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Abstract 

CONSOL Energy Inc., with partial funding from the Department of Energy (DOE) 
National Energy Technology Laboratory, designed a full-scale installation for a field trial 
of the Low-Temperature Mercury Control (LTMC) process, which has the ability to 
reduce mercury emissions from coal-fired power plants by over 90 percent, by cooling 
flue gas temperatures to approximately 230 °F and absorbing the mercury on the native 
carbon in the fly ash, as was recently demonstrated by CONSOL R&D on a slip-stream 
pilot plant at the Allegheny Energy Mitchell Station with partial support by DOE.  

LTMC has the potential to remove over 90 percent of the flue gas mercury at a cost at 
least an order of magnitude lower (on a $/lb mercury removed basis) than activated 
carbon injection.  The technology is suitable for retrofitting to existing and new plants, 
and, although it is best suited to bituminous coal-fired plants, it may have some 
applicability to the full range of coal types. 

Installation plans were altered and moved from the original project host site, PPL 
Martins Creek plant, to a second host site at Allegheny Energy’s R. Paul Smith plant, 
before installation actually occurred at the Jamestown (New York) Board of Public 
Utilities (BPU) Samuel A. Carlson (Carlson) Municipal Generating Station Unit 12, 
where the LTMC system was operated on a limited basis. 

At Carlson, over 60% mercury removal was demonstrated by cooling the flue gas to 
220-230 °F at the ESP inlet via humidification.  The host unit ESP operation was 
unaffected by the humidification and performed satisfactorily at low temperature 
conditions. 
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Introduction 

Coal-fired electric generating units (EGUs) are the largest source of anthropogenic 
mercury emissions in the United States (US).  During this project, the US Environmental 
Protection Agency (EPA) made two attempts at actions to regulate emissions of 
mercury from EGUs.  The first, the Clean Air Mercury Rule (CAMR), issued on March 
15, 2005, was required to be vacated as the US Court of Appeals for the District of 
Columbia Circuit ruled the US EPA improperly delisted EGUs from the list of source 
categories regulated under section 112 of the Clean Air Act (CAA) (US Court of 
Appeals, 2008). 

Consequently, the US EPA developed the Mercury and Air Toxics Standards (MATS), 
which were issued in final form on February 16, 2012, with an effective date of April 16, 
2012.  The standard set emissions limits for mercury as low as 1.3 x 10-2 pounds of 
mercury per gigawatt-hour of electric generation (lb/GWh) for existing non-low rank 
coal-fired EGUs and 2.0 x 10-4 lb/GWh for new non-low rank coal-fired EGUs. (US EPA, 
2012)   

MATS mercury reductions must be achieved by April 16, 2015.  Various technologies 
are presently under development or commercially available to reduce mercury 
emissions from coal-fired power plants, although no one technology offers the promise 
of uniformly reducing mercury emissions across the spectrum of power plant 
configurations and coal types.   

The current leading mercury-specific technology is powdered activated carbon (PAC) 
injection, also known as activated carbon injection (ACI).  However, ACI can be 
expensive.  When proposing MATS, US EPA assumed costs associated with controlling 
mercury for various unit sizes, configurations, and heat rates.  To achieve a 90 percent 
mercury reduction on a 300 megawatt (MW) bituminous coal-fired unit with a 10,000 
Btu/kilowatt-hour (kWh) heat rate that is equipped with a cold-side electrostatic 
precipitator (ESP) and no flue gas desulfurization (FGD), capital cost for an ACI system 
will be on the order of $3.8 million (mm).  Fixed and variable costs were assumed to be 
$0.05/kilowatt-year (kW-yr) and $0.003/kilowatt-hour (kWh) (United States 
Environmental Protection Agency, 2011). 

Other pollution control technologies can remove mercury from flue gases as a “co-
benefit.”  Various combinations of selective catalytic reduction (SCR), FGD, ESPs, and 
fabric filters (FF) can reduce stack mercury emissions.  However, the co-benefit effect 
varies considerably from plant to plant.  The development of new, low-cost mercury 
control technologies that are suitable for retrofitting to existing plants would greatly 
assist coal-fired electric generating plants in complying with anticipated mercury 
reduction requirements. 

CONSOL Energy Inc., Research & Development (CONSOL), has developed the Low 
Temperature Mercury Capture (LTMC) process, which is a low-cost, technically-simple 
mercury control technology capable of achieving over 90% mercury removal.  The 
concept is to absorb mercury on the existing fly ash in the flue gas, by cooling the flue 
gas to 200-240 °F with the existing air preheater (Arrangement A) or with a water spray 
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humidification system (Arrangement B).  The fly ash and mercury are then captured in 
the power plant’s particulate collection device.   

In Arrangement A, an alkaline material such as magnesium hydroxide (Mg(OH)2) may 
be injected into the flue gas upstream of the air preheater to capture sulfur trioxide 
(SO3) and prevent corrosion of downstream equipment and ductwork.  The process also 
offers the potential advantage of increasing overall plant efficiency if the air heater is 
used to reduce the flue gas temperature (Fenger & Winschel, 2006).   

