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ABSTRACT  
 

In this project, four commercially available mercury monitoring technologies were tested 
at Unit 17 of the R.M. Schahfer Generating Station of NIPSCo, near Valparaiso, Indiana.  
This unit burns Illinois sub-bituminous coal, has a typical load of 380 MW, and includes 
an electrostatic precipitator and a wet flue gas desulfurization unit.  The total mercury 
level in the Unit 17 stack gas was about 1 µg/dscm.  Test procedures assessed reliability 
and ease of use, and compared mercury monitoring results to two sets of data from an 
EPA-recognized reference method.   
 
Two of the mercury technologies tested, the Tekran Series 3300 Mercury Continuous 
Emission Monitor and the Thermo Electron Mercury Freedom System, were continuous 
emission monitors which extract a small flow of gas from the stack, dilute it with clean 
air, and transport the dilute flow to a mercury analyzer at the base of the stack.  The other 
two technologies, the Environmental Supply Company HG-324K and the Apex 
Instruments Sorbent Mercury Sampling System, were sorbent-based systems which 
collect mercury onto charcoal sorbent traps inserted into the stack gas.  After sample 
collection, the traps are sent to a laboratory where the collected mercury is extracted and 
analyzed, and the mercury concentration in the stack is calculated based on the amount of 
gas sampled.  These four technologies were evaluated for accuracy relative to the 
reference method, and for consumables use, maintenance, and repair needs. The two 
continuous emission monitors were also evaluated for linearity, speed of response, and 
day-to-day stability. 
 
The Tekran Series 3300 operated without interruption throughout the six-week field 
period, and achieved accuracy within 20% with one reference data set, but not with the 
other.  The Thermo Electron Mercury Freedom System had numerous operational 
problems, and reported data for only about 12 days of the test, but was very stable in 
response and achieved accuracy within 20% for the one reference data set with which it 
could be compared.  The Apex sorbent system suffered from frequent breakage of the 
sorbent traps, whereas the Environmental Supply Company HG-324K was highly reliable 
and the traps used were rugged.  However, neither sorbent system achieved accuracy 
within 20% of the reference data.  While none of the tested systems can be recommended 
unequivocally, the test results will be useful to utilities considering mercury monitoring 
equipment to meet the requirements of the Clean Air Mercury Rule.  



 

 

EXECUTIVE SUMMARY 
 
This project was a collaboration between the Illinois Clean Coal Institute (ICCI) and the 
U.S. Environmental Protection Agency’s (EPA) Environmental Technology Verification 
(ETV) program, to test the performance of instruments for monitoring mercury emissions 
from a utility power plant burning Illinois coal.  Battelle, of Columbus, Ohio, is EPA’s 
partner in evaluating monitoring technologies in the ETV program, and served as ICCI’s 
contractor in carrying out this project.  The motivation for this project was the need for 
information on the performance of mercury monitoring technologies, given that the Clean 
Air Mercury Rule (CAMR) requires coal-fired electrical utilities to begin reporting their 
mercury emissions by January 1, 2009.   
 
The purpose of this project was not to originate or develop new technology, but to 
evaluate the capabilities of commercially available instruments for monitoring mercury in 
the stack gas of a utility power plant burning Illinois coal.  Under the CAMR, only 
monitoring of total vapor-phase mercury (HgT) is required.  However, commercially 
available mercury monitoring systems may separately determine elemental mercury 
vapor (Hg0) and oxidized mercury (HgOX), which together comprise HgT.   
 
Four mercury monitoring technologies were tested in this project: 
 
The Tekran Series 3300 Mercury Continuous Emission Monitor (CEM) extracts a 
flow of stack gas, and dilutes it for transport through a long heated line to a mercury 
conversion system and mercury analyzer located remotely from the sampling port.  This 
CEM provides discrete readings of HgT or Hg0 at user-selectable intervals (every 2.5 
minutes, in this project).  HgOX is determined by difference between HgT and Hg0 values. 
 
The Thermo Electron Mercury Freedom System is a CEM that extracts a flow of stack 
gas and performs mercury conversion at the sampling port, then dilutes the stack gas for 
transport through a long heated line to a mercury analyzer located remotely from the 
sampling port.  This CEM determines mercury continuously, and reports average 
readings of HgT over user-selectable averaging intervals (every minute, in this project). 
 
The Environmental Supply Company (ESC) HG-324K is a stack sampling system that 
draws stack gas through paired multi-stage sorbent traps, over sampling periods that can 
range from one hour to several days.  The traps are then analyzed for mercury in a 
laboratory, and the paired train results are averaged to provide the final HgT result.  In 
this project, this sampler used sorbent traps prepared and analyzed by Frontier 
Geosciences. 
 
The Apex Instruments Sorbent Mercury Sampling System was also a dual trap 
sorbent sampling system for HgT determination.  In this project, this sampler used sorbent 
traps prepared and analyzed by Ohio Lumex. 
 



 

 

The test was conducted at Unit 17 of the R.M. Schahfer Generating Station of NIPSCo, 
located approximately 20 miles south of Valparaiso, Indiana, from June 12 to July 25, 
2006.  Schahfer Unit 17 burns pulverized Illinois sub-bituminous coal and has an 
electrostatic precipitator and a wet flue gas desulfurization unit.  Unit 17 operated near its 
typical capacity of about 380 MW throughout the field period, except for the early 
morning hours of each day when load was reduced.  Stack gas was sampled by the four 
mercury monitoring systems, and by the EPA-recognized Ontario Hydro (OH) mercury 
reference method, from standard 4-inch emission test ports located around the 
circumference of the stack at a platform 370 feet above ground level.  Average stack gas 
conditions were 130°F, 15.5% moisture, 97 ppm NOx, 193 ppm SO2, and 0.9 micrograms 
per dry standard cubic meter (µg/dscm) of HgT.  Two sets of reference mercury 
measurements were made using the OH method: 12 samples of 2 hours duration each 
were collected over the period of June 12 to 15, and another 12 2-hour samples were 
collected over the period of July 10 to 13.  The ESC HG-324K sorbent sampler operated 
in the field only during the June 12-15 period, and the Apex sorbent sampler operated 
only during the July 10-13 period.  The Tekran Series 3300 CEM operated continuously 
from June 12 to July 25.  The Thermo Electron CEM did not arrive in the field until June 
19, had several operational problems, and collected data only from July 9 to July 25.   
 
All four mercury monitoring technologies were evaluated for accuracy relative to the OH 
reference method results and for data completeness, as well as for reliability, ease of use, 
and other operational factors.  In addition, the Tekran and Thermo Electron CEMs were 
evaluated for linearity, cycle time (i.e., 95% response time), and stability of zero and 
calibration responses over seven consecutive days.  Table ES-1 summarizes the results 
obtained for each of the four mercury monitoring systems on each of the applicable 
performance parameters.   
 
Table ES-1 shows that accuracy within 20% was achieved by the Tekran CEM with the 
first (June 12-15) OH data set, but not the second (July 10-13) data set.  The latter result 
was due to frequent erroneous “0 µg/dscm” HgT readings from the Tekran CEM later in 
the test, a problem which was only corrected by Tekran near the end of the field period.  
The Thermo Electron CEM achieved accuracy within 20% with the second OH data set.  
Neither sorbent sampling system achieved that level of accuracy, though the Apex system 
came close (accuracy 20.3%) after correction for the recovery of mercury pre-spiked onto 
the sorbent traps.  Both CEMs exhibited response that was linear within about 7% of the 
10 µg/dscm full scale range, and both had cycle times of less than 10 minutes upon step 
changes between stack gas and high purity challenge gases.  Span drift of the two CEMs 
was minimal, but the Tekran CEM exhibited considerable drift in its zero response over a 
7-day period, up to 14.6% of the 10 µg/dscm full scale range.  Data completeness was 
100 % for the Tekran CEM, but only 38.7% for the Thermo Electron CEM, for reasons 
described below. Data completeness for the ESC HG-324K was 91.7%, limited only by a 
single failed leak test after one of the 12 OH runs.  Data completeness for the Apex 
sorbent sampler was 79.2%, based on recovery of only a single sorbent trap, instead of 
two traps, from that sampler in five of the 12 OH runs. 



 

 

Table ES-1.  Summary of Mercury Monitor Performance Observed in This Project. 
 

