unions have to 
be used for the gas line connection.  It is recommended to analyze the HgCl2 solution 
before the test to verify the Hg concentration.  The delivering Hg concentration needs to 
be corrected for temperature before being compared to the CEM response.   

In general, the Tekran Hg CEM system needed more attention or additional supplies to 
carry out the monitoring task, such as, argon and de-ionized water supplies, peristaltic 
pump tubings, cleaning and replacement of gold traps, and quite frequent lamp voltage 
adjustment.  In the case of the Thermo Hg Freedom system, the analyzer encountered a 
noticeable drifting problem.  It also had a less user-friendly interface to operate the 
system.   

Results from the sorbent trap study showed promise on using this technique as an 
alternative to the Hg CEM for coal combustion utilities; especially the Hg emission is 
low.  The dilution sampling probes used by the two Hg CEM systems in this study are not 
suitable for low Hg emissions.  Taking FS-1 as an example, the emission of Hg was 
determined to be less than 0.5μg/dscm by the OHM.  By taking the dilution into account, 
the Hg concentration was less than 20ng/dscm, which was very close to the background 
of the Hg CEM systems.  A prolong sampling period for the sorbent trap method will 
help the monitoring method increase sensitivity.  However, further systematic 
investigation is desired to further explore the feasibility of using this sorbent trap method 
with respect to different sample digestion and analytical methods, sampling device, long 
term operation, and comparison of long term monitoring results with Hg CEM.  
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