With Arrangement B, the simplest form of the process used when the existing air heater 
does not have excess cooling capacity, the LTMC system incorporates a water spray 
humidification system to cool the flue gas and potentially a Mg(OH)2 injection system to 
mitigate potential acid gas corrosion problems; the process requires very little capital 
investment because it uses the existing particulate collection device to capture the 
mercury-laden particles.  Below is a conceptual schematic of the process in its simplest 
form. 

 

 

Figure 1. Conceptual schematic of an LTMC installation. 

The Mg(OH)2 injection system and the water spray injection system were designed and 
fabricated by Lechler, Inc.  Lechler designed and fabricated the Mg(OH)2 nozzles and 
the water spray nozzles used in CONSOL’s pilot plant tests of the LTMC process at 
Allegheny Energy’s Mitchell Station.   

The Mg(OH)2 was provided by Martin Marietta Materials, a leading U.S. producer of 
magnesia-based chemical products used in a variety of industrial, chemical and 
environmental applications.   

The technology has several potential benefits; the most important being the potential to 
provide over 90% Mercury removal at a projected cost at least an order of magnitude 
lower than PAC injection.  LTMC is suitable for retrofitting to existing plants provided 
that they generate sufficient quantities of unburned carbon in the fly ash.  The process 
may be applicable to the full range of coal types, but its effectiveness has been shown 
so far only for bituminous coals.  In addition to controlling mercury emissions, in most 
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cases the technology reduces the emissions of SO3, which is a precursor of secondary 
fine particulate matter and is reportable under the Toxic Release Inventory. 

Due to a change in DOE programmatic direction, DOE decided not to fully fund the 
project, preventing the team from performing the full-scale field test at the PPL Martins 
Creek Station Unit 1, as originally planned.  The project team then endeavored to locate 
a suitable alternative host site at which the LTMC process could be field tested within 
the reduced available budget, even if it meant reducing the scope and operating time.   

The Allegheny Energy R. Paul Smith Station Unit 4 appeared to be an excellent 
candidate, until it was determined that its operating conditions were so close to those of 
the LTMC process that it routinely achieved greater than 90% mercury capture at its 
baseline conditions, which included water-spray cooling; it was senseless to try to 
remove an additional 90%.  Moreover, the retrofit addition of a fabric filtration device to 
the unit in early 2008 made this an even less attractive host site, because that only 
promised to increase the baseline removal of mercury.   

Early in 2008, the project team was working with Allegheny Energy to move the project 
to Armstrong Unit 2, but it became apparent that that location was far from ideal for the 
field trial because of its large size, the split duct arrangement, and the presence of duct 
obstructions.   

During the summer of 2008, a new, nearly ideal, location for the field trial was identified 
at the Jamestown (New York) Board of Public Utilities (BPU) Samuel A. Carlson 
(Carlson) Municipal Generating Station Unit 12, where the LTMC system was installed 
and operated on a limited basis. 

Executive Summary 

CONSOL Energy Inc., Research & Development (CONSOL), with support from the U.S. 
Department of Energy’s (DOE) National Energy Technology Laboratory (NETL), 
conducted a five-year program to conduct a full-scale field trial of the Low Temperature 
Mercury Control process.  The process was to be installed on a coal-fired power 
generating station to reduce mercury emissions.  

The technology works by deeply cooling the exhaust gases with the air heater or with 
added water spray (designed and provided by Lechler, Inc.) and permitting the mercury 
to absorb on the native carbon in the flue gas fly ash that is then captured in the power 
plant’s existing particulate collection device.  An alkaline material (e.g. magnesium 
hydroxide slurry, provided in this project by our collaborator, Martin Marietta Materials) 
can be injected to remove sulfur trioxide and prevent corrosion and fouling of the power 
plant air heater and ductwork.  

The process was initially planned for installation on the PPL Martins Creek Plant Unit 1 
before a change in DOE programmatic direction reduced available funding for the 
project and forced a downscaling of plans, making it impossible to continue the test at 
the Martins Creek location.  A second host site was found in the Allegheny Energy R. 
Paul Smith Unit 4 where baseline operations already included water spray for flue gas 
conditioning; however, an unplanned enhancement of the flue gas particulate control 
devices would have made achievement of the project goal of a 90% improvement over 
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baseline mercury removal unrealistic as the baseline mercury removal was already in 
excess of 90%.  As a result, plans were terminated at the R. Paul Smith Plant. 

Full installation finally occurred at the Jamestown (New York) Board of Public Utilities 
(BPU) Samuel A. Carlson (Carlson) Municipal Generating Station Unit 12, where the 
LTMC system was operated for a two-week period. 

Over 60% mercury removal was demonstrated by cooling the flue gas via humidification 
to 220-230 °F at the ESP inlet.  The host unit ESP operation was unaffected by the 
humidification and performed satisfactorily at low temperature conditions. 

Experimental 

Prior to selecting the final host plant, Jamestown BPU Carlson, the project was hosted 
at PPLs Martins Creek Station and the Allegheny Energy R. Paul Smith Station.  
Significant work was accomplished at each of these locations before the changes 
discussed above forced the relocation of the project to the next host site.  The following 
sections detail that work. 