Mercury Monitoring System 

Performance 
Parameter 

Tekran  
Series 3300 

CEM 

Thermo 
Electron  

CEM 

ESC HG-324K 
Sorbent 
Sampler 

Apex 
 Sorbent 
Sampler 

Accuracy 
   1st OH Data Set 
   2nd OH Data Set 

 
18.5%/15.4%a 
28.7%/27.8%a 

 
--b 

16.4% 

 
29.5% (37.0%)c 

-- 

 
-- 

26.6%(20.3%)c 
Linearity 4.7 – 6.9 %  2.6 – 7.2% NA NA 
Cycle Time 7.5 – 10 minutes 5 – 6 minutes NA NA 
7-Day Driftd 

   Zero drift
   Span drift

 
5.8 – 14.6% 
0.66 – 3.1% 

 
0.24 – 0.27% 
0.00 – 1.3% 

NA NA 

Data Completeness 99.9% 38.7% 91.7% 79.2% 
Operational 
Factors 

Requires 240 and 
120 VAC power, 
high purity argon 
gas, compressed 
air, and deionized 
water.  Rapid 
startup and 
uninterrupted 
operation, but 
deteriorating 
performance later 
in test period. 

Requires 120 
VAC power 
and 
compressed 
air.  Several 
startup and 
operational 
problems.  
Stable and 
accurate in its 
brief 
operational 
period. 

Easy to use; no 
breakage of traps; 
no operational 
problems except 
one failed post-
sample leak test.  
120 VAC power 
only. 

Easy to use, but 
frequent 
breakage of 
sorbent traps led 
to low data 
completeness. 
120 VAC power 
only. 

a: Accuracy values for Tekran Series 3300 are for HgT/Hg0; all other accuracy values in table are for HgT. 
b: Indicates this system not operating during collection of this OH reference method data set. 
c: Results shown are accuracy uncorrected (corrected) for sorbent trap mercury spike recovery. 
d: 7-day drift results expressed as percentage of 10 µg/dscm span range. 
 
 
Operational factors are also summarized in Table ES-1.  The Tekran CEM was highly 
reliable, but also required the most consumables and electric power.  The Thermo 
Electron CEM required less in the way of consumables, but exhibited diverse problems 
with valves, flow and temperature control, and computer communications in the field.   
The ESC HG-324K sorbent sampler had minimal operational difficulties, whereas the 
Apex system suffered from fragile and non-uniform sorbent traps that led to frequent 
breakage. 
 
The results of this project will be valuable to utility representatives considering mercury 
monitoring systems to meet the requirements of the CAMR.  In addition to this final 
report, the results of this project will be presented in four peer-reviewed ETV technology 
verification reports, one on each of the four mercury monitoring systems. Those reports 
will be available at http://www.epa.gov/etv. 
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OBJECTIVES 
 
The primary objective of this project was to evaluate the capabilities of commercially 
available mercury monitoring instruments in operation on the stack gas of a utility power 
plant burning Illinois coal.   Thus the purpose of this work was not to originate or develop 
a new technology, but to evaluate the capabilities of commercial mercury monitoring 
systems in a field environment relevant to the use of Illinois coal.   
 
The criteria for performance expected from a mercury monitor are specified in the Code 
of Federal Regulations (CFR) Part 75.[1]  The specific objectives of the testing conducted 
in this project were based on those criteria, and included assessing the mercury 
instruments’ performance on the following parameters: 

• Accuracy relative to a recognized mercury reference method. 
• Linearity of response. 
• Cycle or response speed. 
• Stability of zero and calibration response. 
• Data completeness. 

 
In addition, the mercury monitoring instruments were evaluated on operational factors 
such as use of consumables, maintenance and repair needs, ease of use, data acquisition, 
and reliability. 
 
This project consisted of four tasks, as follows: 
 
Task 1. Coordinate with Host Site/Install Mercury Instruments.  The scope of this task 
was to cooperate with a host utility plant serving as the site of the field test, and to obtain 
and install commercial mercury monitoring instruments for testing. 
 
Task 2. Reference Method Sampling and Analysis.  The scope of this task was to 
establish a subcontract for conducting mercury measurements by the so-called “Ontario 
Hydro” (OH) reference method, which is more properly known as ASTM D 6784-02. [2] 
 
Task 3. Conduct Test Procedures and Remove Mercury Instruments.  The scope of this 
task was to carry out the testing of mercury monitoring instruments according to a peer-
reviewed test/quality assurance (QA) plan established independently under the ETV 
program,[3] and then to remove the instruments from the plant at the end of testing. 
 
Task 4. Reporting.  The scope of this task was to provide monthly progress reports and a 
final report on this project to the ICCI.  Annual reports were also provided one year and 
two years, respectively, after the initiation of this project, due to time extensions 
necessitated by delays in the field test.   
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INTRODUCTION AND BACKGROUND 
 
The Clean Air Mercury Rule (CAMR) [4] recently established by the U.S. Environmental 
Protection Agency (EPA) requires utility power plants to begin reporting of their mercury 
emissions by January 1, 2009.  As a result, electrical generating utilities will need to 
choose and install mercury monitoring instruments for their plants well before that date.  
The CAMR also sets up a cap-and-trade system for mercury emissions, similar to that 
established for sulfur dioxide under the Acid Rain program.  A cap-and-trade system 
requires sensitive and accurate measurements of the emitted chemical, in order to 
correctly document emissions and allow reliable trading of emissions credits.  Thus 
commercial instruments for monitoring utility mercury emissions must meet stringent 
demands for sensitivity, accuracy, and reliability.  These demands are especially stringent 
for monitoring at plants that burn Illinois coal, which is generally low in mercury relative 
to other coals, and which will result in relatively low mercury concentrations in the flue 
gas.  The CAMR also states that mercury monitoring may be conducted either with a 
continuous emission monitor (CEM), which provides a continuous readout of the 
mercury concentration in the flue gas, or with a sorbent-based sampling system, which 
collects an integrated sample of mercury from the flue gas onto a sorbent trap over time 
periods ranging from a few hours to many days.  The samples collected by a sorbent-
based system must be analyzed for mercury in a laboratory after collection to allow 
calculation of flue gas concentrations.   
 
Mercury in coal-fired power plant flue gas may exist in three forms: elemental mercury 
vapor (Hg0), oxidized mercury (HgOX) in the vapor phase (in the form of compounds such 
as HgCl2), and oxidized mercury in the solid particulate phase (Hgp).  The amount of Hgp 
emitted from power plants is generally minimal, so the CAMR requires monitoring of 
only the sum of the Hg0 and HgOX vapors; this sum is defined as the total mercury (HgT) 
in the flue gas.  These forms of mercury differ in water solubility, chemical reactivity, 
etc., and these characteristic differences affect their removal from flue gas, and their 
ultimate fate in the environment.[e.g., 5, 6]    Monitoring that separately determines the 
different forms of mercury in utility flue gas (so-called speciated mercury monitoring) 
can be valuable in assessing the performance of mercury removal systems and 
understanding mercury chemistry in flue gas.  However, for emission monitoring 
purposes, only measurement of HgT is required. 
 
Some commercial mercury CEMs are designed for speciated measurements, whereas 
others are designed only to measure HgT.  In commercial mercury CEMs, only Hg0 is the 
detected species, so speciated or total mercury measurements require conversion of HgOX 
species to Hg0 for detection.  That conversion is most commonly done thermally, using 
hot reactive surfaces to reduce mercury compounds to Hg0.  Speciated mercury 
measurements are usually accomplished by measuring HgT in sequence or in parallel with 
measurements of Hg0, and inferring the difference as oxidized mercury.  Through proper 
selection of the sorbent materials, sorbent-based sampling systems can also provide 
speciated mercury measurements, but this approach is relatively expensive and sorbent 
systems more typically are used for measurements of only HgT.  
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Commercial mercury CEMs have been in development for several years, with at least a 
half dozen commercial vendors currently in operation.  In current mercury CEMs, 
mercury detection is typically based on atomic absorption (AA) or atomic fluorescence 
(AF); thermal conversion of oxidized mercury species to Hg0 may involve various 
converter configurations with proprietary converter materials.  Recent advances include 
reductions in size, improvements in reliability, and placement of the thermal conversion 
unit directly on the stack, with the mercury detection system located remotely from the 
stack.  Sorbent-based mercury sampling systems have been commercialized more 
recently, with the result that trap designs, mercury spiking procedures, and analysis 
approaches for the sorbent trap samples are still under development.  Only a few 
commercial laboratories currently prepare and spike the sorbent traps and analyze them 
subsequent to sampling. 
 
With the improvements in mercury CEM technology have come efforts to fully test the 
CEMs in realistic field situations.  Two rounds of mercury CEM testing were previously 
conducted through the U.S. EPA’s Environmental Technology Verification (ETV) 
program.  Those tests involved CEMs based on various methods of mercury detection, 
with both wet chemical and thermal conversion processes for HgOX species, and 
providing both speciated and HgT measurements.  Reports on those tests are available at 
http://www.epa.gov/etv/verifications/vcenter1-11.html.  Testing has also been carried out 
by EPA and others on selected CEMs at coal-fired power plants.[e.g., 7,8]  Testing to 
date has shown CEM performance that sometimes met or approached the requirements of 
the relevant Part 75 criteria,[1] but more often fell short.  However, as the mercury CEMs 
continue to develop, further testing is needed of the most recent versions.  The focus of 
the project reported here was specifically to test mercury CEMs at a power plant burning 
Illinois coal. 
 
In contrast to the substantial previous testing of mercury CEMs, almost no previous 
testing has been conducted on sorbent-based mercury sampling systems.  Because they 
are equivalent to CEMs for mercury monitoring under the CAMR,[4] sorbent-based 
systems were included in this evaluation.  This project was among the first to conduct 
independent evaluation of sorbent-based systems in a realistic power plant environment. 
 
This evaluation was carried out by collaboration between ICCI and EPA’s ETV program, 
thereby achieving a more extensive evaluation than otherwise would have been feasible.  
In the ETV program, the EPA supports independent third-party testing of environmental 
technologies. Battelle, of Columbus, Ohio, is EPA’s partner in evaluating monitoring 
technologies under the ETV program.  In this ICCI/ETV collaboration, a separation of 
efforts was maintained.  ICCI funding was used specifically for the field evaluation of the 
mercury monitoring systems, including supporting reference mercury measurements 
against which the commercial systems were compared.  ETV funding was used for 
obtaining the involvement of mercury monitoring system vendors, preparing a peer-
reviewed test/QA plan, coordinating with the field site and subcontractors, and 
conducting data analysis.  This report details the work conducted under ICCI support, and 
provides a comprehensive discussion of the results and ultimate products of this project.   
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EXPERIMENTAL PROCEDURES 
 
The experimental work carried out under this project fell under the first three tasks 
outlined in the Objectives section above, and is organized here by those tasks: 
 
Task 1. Coordinate with Host Site/Install Mercury Instruments. 
The commercial mercury monitoring instruments evaluated in this project are listed in 
Table 1.  This table identifies the vendor, the name of the monitor itself, and the type of 
monitor (CEM or sorbent-based sampler).   As indicated, two CEMs and two sorbent-
based samplers were evaluated.  Note that the Environmental Supply (ESC) HG-324K 
and the Apex Instruments Sorbent Mercury System are both stack gas sampling devices, 
and require the use of sorbent traps that are prepared, pre-spiked with mercury as a 
quality assurance (QA) measure,[1] and then analyzed for mercury after sampling.  Since 
the intent of this project was to evaluate mercury monitoring devices, not merely gas 
samplers, these two vendors each chose a supplier/analytical laboratory for the traps used 
in their evaluation.  ESC used traps obtained from Frontier Geosciences, of Seattle, WA, 
and Apex Instruments used traps obtained from Ohio Lumex, of Twinsburg, OH.    
 
In this evaluation, the Tekran CEM measured Hg0 and HgT, and reported HgOX by 
difference.  The Thermo Electron CEM and the two sorbent systems measured only HgT 
(the Thermo Electron CEM is capable of determining Hg0, but was not operated in that 
mode in this evaluation). 
 
Table 1.  Mercury Technologies Evaluated in This Project. 

Vendor Monitor Type of Technology 
Tekran Instruments Series 3300 Mercury CEM CEM 
Thermo Electron Mercury Freedom System CEM 

Environmental Supply Corp. HG-324K Sorbent-based samplera 
Apex Instruments Mercury Sorbent System Sorbent-based samplerb 

a: Operated using sorbent traps prepared, pre-spiked, and analyzed by Frontier Geosciences. 
b: Operated using sorbent traps prepared, pre-spiked, and analyzed by Ohio Lumex. 
 
The experimental approach in this project involved operating these mercury CEMs and 
sorbent-based sampling systems between June 12 and July 25, 2006 on the stack gas of a 
power plant burning Illinois coal.  The host facility for this project was the R.M. Schahfer 
Generating Station of NIPSCo (a NiSource company), located near Wheatfield, Indiana, 
approximately 20 miles south of Valparaiso, Indiana.  The Schahfer plant consists of four 
units (designated 14, 15, 17, and 18), with a total rated capacity of about 1,800 MW.  
This project was conducted at Unit 17, which burns pulverized Illinois sub-bituminous 
coal and has an electrostatic precipitator and a wet flue gas desulfurization (FGD) unit. 
Unit 17 has a typical capacity of about 380 MW. 
 
Flue gas from Unit 17 feeds into a free-standing concrete chimney with an internal liner. 
The top of the stack is 499 feet above ground level (agl). Sampling of Unit 17 stack gas 
was conducted from a platform approximately 8 feet wide that encircles the outside of the 
stack at 370 feet agl.  The stack diameter at the platform level is 22 feet 6 inches, so the 
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total flow area is 397.6 square feet. The last flow disturbance is at the FGD connection to 
the stack liner at about 128 feet agl. Thus, the emission test ports at the 370 foot agl level 
were over 10 stack diameters downstream from the last flow disturbance and nearly six 
diameters upstream from the stack exit.  Stack gas sampling by the CEMs, the sorbent-
based samplers, and the OH reference method used four standard 4-inch emission test 
ports with #125 flanges located at 90º intervals around the circumference of the stack 
about 4 feet above the platform at 370 feet agl. No traversing of the sampling probes was 
done during sampling; the OH method and the instruments being tested each sampled 
from a single fixed point, one meter inside the inner liner of the stack at their respective 
port locations. This arrangement was justified by the uniform concentrations observed for 
SO2 and NOX in stack gas at this sampling location. 
 
Unit 17 of the Schahfer plant operated near its typical capacity during nearly all of the 
field period, operating at reduced capacity only for a few hours in the early morning of 
each day.  Table 2 summarizes the Unit 17 load and flue gas characteristics observed at 
the Schahfer Unit 17 stack during the several weeks of the field period, showing the 
average and range of values of key parameters and constituents.  Stack gas pressure was 
slightly positive at the sampling location. 
 

Table 2.  Load and Stack Gas Characteristics at Schahfer Generating Station Unit 
17 During Field Evaluation of Mercury Monitoring Systems. 

Parametera Average Range 
Unit 17 Load 334 MW 140 - 391 
Coal Feed Rate  297 klb/hr 140-374 
Temperature  130 °F 118 - 140 
Moisture  15.5 % 13.3 – 16.7 
NOx   97 ppm 61 - 165 
SO2  193 ppm 104 - 316 
Total mercury vaporb 0.91 µg/dscmc 0.73 – 1.22 
a: Moisture and total mercury values are based on measurements made during Ontario Hydro reference 
sampling periods, all other values are based on hourly averages reported by Schahfer Unit 17 throughout 
the field period.   
b: µg/dscm = micrograms per dry standard cubic meter (i.e., at 20 °C and 1 atmosphere). 
 
 
The Tekran and Thermo Electron CEMs were housed in an air-conditioned trailer 
provided by Battelle and located at the base of the Unit 17 stack.  Figures 1 and 2 show 
the respective rack systems of these two CEMS in the trailer.  Each rack system included 
a mercury analyzer, a vapor-phase mercury calibration source, an air purification system, 
and a data acquisition system.  Each rack system was connected to its sampling probe on 
the stack by a heated umbilical line over 450 feet in length, which contained flow lines  
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Figure 1.  Tekran Series 3300 Mercury CEM Rack. 
 

 
 
Figure 2.  Thermo Electron Mercury Freedom System CEM Rack. 
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for sample gas, calibration gas, and compressed air; thermocouple wires; and other 
connections.  The Tekran Series 3300 CEM rack system also included a sample gas 
conditioning unit and a thermal converter to reduce HgOX to Hg0, whereas in the Thermo 
Electron CEM, sample conditioning and mercury conversion were done in the sampling 
probe on the stack itself.  Both CEM rack systems required 120V AC power drawn from 
within the trailer, and compressed air (110 psig) supplied from a compressor located near 
the trailer.  The Thermo Electron CEM also required three 120V AC circuits for the 
umbilical heater, sampling probe, and mercury converter, respectively.  The Tekran 
Series 3300 CEM required 240V power for umbilical heating supplied from a transformer 
located near the trailer at ground level.  Additionally, the Tekran CEM required an argon 
gas cylinder and deionized (DI) water supply in the trailer, and two additional 120V/15A 
circuits located near the sampling port on the platform at 370 feet agl.  Installation and 
startup of the two CEMs was conducted by the respective vendors’ field staff, who 
remained on site to operate the CEMs for the initial OH sampling period (see below), and 
also trained Battelle and Schahfer plant staff in routine operation of their CEM.  The two 
CEMs shared a single analog phone line, by which the two CEM vendors observed their 
CEMs during the test.  Figure 3 shows the rear view of the two CEMs installed in the 
Battelle trailer.  The large black umbilical lines connecting to each rack system are 
clearly visible.  Figures 4 and 5 show the sampling probes of the Tekran and Thermo 
Electron CEMs, respectively, connected to their ports on the Schahfer stack.   
 