PPL Martins Creek 

Baseline Testing 

The original host site for this project was the PPL Martins Creek plant on Unit 1.  
Activities at this location were initiated shortly after the project kick-off meeting in the fall 
of 2006.  Unit 1 flue gas split into two separate flow paths, which allowed for direct 
comparison between a controlled stream (“A” Duct) and an uncontrolled stream (“B” 
Duct).  

Lances were to be installed on the “A” Duct, between the air heater outlet and the ESP 
inlet, to spray a mix of water and magnesium hydroxide (Mg(OH2)), which would reduce 
flue gas temperatures and neutralize acid gases. 

Mercury and SO3 sampling was performed on the “A” duct at the ESP inlet (Figure 3) 
while only mercury sampling was conducted on “A” and “B” ESP outlet ducts (Figure 4).  
Boiler coal and ESP ash samples were collected for each test period.  The resulting test 
data provide baseline air heater outlet SO3 concentrations, baseline total mercury 
removal, and “A” duct ESP mercury removal.  Average “A” duct removal was 
comparable to the average overall removal; however, the mass balance for test three 
indicated that the coal samples or the results for that test may not have been 
representative of the actual mercury input; therefore, the results from that test are 
reported, but not included in any average mercury value. 

The average results for the tests are summarized in Table 1. 
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Figure 2.  PPL Martins Creek ESP inlet sampling location. 

 

Figure 3.  PPL Martins Creek ESP outlet sampling location. 
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Location ESP 
Inlet A 

ESP 
Outlet A 

ESP 
Outlet B Parameter 

SO3, ppmva @ 0% O2 

Gas Phase 3.4     

Total Phase 3.6     

Dew Point, °°°°F 240     

Particle-bound Hg 
µµµµg/dscmb    4.71 0.003 0.002 

mg/secc 4.03 0.0003 0.0002 

Oxidized Hg 
µµµµg/dscm    6.99 8.52 7.81 

mg/sec    0.60 0.67 0.65 

Elemental Hg 
µµµµg/dscm    0.50 1.76 1.88 

mg/sec 0.04 0.14 0.16 

Total Hg 
µµµµg/dscm    12.2 10.3 9.69 

mg/sec 1.05 0.80 0.81 

Duct "A" Hg removal, ESP in-to-ESP out [%]d 23.5 

Total Hg removal, coal-to-ESP out [%]d 28.0 

a – Parts per million, by volume 
b – Micrograms per dry standard cubic meter 
c – Milligrams per second 
d – Removals calculated on mg/sec basis. 

Table 1.  Summary of Martins Creek Baseline Test Results. 

Sulfur trioxide (SO3) and mercury sampling was conducted on the host unit during the 
week of December 4, 2006.  SO3 samples were only taken at the ESP inlet, “A” duct.  
ESP inlet flow measurements that were taken during the baseline testing were 
forwarded to Lecher and AirFlow Sciences for use in a computational fluid dynamics 
(CFD) model used in the design of the lance nozzle layout geometry. 

Project Planning and Activities 

In preparation of the project proceeding at Martins Creek, CONSOL and our 
collaborators, Lechler and Martin Marietta Materials, developed the plans necessary to 
proceed with the installation.  The following activities were a part of that process: 

• Acquisition of two Tekran continuous mercury monitoring systems to measure 
the mercury concentrations in the ESP “A”  and “B” ducts, 

• Electrical switch gear controls for the LTMC process components, and 
• Completion of the CFD modeling to specify the lance nozzle arrangement. 
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Late in the second calendar quarter of the project DOE advised CONSOL that no 
additional funding would be allocated for this project.  On April 11, 2007, CONSOL 
advised all of its suppliers, subcontractors, and collaborators to stop work in an effort to 
conserve funds. It was determined that, without the originally expected additional 
allocation, CONSOL would not have sufficient funds to complete the installation at 
Martins Creek Station and conduct the field test, as planned.   

Allegheny Energy R. Paul Smith 

While working through the cancellation of efforts at Martins Creek, we searched for an 
alternative host site where the main elements of the project could be completed within 
the reduced budget.  Allegheny Energy’s R. Paul Smith Station’s 88MW bituminous 
coal-fired Unit 4 was identified as an attractive candidate host site.  Particularly 
attractive features were that it produces ash with fairly high levels of unburned carbon 
and it used humidification for ESP performance enhancement, thus reducing the 
required budget for an LTMC test. 

Baseline Testing 

The Unit 4 ductwork splits the boiler flue gas into two streams designated “A” and “B,” 
upstream of the ESP (Figure 4).  The two ducts combine at the ESP inlet plenum, from 
which point the flue gas is routed through a common pathway through two sequential 
ESPs and then finally to the exhaust stack (Figure 5).  Sulfur trioxide sampling was 
performed on both ducts at the air heater outlet while mercury sampling was conducted 
at the stack location only.  Unit 4 operations incorporate a humidification system 
downstream of the air heater to condition the flue gas to enhance particulate matter 
removal.  Four tests were conducted; two with the humidification system inactive and 
two with the system active to determine the impact humidification had on the flue gas, 
both in terms of SO3 and mercury concentrations and flue gas temperatures. 
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Figure 4. R. Paul Smith ESP inlet sampling location. 