 
 
Figure 3.  Rear View of Tekran (right) and Thermo Electron (left) CEMs. 
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Figure 4.  Tekran Sampling Probe on Schahfer Unit 17 Stack. 
 
 

 
 
Figure 5.  Thermo Electron Sampling Probe on Schahfer Unit 17 Stack. 
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The ESC and Apex sorbent-based systems each consisted of a simple probe that allowed 
sampling through two sorbent traps in parallel, a gas conditioning device to condense 
moisture from the stack gas, and a stack sampling box designed for flow control and 
stack monitoring.  The ESC HG-324K sampler included sophisticated data acquisition 
and wireless communication capabilities, so that sampling data could be downloaded or 
transmitted at any point during or after sampling.  The Apex sampler used dual manually 
operated sampling boxes.  (An automated sampling box is under development but was 
not available for this test.)  The Apex system also used a Stirling cooler as its gas 
conditioning unit.  The ESC HG-324K required two 120V/15A circuits near the sampling 
port; the Apex system required three such circuits.  As an illustration of these 
technologies, Figure 6 shows the ESC HG-324K sorbent sampling system, and Figure 7 
shows one of the sorbent traps used in that system (sample flow is from left to right 
through the trap). 
 
 

 
 
Figure 6.  ESC HG-324K Sampling Probe (left),  
Water Removal Traps (center), and Sampling Control Box (right)  
at Schahfer Unit 17 Stack. 
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Figure 7.  Sorbent Trap Used in Environmental Supply HG-324K.   
 
 
The intent of this test was that each CEM would sample the Schahfer Unit 17 stack gas 
between about June 12 and July 25, and that each sorbent-based system would be 
operated only for one week or less, in a period coinciding with Ontario Hydro reference 
measurements.  This intent was met for the Tekran CEM and the two sorbent-based 
systems.  However, the Thermo Electron CEM arrived in the field much later than 
expected, and experienced startup difficulties that limited its period of operation.   Table 
3 summarizes the setup and operational periods of each of the four mercury monitoring 
systems. 
 

Table 3.  Setup and Operational Periods of Mercury CEMs and Sorbent-Based 
Samplers at Schahfer Unit 17 (all dates 2006). 

Mercury System 
Arrival at 

Site 
First 

Operation
Data Collection 

Period 
Tekran Series 3300 Mercury CEM June 7 June 9 June 12 - July 25 
Thermo Electron Mercury Freedom System June 19 June 29 July 9 - July 25 
Environmental Supply HG-434K June 11 June 11 June 12 - 15a 
Apex Instruments Sorbent Sampler July 9 July 9 July 10 - 13a 
a: Each sorbent-based system was only operated over a four-day period of Ontario Hydro reference 
mercury sampling. 
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Task 2. Reference Method Sampling and Analysis.  A subcontract was established 
with ARCADIS, Inc., of Durham, N.C. to conduct two periods of mercury measurements 
at the Unit 17 stack using the “Ontario Hydro” reference method, which is more properly 
known as ASTM D 6784-02.[2]  This is the currently accepted reference method for 
mercury measurements in stack gas, and employs dual impinger trains sampling in 
parallel through a common probe, to determine oxidized and elemental vapor-phase 
mercury by means of appropriate chemical reagents.  Since only vapor-phase (not particle 
phase) species were of interest, OH method sampling was non-isokinetic, and sampling 
was conducted at a single fixed point in the stack, i.e., no traversing of the OH method 
probe was done.  ARCADIS staff conducted two sets of 12 OH runs each with the dual 
trains, at the dates and times indicated in Table 4.  As Table 4 shows, one of the OH 
sampling efforts was at the beginning of the field test and the other was near the end of 
the test.  All OH runs were of two hours duration, and three test runs were completed on 
each sampling day. 
 
Table 4.  Dates and Times of Ontario Hydro Reference Method Sampling at 

Schahfer Unit 17 Stack. 
 

First Ontario Hydro Period Second Ontario Period 
Date Start Time End Time Date Start Time End Time 

June 12 9:15 11:15 July 10 9:00 11:00 
June 12 12:15 14:15 July 10 11:50 13:50 
June 12 15:40 17:40 July 10 14:55 16:55 
June 13 8:15 10:15 July 11 8:30 10:30 
June 13 11:10 13:10 July 11 11:15 13:15 
June 13 14:05 16:05 July 11 14:00 16:00 
June 14 8:10 10:10 July 12 8:30 10:30 
June 14 11:25 13:25 July 12 11:40 13:40 
June 14 14:30 16:30 July 12 14:15 16:15 
June 15 8:20 10:20 July 13 8:20 10:20 
June 15 11:05 13:05 July 13 11:10 13:10 
June 15 13:45 15:45 July 13 13:45 15:45 

 
 
 
ARCADIS staff prepared the OH trains, and recovered the samples from the trains after 
sampling, in a laboratory area at the Schahfer plant.  Recovered samples, including train 
blanks, reagent blanks, and spiked train samples, were kept in the custody of ARCADIS 
staff and returned to the ARCADIS laboratory for mercury analysis at the end of each 
week of OH sampling (i.e., within four days of sample collection).  Table 5 shows the 
resulting HgOX, Hg0, and HgT values determined for the twelve OH runs in each sampling 
period listed in Table 4.  These mercury concentrations are in micrograms per standard 
cubic meter on a dry basis (µg/dscm).  Each of the entries in Table 5 is the average of the 
results obtained from the dual OH trains.   
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Table 5 shows that oxidized mercury was a small fraction of the total vapor-phase 
mercury in the Schahfer Unit 17 stack, comprising about 3 to 9 percent of the total 
mercury in individual runs.  This result is consistent with the existence of a wet FGD unit 
on Unit 17, that should effectively remove the relatively soluble oxidized mercury from 
the gas stream.   Table 5 also shows that HgT results from Unit 17 ranged from about 0.73 
to about 1.2 µg/dscm, with slightly higher HgT values in the July period than during the 
June period. 
 
 
Table 5.  Ontario Hydro Results for Oxidized, Elemental, and Total Mercury in 

Schahfer Unit 17 Stack (µg/dscm).  

First Ontario Hydro Period Second Ontario Hydro Period 
Date HgOX Hg0 HgT Date HgOX Hg0 HgT 

June 12  0.022 0.762 0.783 July 10 0.033 0.902 0.935 
June 12  0.037 0.822 0.859 July 10 0.037 0.823 0.860 
June 12  0.038 0.821 0.859 July 10 0.040 0.929 0.969 
June 13  0.058 0.875 0.933 July 11 0.066a 0.886 0.952 
June 13 0.053 0.795 0.848 July 11 0.029 0.757 0.787 
June 13 0.048 0.684 0.732 July 11 0.038 1.018 1.056 
June 14 0.072 0.739 0.811 July 12 0.028 1.055 1.083 
June 14 0.060 0.690 0.750 July 12 0.084 0.997 1.081a 
June 14 0.055 0.819 0.874 July 12 0.090 1.126 1.215 
June 15 0.054 0.766 0.820 July 13 0.093 0.982 1.074 
June 15 0.037 0.691 0.727 July 13 0.092 1.014 1.107 
June 15 0.032 0.748 0.781 July 13 0.037a 1.015 1.053 

a: Results from dual trains in this OH run differed by more than the tolerance specified in CFR Part 75 
Appendix K. 
 
 
Performance Specification 12A [9] specifies that the results from dual OH trains must 
agree with one another within 20% as percent relative deviation (%RD), when the 
average mercury level is below 1 µg/dscm, or within 10 %RD when the average is above 
1 µg/dscm, for the results to be acceptable for evaluation of relative accuracy of a 
mercury monitor.  (RD = difference between two values divided by the sum of those 
values.)  The footnote to Table 5 indicates that results outside these criteria occurred for 
HgT in only a single OH run, and for HgOX in two runs.  The one HgT value was excluded 
from calculations of relative accuracy.  The two unacceptable %RD values for HgOX are 
due at least in part to the very low HgOX levels found, but are of little significance 
because evaluation of HgOX performance consisted of comparison of mean values, rather 
than a formal relative accuracy calculation against the OH results. 
 
Each of the CEM and sorbent-based sampler vendors operated their own equipment at 
Unit 17 during the periods when OH sampling was conducted.  Tekran and ESC 
representatives operated their respective equipment during the June 12-15 OH period, and 
Tekran, Thermo Electron, and Apex representatives did so in the July 10-13 period.   
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Task 3. Conduct Test Procedures and Remove Mercury Instruments.   
 
The test procedures specified in the ETV test/QA plan for this effort [3] were completed 
successfully for all four technologies tested.  The two sorbent systems measured HgT 
only, and collected sample over the same 2-hour sampling periods over which the Ontario 
Hydro reference samples were collected.  The Tekran CEM reported a reading of either 
HgT or Hg0 every 2.5 minutes, with two successive readings of HgT followed by two of 
Hg0, and so forth.  The Thermo Electron CEM measured HgT only, and reported a 
reading every minute.  The Tekran and Thermo Electron readings were averaged over 2-
hour periods for comparison to the Ontario Hydro data.  The difference between the 2-
hour average HgT and Hg0 values determined from the Tekran readings was taken as the 
2-hour average HgOX result from that CEM. 
 
The performance parameters stated above under Objectives were evaluated as follows: 
 
Accuracy of the CEMs and sorbent-based systems was determined by comparison of 
mercury results from those systems to the results from the Ontario Hydro reference 
method.  The relative accuracy (RA) of the tested technologies with respect to the OH 
reference method results was assessed as a percentage, using Equation 1: 
 
           (1) 
             
 
where d refers to the difference between the OH reference mercury concentration and the 
average CEM or sorbent system mercury result over the same OH sampling period, and x 
corresponds to the OH reference mercury concentration.  Sd denotes the sample standard 
deviation of the differences, while tαn-1 is the t value for the 100(1 - α)th percentile of the 
distribution with n-1 degrees of freedom. The RA was determined for an α value of 0.025 
(i.e., 97.5% confidence level, one-tailed). RA was calculated separately for the two 
periods of OH reference method sampling, and was also calculated separately for Hg0 and 
HgT.  A minimum of nine data points is needed for calculation of RA using Equation 1; 
extra data points may be excluded from the calculation provided at least nine are retained 
in the calculation.  RA was not calculated for HgOX because Equation 1 is  less 
appropriate at the very low HgOX concentrations observed.  RA of the Tekran CEM was 
calculated for HgT and Hg0 for both Ontario Hydro periods, and RA of the Thermo 
Electron CEM and the two sorbent systems was calculated for HgT for the single Ontario 
Hydro sampling period in which each of these technologies operated.  In addition, the 
average values of HgT, Hg0, and HgOX from each set of OH runs were calculated and 
compared to the corresponding results from each CEM or sorbent system. 
 
Linearity of response of the two CEMs was assessed by challenging them with triplicate 
mercury standards at three concentrations, using mercury calibration sources incorporated 
in each CEM.  Linearity error (LE) was then determined by comparing CEM responses to 
the mercury standard concentrations, using Equation 2: 
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(2) 

 
where LE is the linearity error at each concentration, R is the reference mercury 
concentration supplied to the CEM, and A is the average of the triplicate CEM readings 
at each concentration.   
 
Cycle Time of the two CEMs was assessed by monitoring successive responses in 
periods when the CEM switched from zero gas to stack gas, or from calibration gas to 
stack gas.   
 
Zero/Calibration Stability was assessed for the two CEMs by comparing daily zero and 
span readings compiled over seven successive days during the field period, using the 
mercury calibration sources incorporated in each CEM.  Calibration error was calculated 
from the CEM responses to both the zero and upscale mercury concentrations for each of 
the seven consecutive days of this test, using Equation 3: 
 

(3) 
 
where CE is the calibration error as a percentage of the CEM span value, R is the 
reference mercury concentration supplied to the CEM, A is the CEM response to the 
reference gas, and S is the span value of the CEM.  For this verification, a span value of 
10 µg/dscm was assumed.[1] 
 
Data Completeness was assessed for the two CEMs based on the total hours of 
successful operation accomplished, relative to the total hours over which the CEM was 
operational at the Schahfer site.  Data completeness was assessed for the two sorbent 
systems based on the number of successful sampling runs completed out of the expected 
total of 12 for each system. 
 
Operational Factors were evaluated for all four systems based on the observations and 
written records of Battelle and Schahfer facility staff in the field.  Such observations 
addressed the maintenance needs and repair needs, consumables use, ease of operation 
and data acquisition, degree and effectiveness of vendor attention, and general reliability 
of each system. 
 
Following the completion of the second Ontario Hydro reference method period in the 
week of July 10, 2006, the two CEMs continued to operate routinely until July 25, when 
all systems were shut down and the equipment was removed from Battelle’s trailer.  The 
two CEMs were shipped back to the respective vendors shortly after shutdown.  The 
Battelle trailer was removed from the Schahfer site on July 26, and the umbilical lines 
used by the Tekran and Thermo Electron CEMs were removed from the Unit 17 stack 
and returned to the respective vendors in early August.  These activities returned the test 
site to its condition before this test was initiated. 
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RESULTS AND DISCUSSION 
 
The results of this project fall under Tasks 3 and 4, and are presented below for each of 
those tasks.  The results are reported in terms of the mercury results observed, and the 
performance achieved on each of the performance parameters stated above. 
 
Task 3. Conduct Test Procedures and Remove Mercury Instruments. 
 
 Figure 8 shows the Ontario Hydro reference method results for HgT, Hg0, and HgOX, 
from the 12 OH runs conducted June 12 to 15, 2006.  Also shown are the corresponding 
results from the Tekran CEM and the ESC sorbent system, which operated during this 
period.  Figure 8 shows that the Tekran results for HgT, Hg0, and HgOX (blue symbols) 
were about equal to, or sometimes slightly greater than, the corresponding OH reference 
results (green symbols).  The ESC HgT results (red symbols) were greater than the 
corresponding OH results in all cases.  Note that only 11 data points are shown for ESC.  
The results from that system for run #8 were eliminated because of a failed post-sampling 
leak check in that run. 
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Figure 8.  Mercury Results from June 12-15, 2006 (First OH Sampling Period). 
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Figure 9 shows the Ontario Hydro reference method results for HgT, Hg0, and HgOX, from 
the 12 runs conducted July 10 to 13, 2006.  Also shown are the corresponding results 
from the Tekran CEM, the Thermo Electron CEM, and the Apex sorbent system, which 
operated during this period. 
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Figure 9.  Mercury Results from July 10-13, 2006 (Second OH Sampling Period). 
 
 
Figure 9 shows that in the July 10-13 OH sampling period the Thermo Electron CEM 
results for HgT (black symbols) were generally close to or slightly above the 
corresponding OH reference method results (green symbols).  The Apex results (red 
symbols) were generally greater than the corresponding OH results, in some cases by up 
to 0.5 µg/dscm.  Most strikingly in Figure 9, the Tekran results (blue symbols) show a 
different picture than was seen in the first OH sampling period (Figure 8).  The Tekran 
results for HgT and Hg0 in Figure 9 are often well below the corresponding OH results.  
The Tekran results in the first run are the most obvious example, but the Tekran results in 
runs 6 and 7 are also only about half of the corresponding OH values. The reason for the 
very low Tekran readings in the first run was that the Tekran operator changed the lamp 
in his mercury analyzer, but did not readjust instrument voltages appropriately.  This 
problem caused frequent very low or “0” readings for stack gas mercury.  The Tekran 
operator identified this problem and notified Battelle staff while the first OH run was 
going on, so that run is excluded from calculation of relative accuracy.  The Tekran 
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operator made adjustments to his CEM before the next OH run.  However, the same 
problem was observed later, i.e., a recurrence of frequent low readings or readings of “0” 
µg/dscm from the Tekran CEM over substantial periods of time.  The Tekran operator 
made an effort to correct this problem, but it clearly had an affect on the Tekran readings 
during the second OH period. 
 
Figure 10 presents another illustration of the overall results obtained in this project, 
showing the HgT results reported from the Tekran (data in red in Figure 10) and Thermo 
Electron (data in black) CEMs over the entire six-week field period.  The relatively short 
operational period of the Thermo Electron system is apparent from this plot.  Also 
evident in data from both CEMs is the daily cycle of stack gas mercury levels, which 
resulted from the daily cycle of load on Unit 17.  The reduction in load in the early 
morning hours of most days resulted in characteristically lower mercury levels in those 
periods.   Figure 10 shows that the Tekran HgT readings were predominantly below 1 
µg/dscm throughout the field period, whereas those from the Thermo Electron CEM 
ranged predominantly from 1 to 1.5 µg/dscm.  A three-day gap in the data recovered from 
the Thermo Electron CEM is also evident on days 31 through 34 (July 13 through 16).  
The Thermo Electron CEM operated well on those days, and displayed measured HgT 
data, but apparently did not record those readings.   
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Figure 10.  Readings of HgT from Tekran (red) and Thermo Electron (black) CEMs 
During the Field Period. 
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Figure 10 also illustrates the occurrence of frequent readings of “0” from the Tekran 
CEM, as was noted above in the discussion of Figure 9.  These readings were numerous 
during days 15 through 30 (June 27 through July 12), and on these days the non-zero HgT 
readings were also relatively low compared to the bulk of HgT readings in other time 
periods.  This behavior was pointed out to the Tekran operator, who took corrective 
measures, but clearly this behavior persisted for extensive periods of time.  The cause of 
the “0” readings is related to the zero or baseline reading that the CEM uses to determine 
the measured mercury concentration, according to the Tekran operator.   
 