 

Figure 5.  R. Paul Smith stack location. 

The resulting test data provide baseline air heater outlet SO3 concentrations and 
baseline total mercury removal from coal input.  The average results for the tests are 
summarized in Tables 2 and 3.  The results show that humidification allowed for a 
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decrease in flue gas temperature at the stack from 297 °F to 278 °F, provided a 
decrease in SO3 concentration, and perhaps a small increase in the already very high 
mercury removal. 

Test 
No 

Humidi-
fication 
Status 

Date & Time 
Average 

Duct Temp., 

°°°°F 

Average 
Duct O2, vol 

%, dry 

SO3 Concentration, ppmv
a
 dry 

@ 0% O2 

As Sampled 
Corrected to 

0% O2 

BL-1 Inactive 09/11/2007 1615-1716 330 4.5 8.1 10.3 

BL-2 Inactive 09/11/2007 1740-1841 326 4.5 6.1 7.8 

BL-3 Active 09/12/2007 1023-1124 227 4.5 5.2 6.6 

BL-4 Active 09/12/2007 1145-1246 262 4.0 2.2 2.8 

a – Parts per million, by volume 

Table 2.  Summary of R. Paul Smith Baseline Air Heater Outlet SO3 Test Results  

 

Humidification Status Inactive Active 

Average Flue Gas Temp. °°°°F    297 278 

Particle-bound Hg, (dry) 
µµµµg/dscma    0.12 0.11 

mg/secb 0.02 0.01 

Oxidized Hg, (dry) 
µµµµg/dscm    1.14 0.69 

mg/sec    0.12 0.08 

Elemental Hg, (dry) 
µµµµg/dscm    0.25 0.25 

mg/sec 0.03 0.03 

Total Hg, (dry) 
µµµµg/dscm    1.51 1.05 

mg/sec 0.17 0.12 

Coal Feed Mercury Input, mg/sec 1.82 1.81 

Total Hg removal, coal-to-ESP out [%] 90.7 93.4 

  a – Micrograms per dry standard cubic meter 
b – Milligrams per second 

Table 3.  Summary of R. Paul Smith Baseline Mercury Testing at the Stack 

The particle-bound and elemental mercury concentrations remained consistent 
regardless of humidification status; however, the vapor phase oxidized concentrations 



DE-FC26-06NT42777 
Final Report 

 

10 
 

decreased with the humidification system in service.  The decrease in oxidized mercury 
translated to an improvement in baseline mercury removal as well.  

Test Number BL-1 BL-2 BL-3 BL-4 

Humidification Status Inactive Inactive Active Active 

Coal Hg input [mg/sec] 1.93 1.70 2.00 1.62 

Total Hg in stack flue gas [mg/sec] 0.17 0.16 0.10 0.13 

Hg removal, coal vs. stack [%] 91.2 90.6 95.0 92.0 

Average Hg Removal [%] 90.9 93.5 

Table 4.  Summary of R. Paul Smith Baseline Hg Removal 

The high mercury removal reported from the R. Paul Smith Baseline testing was likely 
the combined result of the existing humidification system, the low ESP temperatures, 
and high levels of carbon in the fly ash (>33% avg.), which, in essence, proves the 
LTMC process theory.  Table 5 details the results of the fly ash sample analyses. 
 

Test No. BL-1 BL-2 BL-3 BL-4 

Test Date 09/11/07 9/11/07 09/12/07 09/12/07 

  Moisture (%, as det'd) 0.16 0.16 0.23 0.11 

  Ash (%, dry) 62.25 60.70 53.76 83.19 

  Total Carbon (%, dry) 35.71 38.56 42.49 16.15 

  Chlorine (%, dry) 0.011 0.010 0.018 0.005 

  Mercury (ppm, dry) 1.18 1.76 2.29 1.19 

Major Ash Element (%, dry)         

SiO2  31.93 30.32 31.97 47.65 

Al2O3  18.9 18.49 18.67 25.6 

TiO2  0.95 0.99 0.99 1.44 

Fe2O3  6.74 6.37 5.78 5.56 

CaO  1.09 1.05 0.72 1.2 

MgO  0.49 0.47 0.41 0.6 

Na2O  0.17 0.14 0.13 0.22 

K2O  1.65 1.55 1.46 2.23 

P2O5  0.33 0.31 0.26 0.29 

SO3  0.24 0.23 0.31 0.17 

Table 5.  R. Paul Smith Baseline ESP Hopper Ash Analyses 
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Project Planning and Activities 

In preparation of the LTMC testing at R. Paul Smith, a number of activities were 
conducted by CONSOL and our collaborators, including: 

• One Tekran unit, originally ordered for the test at Martins Creek Station, was 
delivered and installed at R. Paul Smith Station;   

• Operator training for the mercury analyzer was held at the R. Paul Smith Station; 
• Martin Marietta installed the Mg(OH)2 storage tanks, day tanks, injection pump, 

and hosing for SO3 control.  Figure 6 shows the day tanks and SO3 control 
equipment, in place; and 

• R. Paul Smith Station personnel installed the Mg(OH)2  mixer and ratio controller. 