The specific performance of the two CEMs and two sorbent systems in this project is 
described below for each performance parameter evaluated. 
 
Accuracy relative to the OH results, calculated using Equation 1, is summarized in Table 
6 for each of the four mercury systems in each of the OH sampling periods.  Relative 
accuracy results refer to HgT measurement for all systems except Tekran, for which RA 
values are shown for both HgT and Hg0.  RA values for ESC and Apex were calculated 
using the stack gas data uncorrected for trap spike recovery, as well as after correction for 
spike recovery.  Note that a lower RA value indicates better agreement with the OH 
method, and RA values below 20% are considered acceptable.[1,9] 
 
Table 6.  Relative Accuracy Results. 
 

Relative Accuracy, % 

Tested System 
First 

 OH Data Seta 
Second 

 OH Data Setb 
Tekran Series 3300 CEM 18.5/15.4c 28.7/27.8c, d 
Thermo Electron CEM --e 16.4f 
ESC HG-434K Sorbent System 29.5 (37.0)f -- 
Apex Instruments Sorbent System -- 26.6 (20.3)f 
a: June 12-15, 2006. 
b: July 10-13, 2006. 
c: RA results shown for HgT/Hg0. 
d: RA calculated based on nine runs, after exclusion of worst data points. 
e: System not operated during this OH sampling period. 
f: RA results shown for HgT, and for sorbent systems uncorrected (corrected) for trap spike recovery. 
 
 
Table 6 shows that the Tekran CEM achieved RA values below 20% for both HgT and 
Hg0 in comparison to the first OH data set, but not in comparison to the second OH data 
set.  As shown in Figures 9 and 10, the Tekran readings were unexpectedly low during 
parts of the second OH sampling period.  The Tekran results from that period showing 
the poorest agreement with the corresponding OH results were excluded from the RA 
calculation, leaving nine data points for both HgT and Hg0, and those results were used to 
calculate the Tekran RA values with the second OH data set.  Table 6 shows that even 
with this accommodation the Tekran RA results for the second data set were well above 
20%.   
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Table 6 shows that the Thermo Electron CEM achieved RA for HgT within 20% in the 
second OH comparison (this CEM was not in the field for the first OH comparison).   
 
Table 6 also shows that both sorbent systems had RA values for HgT that exceeded 25%, 
when the data were used without correction for trap spike recovery.  Correction for trap 
spike recovery made the RA result for the Hg-324K system higher (i.e., worse), but 
lowered (i.e., improved) the RA result for the Apex system.  This difference occurred 
because trap spike recoveries were less than 100% for the Frontier Geosciences traps 
used with the HG-324K system, but often exceeded 100% for the Ohio Lumex traps used 
with the Apex system. 
 
Another means of comparing OH results to CEM and sorbent results is to compare the 
average values of HgT, Hg0, and HgOX determined by the OH method over all 12 
sampling runs to the corresponding average results from each system over the same runs.  
This comparison is especially important at relatively low HgT concentrations, as were 
found in the Schahfer Unit 17 stack gas.  That comparison is shown in Table 7.  In 
calculating these average concentrations, one OH result for HgT was excluded from the 
second data set due to inadequate dual train precision, and the Tekran results from the 
first OH run of the second set were excluded, for the reason noted above in discussion of 
Figure 9.   
 
Table 7.  Comparison of Mean HgT, Hg0, and HgOX Values in Ontario Hydro Runs. 
 

Average Value, µg/dscm 
First 

 OH Data Seta 
Second 

 OH Data Setb 

Tested System HgT Hg0 HgOX HgT Hg0 HgOX
Ontario Hydro Reference Method 0.815 0.768 0.047 1.008 0.959 0.056
Tekran CEM 0.923 0.849 0.074 0.797 0.695 0.102
Thermo Electron CEM --c -- -- 1.088 NAd NA 
ESC HG-434K Sorbent System 1.004 NA NA -- -- -- 
Apex Instruments Sorbent System -- -- -- 1.165 NA NA 
a: June 12-15, 2006. 
b: July 10-13, 2006. 
c: System not operated during this OH sampling period. 
d: NA = not applicable, this mercury species not measured by this system. 
 
 
The differences between the average CEM or sorbent results in Table 7 and the OH 
average values range from 0.08 to 0.21 µg/dscm for HgT, over all four of the mercury 
measurement systems.  The differences between the Tekran and OH average values for 
Hg0 are 0.081 and 0.264 µg/dscm, and those between the Tekran and OH results for HgOX 
are 0.027 and 0.046 µg/dscm.  All these differences are within the 1.0 µg/dscm difference 
deemed acceptable.[1,9]  However, it should be noted that that acceptable difference is 
approximately the same as the total mercury present in the Schahfer Unit 17 stack. 



20 

 

 
Linearity of response for the Tekran and Thermo Electron CEMS was evaluated using 
Equation 2 by comparing mercury calibration concentrations to the average response 
obtained when those calibration standards were run in triplicate.  Table 8 summarizes the 
linearity results, showing the mercury standard concentrations, individual and averaged 
triplicate results, and the resulting linearity error for each of the two CEMs. 
 
Table 8 shows that the LE ranged from 4.7 to 6.9% over a concentration range of about 
1.0 to 4.5 µg/dscm for the Tekran CEM.  This low concentration range was specifically 
chosen by the Tekran operator for applicability to the low stack gas mercury levels found 
in the Unit 17 stack.  The LE values for the Thermo Electron CEM ranged from 2.6 to 
7.2% over a mercury concentration range of 3.0 to 9.0 µg/dscm.  All the LE values from 
both CEMs are within the 10% acceptance criterion established in Part 75,[1] and the 
absolute differences between the standard values and the average CEM readings are also 
well within the alternate 1 µg/dscm acceptance range.[1] 
 
Table 8.  Summary of Linearity Results for Tekran and Thermo Electron CEMs. 
 

CEM 
Hg0 Standard 

µg/dscm 
Responses 
µg/dscm 

Average 
µg/dscm 

Linearity 
Error, % 

Tekran 1.034 
1.447 
0.821 
0.640 

0.970 6.2 

 2.412 
2.556 
2.096 
2.087 

2.246 6.9 

 4.478 
4.375 
4.294 
4.136 

4.268 4.7 

Thermo Electron 3.00 
3.24 
3.17 
3.24 

3.22 7.2 

 6.00 
6.20 
6.13 
6.15 

6.16 2.7 

 9.00 
9.20 
9.24 
9.25 

9.23 2.6 

 
 
Cycle time of the two CEMS was assessed by inspection of periods when the CEM was 
switched between sampling of zero or calibration gas and sampling of stack gas.  The 
cycle time of the Tekran CEM was found to be 7.5 to 10 minutes, whereas that of the 
Thermo Electron CEM was found to be 5 to 6 minutes.  In both cases these cycle times 
were after switching from calibration gas of about 5 to 20 µg/dscm to stack gas; 
stabilization times after switching from zero gas to stack gas were the same or shorter for 
both CEMs.  These cycle times are within the 15 minutes required under Part 75.[1] 
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Zero/calibration stability of the two CEMs was determined based on zero and 
calibration responses obtained on each of seven consecutive days.  Table 9 summarizes 
the results for both CEMs, listing the zero and calibration responses and the resulting 
calibration error, calculated according to Equation 3 and expressed as a percentage of the 
10 µg/dscm span value.  Table 9 shows that the Thermo Electron CEM was highly stable, 
with all zero readings within 0.027 µg/dscm (0.27% of span), and all calibration readings 
within 0.13 µg/dscm (1.3% of span) of the 10 µg/dscm standard.  The Tekran CEM 
exhibited much less stability, with zero readings up to 1.455 µg/dscm (14.6% of span), 
and differences from the 4.478 µg/dscm standard of up to 0.314 µg/dscm (3.14% of 
span).  All the Thermo Electron results, and the Tekran calibration results, are within the 
5% of span acceptance criterion in Part 75,[1] and well within the alternate 1 µg/dscm 
acceptance criterion for a span range of 10 µg/dscm.  However, the zero readings of the 
Tekran CEM all exceeded the 5% acceptance criterion, and the result from July 24 even 
exceeded the 1 µg/dscm tolerance. 
 
Table 9.  Results of Zero/Calibration Stability Tests for Tekran and Thermo 

Electron  CEMs. 
 

CEM 

Zero 
Readings 
µg/dscm 

Difference 
from 

Standarda 
µg/dscm 

Zero 
Error %b 

Calibration 
Readings 
 µg/dscm 

Difference 
from  

Standard 
µg/dscm 

Calibration 
Error %b 

Tekran 
July 18 0.814 0.814 8.14 4.251 0.227c 2.27 
July 19 0.575 0.575 5.75 4.393 0.085c 0.85 
July 20 0.895 0.895 8.95 4.544 0.066c 0.66 
July 21 0.679 0.679 6.79 4.265 0.214c 2.14 
July 22 0.738 0.738 7.38 4.327 0.151c 1.51 
July 23 0.976 0.976 9.76 4.559 0.081c 0.81 
July 24 1.455 1.455 14.6 4.792 0.314c 3.14 

Thermo Electron 
July 17 0.025 0.025 0.25 10.06 0.06d 0.6 
July 18 0.025 0.025 0.25 10.00 0.00d 0.0 
July 19 0.024 0.024 0.24 10.04 0.04d 0.4 
July 20 0.026 0.026 0.26 10.01 0.01d 0.1 
July 21 0.027 0.027 0.27 10.07 0.07d 0.7 
July 22 0.026 0.026 0.26 10.09 0.09d 0.9 
July 23 0.027 0.027 0.27 10.13 0.13d 1.3 

a:  Relative to standard concentration of zero. 
b:  Calculated relative to span value of 10 µg/dscm. 
c:  Relative to standard concentration of 4.478 µg/dscm. 
d:  Relative to standard concentration of 10.00 µg/dscm. 
 
 
Data completeness was assessed for the two CEMs based on the portion of the field 
period that each was in operation.  Data completeness for the two sorbent systems was 
evaluated based on the number of sampling runs that were completed with each system 
during the corresponding 12 OH runs.   
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The maximum operational period for the CEMs was from the start of the first OH run on 
June 12 to the shutdown of the field effort on July 25, a total of 43.4 days.  The Tekran 
CEM operated for all of that period, suffering minimal down time or loss of data, thus 
achieving 99.9% data completeness.  The resulting 43.3 days of data for the Tekran CEM 
consisted of 4.1 days (9.5%) in calibration, zeroing, and other programmed quality 
control procedures; 1.1 days (2.5%) conducting or re-stabilizing after programmed filter 
blowback; and 38.1 days (87.9%) of routine monitoring of stack gas mercury.  However, 
8.1 days (18.6% of the total field time) of that routine monitoring produced Tekran 
readings of “0” µg/dscm on stack gas.  These erroneous readings apparently arose 
because of a problem in establishing the detector baseline in the Tekran CEM, as 
discussed above. 
 
The Thermo Electron CEM was operational in the field for 16.8 days, or only 38.7% of 
the entire field period.  When it was operational, however, the Thermo Electron CEM 
operated reliably.  Those 16.8 days for the Thermo Electron CEM consisted of 1.2 days 
(7.4%) of calibration, zeroing, and other programmed quality control procedures; 0.1 
days (0.8%) conducting or re-stabilizing after programmed filter blowback; and 15.4 days 
(91.8%) of routine monitoring of stack gas mercury.   Unfortunately, 3.3 days (19.7% of 
the Thermo Electron operational time) of that routine monitoring was apparently not 
recorded by the CEM, so only 12.1 days of actual stack gas data were recovered from the 
Thermo Electron CEM. 
 
The ESC sorbent system operated without fault throughout all 12 OH runs, with the one 
exception of a failed post-test leak check after the eighth run.  Thus its data completeness 
was calculated as (11/12) × 100 = 91.7%. 
 
The Apex sorbent sampler suffered from frequent breakage of traps, and consequently 
both traps were recovered in only 7 of the 12 OH runs, and one trap was recovered in the 
other 5 runs.  Taking those runs with only one trap recovered as being only half complete, 
the Apex data completeness was calculated as ((7 + 0.5 × 5)/12)) x 100 = 79.2%. 
 
Operational factors were assessed for each CEM and sorbent system, as follows. 
 
Tekran Series 3300 Mercury CEM:  The Tekran CEM used high purity argon gas at a rate 
of about 200 cm3/minute, consuming one standard 2,000 psi cylinder of argon in about 
one month of continuous operation.   This CEM also used deionized water at a rate of 
about 3 liters per day.  As noted above under Experimental Procedures, this CEM 
required both 240 and 120 VAC power, and required power connections both at the 
ground and aloft at the stack sampling port.  Facility compressed air was also required.  
This CEM used software that controlled all monitoring, calibration, and data acquisition 
functions, and provided a detailed display of current readings and activity that was 
valuable in the field.  For example, it was possible to tell at a glance what the most recent 
mercury reading was, whether it was of HgT or Hg0, and whether a zero, calibration, 
blowback, or other QA activity was in progress.  A running plot of mercury data could 
also be displayed.  This software is fully accessible by means of an analog phone line 
through a modem built into the CEM’s computer, and Tekran frequently used this means 
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of access to the CEM.  The data system automatically recorded a detailed record of all 
measurements and operations conducted over each day of monitoring.   Inspection of 
these files gave complete and understandable access to the CEM’s operation over the test 
period.  
 
The Tekran CEM operated reliably throughout the test period, in the sense of having 
negligible down time.  However, several problems did require substantial attention by 
Tekran representatives over the course of test.  These included adjustments to the internal 
filter temperature, probe dilution ratio, and duration of daily zeroing, and replacement of 
the UV lamp in the mercury analyzer.  The most recurring problem was the occurrence of 
low or zero readings for mercury.  Tekran was first notified of this issue on June 26 after 
the problem was noticed by Unit 17 field staff.  Efforts to diagnose the problem via 
modem connection were unsuccessful, and Tekran personnel then suspected a plug in the 
sampling probe.  In early July efforts were made to clean the probe, culminating with the 
probe being pulled from the stack on July 9 and reinstalled at a slight downward angle.  
At this time the voltage of the UV lamp was also adjusted from 14 V to about 8 V.  
However, the erroneous low readings persisted, and on June 10 the Tekran representative 
concluded that the photomultiplier voltage also should have been adjusted when the lamp 
voltage was adjusted.  The Tekran CEM readings during the first OH run on July 10 were 
severely low, and the Tekran representative requested that this run be omitted from 
calculation of relative accuracy.  He continued to work on the problem, but it was 
apparently not corrected until the UV lamp was again replaced on July 12.  After that 
date, the erroneous zero readings were not seen again in the Tekran data (see Figure 10). 
   
Tekran representatives spent a total of about 21 man-days at the Schahfer Unit 17 test site 
during the field test, and controlled the CEM remotely via modem in other periods.  Most 
of the on-site days were during the initial installation and startup, when two Tekran 
representatives were on site. 
 
Thermo Electron Mercury Freedom System:  The Thermo Electron CEM used only 
electrical power and facility compressed air as consumables.  The electrical power needs 
consisted of two 15A circuits to run the rack system in the trailer, and three 30A circuits 
for the umbilical, the stack sampling probe, and the mercury converter, respectively.  
This CEM used software that controlled all monitoring, calibration, and data acquisition 
functions, and displayed the current mercury reading on the front panel of the mercury 
analyzer.  The software is fully accessible by means of an analog phone line through a 
modem built into the CEM’s computer, and Thermo Electron staff frequently used this 
means of access to the CEM.  The software automatically saved data records, but did not 
automatically save a data file over daily or other time periods.  Instead the operator 
entered the range of records (date, time) to be downloaded, and the software compiled 
those records into a data file.  This operation was carried out twice during the field 
period, on June 13 and July 25.  As noted above under Results and Discussion, data 
recovery was incomplete in the second download, as about three days of data were 
apparently unrecorded by the Thermo Electron CEM.   The data file produced by this 
download process was also hard to interpret, as CEM operations such as zeroes, 
calibrations, filter blowback, etc., were not clearly identified.  Instead, Battelle staff were 
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provided with a small Excel® file showing the code associated with each such operation, 
so that the data file could be interpreted.  Battelle staff wrote a program to automatically 
decipher the codes in the Thermo electron data file and insert identifiers for the data, but 
this would seem to be a process which should be embedded in the software itself.   