 

Figure 6. SO3 control system at R. Paul Smith station. 

R. Paul Smith LTMC Parametric Testing 

As a cost-saving measure, the project team utilized the existing humidification lances 
(Figure 7) for the LTMC system and the Mg(OH)2 slurry injection system was plumbed 
into the existing water lines.  The LTMC injection system was commissioned and 
operated by adding 65 lb/hr of a 60 percent Mg(OH)2 slurry to the existing water spray 
system that operated at the maximum water flow rate of 19 gpm.  Flue gas temperature 
control was limited by the existing system’s available water flow.  Within a week, the 
lances, nozzles, headers, hosing, etc. plugged solid with magnesium hydroxide.  The 
hardware was cleaned and injection was resumed to allow for parametric emissions 
evaluations.   



DE-FC26-06NT42777 
Final Report 

 

12 
 

 

Figure 7.  Existing water spray system header at R. Paul Smith station. 

A test program was conducted to determine the impact of adding a 60 percent Mg(OH)2 

slurry injection to the existing Unit 4 Evaporative Gas Cooling (EGC) system on flue gas 
SO3 and mercury concentrations as compared to the results of the baseline flue gas 
evaluation CONSOL conducted on Unit 4 on September 11 and 12, 2007. (Locke & 
Green, 2008).  Flue gas mercury measurements were performed at the stack using the 
Ontario-Hydro Flue Gas Mercury Speciation Method (OH) (ASTM D6784-02).   

During this test program a 60 percent Mg(OH)2 slurry was introduced to the EGC 
system at a rate of 92.5 lb/hr, which is 84 percent of the slurry injection capacity in an 
attempt to achieve a Mg(OH)2/SO3 molar ratio of 5:1.  The EGC system was in 
operation in each duct at a maximum rate of 19 gpm.  Unit 4 was operating at 84 MW. 

Sulfur trioxide was not sampled at the air heater outlet, as was done during the baseline 
testing as the air heater outlet sampling location is immediately downstream of the EGC 
system.  At this location, the water added by the EGC system has not had sufficient 
time to evaporate; therefore, the slurry would not have enough time to impact the flue 
gas SO3.   CONSOL determined that the stack would be a more suitable sampling point 
for determination of flue gas SO3 concentrations.  The flue gas test program included 
one SO3 measurement with the Controlled Condensation Method on the first sampling 
day to verify that the injection of Mg(OH)2 reduced SO3 concentrations in the flue gas 
and one mercury measurement with OH on each of the two days of testing.   

Table 6 presents the results of the SO3 test conducted during Mg(OH)2 injection.  
Results do not show additional SO3 reduction over baseline conditions (Tables 1 and 2) 
with the addition of Mg(OH)2 injection; however, the humidification system at R. Paul 
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Smith was not designed for slurry injection, which likely resulted in poor distribution of 
Mg(OH)2. 

Table 7 exhibits the coal feed rates and coal mercury concentrations along with flue gas 
temperatures and mercury concentrations for the Mg(OH)2 injection tests.  No 
appreciable improvement over the already deep mercury removal of baseline conditions 
(90-93%) was observed. 

Sample Date 09/25/07 

Test Condition Mg(OH)2 Injection 

Sampling Location Stack 

Coal Feed Rate (kpph, dry) 78.3 

Sulfur in Coal (%, dry) 0.87 

Flue Gas  Temperature (°F) 278 

Gas Phase SO3, (ppmvd @ 0% O2) 7.7 

Table 6.  LTMC Parametric Testing Gas Phase SO3 Concentration. 
 

Sample Date 9/25/2007 9/26/2007 

Test Condition 
Mg(OH)2 

Injection 

Mg(OH)2 

Injection 

Measurement Point 
Coal 

Feed 
Stack 

Coal 

Feed 
Stack 

Coal Feed Rate (kpph, dry) 74.7  75.2  

Coal Hg (ppm, dry) 0.243  0.194  

Coal Hg (lb/Tbtu) 19.7  15.7  

Coal Hg (mg/sec) 2.29  1.84  

Flow (dscmm)  6,670  6,650 

Flue Gas Temperature (°F)  277  250 

Particle-Bound Hg (mg/sec)  0.11  0.12 

Vapor-Phase Ionic Hg (mg/sec)  0.05  0.04 

Vapor-Phase Elemental Hg 
(mg/sec) 

 0.007  0.004 

Total Hg (mg/sec)  0.17  0.16 

Coal-to-Stack Removal 92.6 91.3 
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Table 7.  Test Period Comparison of Mercury Speciation and Removal with and without 
Mg(OH)2 Injection 

R. Paul Smith Termination 

In March of 2008, Allegheny Energy announced plans to replace the second Unit #4 
ESP with a fabric filtration device.  The modification to the pollution control train would 
require a repeat of the baseline testing, as we anticipated this would also enhance the 
baseline mercury removal. The outage for this work was scheduled for the second 
quarter of 2008, and would be completed at a time when seasonal ambient 
temperatures will be too high to allow for humidification of the flue gas to a 220 °F 
temperature, with the plants water capacity limitations.  Given this delay and the unlikely 
possibility that we would be able to achieve a meaningful mercury removal improvement 
after reestablishing the baseline, following the modification, we began to search for a 
new host for the project.  Simply put, R. Paul Smith Unit #4 was already practicing 
LTMC and the addition of a fabric filter would likely have made it even more effective. 