The Thermo Electron CEM did not arrive at the Schahfer Unit 17 site until June 19, due 
to problems found in the vendor’s pre-test checkout process, and continued to have 
problems once installed in the field.  On June 22 the Thermo Electron field engineer 
suspected that the inertial particle filter in the sampling probe was removing mercury 
from the stack gas sample, so the probe was brought to the ground level for cleaning.  
However, thorough cleaning of the probe on June 22 and 23 caused no improvement in 
CEM performance.  Over the next several days (until a Thermo Electron engineer arrived 
on July 6) Schahfer facility staff spent extensive time with Thermo Electron 
representatives by telephone trouble-shooting several alarms in the CEM, including low 
dilution flow; low filter dilution factor; pressure, flow, and span failure; high probe 
temperature; and low eductor pressure.  During this period, a valve was found to be in the 
wrong position in the CEM sampling probe, and an improper connection was found 
between the CEM and the laptop computer in the rack.  On July 6 there was no 
communication with the CEM probe controller, and over the next two days the Tekran 
engineer worked with Schahfer staff to rework the probe, check for plugging, install a 
new circuit board, and reestablish communication with probe.  These staff cleaned the 
probe and found that the stack gas sample flow rate was set at 20 L/min when a flow of 
about 2 L/min would be appropriate for a wet stack such as at Unit 17.  The sample flow 
was reduced to 2 L/min, and three critical orifices in the probe were cleaned and 
replaced.  At this time the Thermo Engineer also replaced a control board in the probe 
controller in the rack system, and corrected a check valve in the rack system that was 
installed backwards.  On the morning of July 10 the CEM was declared ready by Thermo 
Electron for monitoring in comparison with the OH method, and for the next several days 
the CEM operated apparently without problems and produced consistent readings of 
stack gas mercury.  However, the CEM probe temperature and converter temperature 
were found to be out of normal range by the early morning of 20 July, presumably due to 
a bad control board.  The Thermo Electron engineer also experienced difficulties during 
final calibration checks at the end of the test, on 25 July, and suspected problems in the 
filter or probe. 

Thermo Electron representatives spent about 11 man-days at the Schahfer Unit 17 test 
site during the field test, and controlled the CEM remotely via modem in other periods.  
In addition, several hours were spent over multiple days in telephone conversations 
between Thermo Electron and Schahfer facility staff, troubleshooting the behavior of the 
CEM.  
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Environmental Supply HG-324K Sorbent Sampler:  The Hg-324K was installed quickly 
at the Schahfer Unit 17 stack on June 11 and was operated by one vendor representative 
without serious problems for the subsequent four days of OH reference method sampling. 
A single failed post-test leak check was the only difficulty encountered over all 12 OH 
runs. The sorbent traps obtained from Frontier Geosciences were rugged and uniform in 
construction, so that no breakage occurred; and no problems were encountered in placing 
the traps into the end of the sampling probe or recovering them after sampling. The 
sampling probe used with the HG-324K was simple and relatively light in weight, and 
was handled by the one vendor operator in all sampling. The HG-324K sorbent sampling 
system incorporated the usual capabilities of a stack sampling box, but also included data 
acquisition and transfer capabilities. Those capabilities included wireless communication 
with a personal computer over distances up to several hundred feet, which allowed 
review and transfer of the sampling data at any time without interrupting the sampling 
itself. Data were recorded on magnetic card media in the HG-324K, providing a readily 
transportable and reliable means of data storage.   
 
Apex Instruments Mercury Sorbent System:  Apex Instruments had originally intended 
that the system tested in this project would use a new product, a dual-train digital meter 
box.  However, shortly before the field period, Apex personnel concluded that the dual 
digital unit was not quite ready for field evaluation. As a result, the system tested used 
two Apex Model XC-60 manual meter boxes, along with a SGC-4000Hg Stirling cooler 
to remove moisture from the sample gas, and a 9-foot long dual sampling probe. Also, 
because of other staff commitments, the Apex staff member who was sent to the Schahfer 
plant to operate the system had minimal previous experience with the unit.  Schahfer 
plant personnel who had experience with other Apex instrumentation for stack sampling 
provided assistance to this Apex representative at the start of testing. The Apex 
representative picked up the sampling procedures quickly and conducted all test runs in a 
thorough and conscientious manner, and the performance of the Apex sorbent sampling 
system was not limited by the operator’s efforts. However, performance was seriously 
affected by other factors. 
 
The greatest limitation of the Apex sorbent system was the poor quality of the sorbent 
traps used.  The traps were very fragile, and the glass tubing used for the traps was of 
inconsistent diameter. With some traps the glass tubing was slightly small in diameter, so 
that it was difficult to tighten the Teflon® ferrule that sealed the trap in place enough to 
achieve a seal; with other traps the tubing was slightly too large, so that the ferrule and 
corresponding nut could not even slide on over the tube. This inconsistency made 
installation and retrieval of the traps difficult, and coupled with the relatively thin wall of 
the glass tubing led to frequent breakage of the traps. The Apex representative had 
brought 30 sorbent traps to the Schahfer site, more than enough to conduct 12 runs with 
dual traps. However, in only seven of those 12 runs were both traps recovered for 
analysis, and in four others only one trap could be recovered. In the final OH run, only 
one usable sorbent trap remained, so that run was conducted using only one trap. It 
should be noted that this limitation due to the traps is not related to the Apex sampling 
technology itself, i.e., improvements in the quality of the sorbent traps should translate 
directly into improved performance of the entire system. 
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An additional limitation of the Apex sorbent sampling system was the relatively heavy 
sampling probe used with the system. This probe was very difficult for one operator to 
handle, and in fact the Apex operator suffered a burn from contacting the hot probe while 
attempting to withdraw the probe after an early sampling run. For safety, assistance was 
provided to the Apex operator in inserting and removing the probe for subsequent 
sampling runs. Development of a simpler, lighter sampling probe would be a valuable 
improvement to the Apex system. 
 
Task 4. Reporting 
 
This final report is the primary product of this project.  As noted above, two interim 
annual reports have also been submitted to the ICCI, in August 2005 and August 2006, 
respectively.  In addition, the ICCI will be provided with copies of four peer-reviewed 
technology verification reports that will be prepared under the ETV program.  Each of 
those ETV reports will present a factual description of the test results for one of the four 
technologies tested, without comparison to the other technologies.  ICCI staff (through 
the ICCI Project Manager) will be invited to review the ETV reports in draft form, and 
ICCI will be acknowledged in each ETV report as a collaborator in this field test.  The 
final ETV reports will be available from the EPA/ETV web site (www.epa.gov/etv), and 
will constitute a valuable additional product provided to the ICCI, without cost to this 
project. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
The main conclusion from this project is that each of the four mercury monitoring 
systems tested exhibited strengths and weaknesses.  Each appears capable of providing 
accurate mercury measurements in power plant stack gas, but with various limitations.   
 
Regarding the two sorbent sampling systems, the Apex Instruments sampling system 
operated well, but cannot be recommended as a mercury monitor until improved quality 
and durability of the sorbent traps is demonstrated.  The frequent breakage of traps 
observed in this project is unacceptable.  The Environmental Supply HG-324K performed 
reliably, and incorporates sophisticated data acquisition capabilities that would be highly 
valuable in routine use, but did not achieve close agreement with the Ontario Hydro 
reference method.  The HG-324K is moderately more expensive than the Apex system 
($18,750 vs. $10,000 to $15,000).  The major drawback of the sorbent systems is that 
they are not suited to be the primary mercury monitoring tool for a typical coal-fired 
power plant.  They would be most useful as a backup system for a CEM, or as a rapidly 
deployable measurement tool to assess mercury removal or transport within a plant. 
 
Regarding the two mercury CEMs, the results present a contradictory picture which 
makes it difficult to recommend one over the other.  The Tekran Series 3300 CEM was 
reliable in that it operated virtually without interruption throughout the entire six-week 
field period, and achieved accuracy of better than 20% in comparison to the first set of 
Ontario Hydro results.  However, that CEM also showed frequent erroneous “0” readings 
for stack gas mercury, and this behavior undoubtedly contributed to relatively poor 
accuracy in comparison to the second set of Ontario Hydro results.  The responsiveness 
of the vendor in supporting the Tekran CEM was good, but this also means that even with 
extensive involvement of the vendor only mixed performance was achieved from the 
Series 3300 in this project.   The Thermo Electron CEM exhibited a variety of problems 
which delayed its arrival in the field, and then severely limited the amount of data 
obtained once installed at the test site.  However, when it operated, this CEM was very 
stable and achieved the best accuracy for HgT of any of the systems tested, relative to the 
Ontario Hydro method.  The Thermo Electron CEM also required less electrical power 
than did the Tekran CEM, and did not require the argon gas and deionized water supplies 
required by the Tekran CEM. 
 
The overall recommendation arising from this project is that utilities burning Illinois coal 
(or any other coal) should consider the results of this project and of any comparable 
testing efforts before selecting a mercury monitoring system.  Consultation with other 
utilities is highly recommended, because the vendors whose products were tested in this 
project are also undergoing testing in the hands of other utilities, as well as by U.S. EPA.  
The mercury monitoring systems continue to develop, and the systems tested in this 
project are far superior to those tested previously under the ETV program.  Additional 
testing will presumably further narrow the field of mercury monitoring systems that merit 
consideration for use by electrical utilities. 
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(B) Assumes any liabilities with respect to the use of, or for damages resulting from the 

use of, any information, apparatus, method or process disclosed in this report. 
 
Reference herein to any specific commercial product, process, or service by trade name, 
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