Allegheny Energy Armstrong Station 

Early in 2008, the project team was working with Allegheny Energy to move the project 
to Armstrong Unit 2, but it became apparent that that location was far from ideal for the 
field trial because of its large size, the split duct arrangement, and the presence of duct 
obstructions.   

Jamestown BPU Carlson Station 

Following the cancellation of our plans at R. Paul Smith, we met with the Jamestown 
Board of Public Utilities (BPU) that operates the Samuel A. Carlson (Carlson) 
Generating Station, located in Jamestown, New York.  BPU operates four dry-bottom, 
pulverized coal wall-fired generation units at Carlson, which provide electricity to a total 
service area of 23 square miles including the City of Jamestown, the Villages of Celeron 
and Falconer, and portions of the Town of Ellicott, New York, with a service area 
population of about 48,000 and 19,800 metered customers. 

The boilers are fueled with low-sulfur bituminous coal that is obtained from Northern 
Appalachian Basin coal mines (primarily from central western-Pennsylvania) and 
delivered to the plant by truck.  The selected host unit, boiler 12, is the largest boiler at 
the plant with a 297 mmBtu/hr heat rating.  The boiler has the capability to supply steam 
to one or both of the two 24.5 megawatt (MWe) steam turbine generators in operation at 
the plant.  Due to the advanced age of Boiler 12, BPU typically operates the boiler at a 
derated level to generate approximately 20 MW of electricity.  BPU management 
indicated to CONSOL R&D that they were seeking a low-capital cost technology to 
reduce their mercury emissions.   

In 2007, the BPU took delivery of 67,509 tons of coal.  The weighted average sulfur 
content was 1.7% dry, and the mercury content averaged 0.50 ppm, by weight.  
Compared to other Appalachian Basin bituminous coals, the coal they purchase is 
relatively low in sulfur and high in mercury concentrations; however, the coal is 
economically attractive to the plant.  
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BPU purchases low-sulfur coal because the Carlson Station has no flue gas 
desulfurization (FGD) system.  Oxides of nitrogen (NOx) emissions are managed using 
low-NOx burners; the plant does not utilize selective catalytic reduction (SCR).  
Particulate matter is collected by a cold-side, three-field ESP.  Each field has historically 
operated at an average of 31 kilovolts (kV).  With this plant configuration, BPU cannot 
control mercury by way of co-benefits typically achieved from FGD and SCR 
technologies.  CONSOL R&D believes the LTMC approach is an economically viable 
alternative to assist BPU with their mercury control. 

Task Details 

Task 1: Permitting & Planning 

Task 1 included the preparation and submittal of the project National Environmental 
Policy Act (NEPA) questionnaire; as well as system design, equipment and material 
procurement, and installation of the water spray humidification system and PLC based 
control equipment to provide the necessary water flow rate and atomizing air pressure 
to achieve our target flue gas temperature.  

The LTMC system can be designed with corrosion protection against SO3 condensation 
by including an injection system for a dry- or slurry-based alkaline material, such as 
Mg(OH)2, if warranted.  To determine if this protection was necessary in this installation, 
CONSOL R&D reviewed the results of SO3 testing that had been conducted several 
months before the initiation of project activities and found the SO3 concentrations to be 
less than one ppmv. 

Martin Marietta Materials engineers reviewed the SO3 data and determined that the 
Mg(OH)2 injection control system could not be operated at a rate low enough to   control 
the low SO3 concentration.  The resulting Mg(OH)2 consumption rate, when operating at 
the lowest possible injection rate, would result in an excessive, uneconomical use of 
Mg(OH)2.  Additionally, the SO3 concentration was below the range that is typically 
necessary to control and was therefore unnecessary. 

The system was designed to cool the flue gas by humidification using four water spray 
nozzles.  To control the water spray rate, four thermocouples were installed to measure 
temperature across the flue gas duct, upstream of the ESP.  The temperatures were 
averaged by process controllers, which provide a 4-20 mA signal to a variable 
frequency drive (VFD) that controls the water pump speed to deliver the water flow that 
is necessary for temperature control. 

The project team utilized water from the station’s reverse osmosis (RO) system for the 
LTMC water spray to limit the possibility of scaling on the spray nozzles.  The RO 
system supplies water at a pressure of less than 70 pounds per square inch (psi); 
however, the LTMC spray nozzles require as much as 130 psi for proper atomization 
and the nozzles are located at a higher elevation than the RO outlet.  Thus, for this 
installation RO water pressure was boosted with an inline, multistage, centrifugal pump.  
A process and instrumentation diagram of the installation is provided in Figure 8. 
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Figure 8. LTMC installation P&ID. 
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Task 2: Baseline Testing 

During the installation of the LTMC system, background information was collected from 
the host unit that included boiler and ESP operational parametric data.  Samples of 
baseline as-fired coal and ESP fly-ash were also collected during periods of flue gas 
mercury measurements, which were conducted at the ESP outlet, on the unit stack 
exhaust, using U. S. EPA Method 30B.  Figure 9 provides an image of the stack 
sampling location.  During the baseline tests, the host unit was operated at “normal” 
conditions.  Two baseline test periods were conducted while the unit was firing with two 
coal feeder mills in operation (full load).  Two additional baseline test periods were 
conducted with only one mill operating (half load).   

 

Figure 9.  Carlson Unit 12 stack emissions sampling location. 

Task 3: Installation 

Following receipt of the system components, the system was pieced together and 
tested at the CONSOL R&D facility to determine functionality.  Figure 10 is a photo of 
the water spray from one of the spray lances during the mock testing.  After testing, the 
components were separated in sections and delivered to the host site on March 23, 
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2009, where it was installed over the course of two days.  Figure 11 provides a 
photograph of the water-spray manifold components installed in the air preheater outlet 
duct. 

 

Figure 10.  Water spray from one of the humidification lances. 
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Figure 11.  LTMC Water-Spray Manifold Components. 

Task 4: Process Testing 

Operations Evaluation 

Prior to releasing the LTMC system for operation, the system was tested with the unit at 
full and half loads, starting with full load, to determine the capabilities of the control 
system.  The testing revealed that the system, as designed, provided excessive cooling 
from the 315 °F baseline temperature to the 230 °F set-point, as measured at the ESP 
inlet, was over-run and uncontrolled cooling continued.  As attempts to correct the issue 
were made, excess water was found draining from the ductwork and the system was 
shut down. 

After determining that the ductwork and other components of the generating unit had 
not suffered any damage, the LTMC system was restarted with water flow restricted to 
the two center spray nozzles (the two outside spray nozzles remained off).  In this 
configuration, the LTMC system was able to maintain 230 °F with the boiler operating at 
full load; while using less water, and the water supply pump operating at approximately 
60 percent. 
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Process Testing 

After satisfactory completion of the operations evaluation, the LTMC system was turned 
over to automated operation on March 27, 2009, with the unit operating at full load and 
the process control temperature set at 230 °F.  One five-day and two 24-hour periods 
were sampled at these conditions from March 27 through April 2. 

Preliminary analytical results prompted a decrease in the LTMC system control 
temperature to 220 °F in an attempt to improve upon the mercury removal performance.  
The change in temperature was initiated on April 3.  At this time, a decrease in load 
demand forced the unit to operate on only a single mill.   

The system operated at the reduced load with the control temperature at 220 °F from 
April 3 through April 14, during which time one three-day, three 24-hour, and one five-
day period was sampled. 

During the long-term test period of March 27 through April 14, continuous mercury 
emission measurements were conducted with the plant’s sorbent trap sampling system.  
Plant personnel also collected daily coal and ash samples.  During the long-term test 
period the LTMC process control system was able to control gas temperature at 220 °F 
with only a minor air compressor operational problem encountered. 

Results and Discussion 

Mercury Sampling and Control 

Test Conditions 

Mercury control evaluations were attempted at baseline conditions (without LTMC) and 
two control temperature set-points: 

1. Baseline conditions, no LTMC, 10% fly ash carbon. 

a. Two mercury emission tests were conducted at full boiler load.  ESP inlet 
temperature at 315 °F. 

b. Two mercury emission tests were conducted at 50% boiler load.  ESP inlet 
temperature at 300 °F. 

2. ESP inlet temperature at 230 °F with water-spray humidification, full load boiler 
operation, 13% fly ash carbon. 

The system operated in automatic control.  Seven days of operation were 
conducted at this condition.  Samples were pulled after one five-day period and 
after two one-day periods. 

3. ESP inlet temperature at 220 °F with water-spray humidification, 50% load boiler 
operation, 16% fly ash carbon. 
 
The system operated in automatic control.  Eleven days of operation were 
conducted at this condition.  Samples were pulled after one five-day period, after 
one three-day period, and after three one-day periods. 
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Test Results 

Baseline Testing 

Baseline mercury control was evaluated under the two operating conditions of the 
boiler: full load and half load.  Mercury emissions averaged 27.76 pounds per trillion 
British thermal units (lb/TBtu) at full load and slightly less, 25.45 lb/TBtu, while operating 
at half load.  Table 8 summarizes measured test variables reported for the baseline test 
periods. 

 

Test Number   1 2 3 4 
Date 3/24/09 3/24/09 3/24/09 3/26/09 
Boiler Operation Full Load Full Load Half Load Half Load 
LTMC Operation None None None None 
Heat Input mmBtu/hr 267.2 220.9 138.8 147.6 
Hg Concentration mg/dscma 21.77 11.54 6.86 19.11 

Hg emissions:  lb/hrb 7.03E-03 6.45E-03 2.74E-03 4.59E-03 
 lb/Tbtu 26.31 29.20 19.76 31.13 

Average Hg lb/TBtu 27.76 25.45 

a – milligrams of mercury per dry standard cubic meter of flue gas 
b – pounds emitted per hour 

Table 8.  Baseline emission test data. 

Low mercury concentrations in the baseline coal samples prompted an evaluation of the 
coal sampling procedures and we determined that the samples were not collected at the 
appropriate location, nor were they collected at the appropriate times to match with the 
flue gas emissions test periods.  Consequently, baseline mercury removal rates could 
not be calculated and are therefore not reported. 

LTMC Testing 

Operation of the LTMC occurred with the boiler operating at full load and the process 
control temperature set at 230 °F.  Comparing the calculated coal mercury feed to the 
measured mercury stack emissions for this period shows mercury removal rates that 
ranged between 53.0% and 75.9%, with an average of 61.9% (Sd = 12.3). 

At the reduced load, with the control temperature at 220 °F, mercury removal rates 
varied between 57.8% and 71.6%, with an average mercury removal rate of 62.4% (Sd 
= 5.3). 

Individual test results are exhibited in Table 9. 
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Test Condition LTMC Operation - 230 °F LTMC Operation - 220 °F 

Date, 2009 
3/27-
3/31 3/31-4/1 4/1-4/2 4/3-4/6 4/6-4/7 4/7-4/8 4/8-4/9 4/9-4/14 

Unit Operation 
Full 

Load 
Full 

Load 
Full 

Load 
Half 
Load 

Half 
Load 

Half 
Load 

Half 
Load 

Half 
Load 

Average Stack Flow, wscfm
a 

65,956 79,341 83,327 63,485 64,575 72,830 66,646 63,422 

Average Stack Flow, wscmm
b 

1,868  2,247  2,360  1,798  1,829  2,063  1,887  1,796  

Default Moisture, % 6 6 6 6 6 6 6 6 

Average Stack Flow, dscmm
c 

1,756 2,112 2,218 1,690 1,719 1,939 1,774 1,688 

Average Heat Input, mmBtu/hr 198 242 248 154 147 164 150 142 

Coal HHV
d
 (pulverized), Dry Btu/lb

e 
13,285 13,286 13,301 13,326 13,018 13,073 13,184 13,214 

Calc'd Coal Feed, lb/hr 14,904  18,215  18,645  11,556  11,292  12,545  11,377  10,746  

Coal Mercury, ppm, dry 0.324 0.365 0.347 0.295 0.404 0.37 0.352 0.368 

Coal Mercury Feed, lb/hr 0.0048 0.0066 0.0065 0.0034 0.0046 0.0046 0.0040 0.0040 

Coal Mercury Feed, lb/TBtu 24.39  27.47  26.09  22.14  31.03  28.30  26.70  27.85  

Emissions:         

Hg, ug/m
3f
 9.77 10.29 5.32 6.44 5.71 6.97 6.63 7.10 

Hg, lb/hr 0.0023 0.0029 0.0016 0.0014 0.0013 0.0018 0.0016 0.0016 

Hg, lb/Tbtu 11.46 11.88 6.29 9.34 8.83 10.90 10.37 11.17 

Removal, % 53.0 56.8 75.9 57.8 71.6 61.5 61.2 59.9 

a – standard cubic feet per minute, wet basis 
b – standard cubic meters per minute, wet basis 
c – standard cubic meters per minute, dry basis 
d – higher heating value 
e – British thermal units per pound 
f – micrograms per cubic meter 

Table 9.  Summary of LTMC Operation Mercury Emissions and Removal Rates. 

Mercury Fly Ash Adsorption 

During each day of testing and LTMC operation, samples of the ESP ash were collected 
to be analyzed for mercury and carbon concentrations to review for potential 
correlations between the ash carbon concentration and the mercury removal.  Table 10 
presents the analytical results of these samples. 
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Date, 
2009 

Condition 

As 
Determined 

Moisture  
(Wt %) 

Mercury, 
ppm 

Major Ash Elementals, Wt. %, Dry Basis 

Ash Carbon Chlorine Sulfur  SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O P2O5 SO3 

3/24 Baseline, Full Load 0.16 3.35 89.99 10.20 0.0050 0.54 47.17 25.89 1.39 10.64 1.65 0.79 0.43 2.07 0.64 1.17 

3/25 Baseline, Half Load 0.16 2.76 89.80 9.71 0.0050 0.61 47.36 25.99 1.43 10.05 1.73 0.83 0.41 2.10 0.62 1.42 

3/26 Baseline, Half Load 0.27 2.24 90.14 10.35 0.0050 0.62 46.80 26.12 1.43 9.62 1.72 0.82 0.40 2.07 0.61 1.38 

3/26 Baseline, Half Load 0.35 2.30 90.16 9.60 0.0050 0.70 47.06 26.47 1.42 9.31 1.67 0.77 0.35 1.99 0.67 1.49 

3/27 230 °F, Full Load 0.26 3.32 90.48 8.99 0.0040 0.69 47.58 26.67 1.45 10.21 1.74 0.84 0.35 2.13 0.70 1.56 

3/27 230 °F, Full Load 0.29 4.51 89.24 10.11 0.0070 0.68 47.30 26.11 1.42 10.08 1.69 0.83 0.33 2.12 0.71 1.47 

3/31 230 °F, Full Load 0.43 7.35 88.23 9.72 0.0100 0.55 44.92 25.63 1.32 9.64 1.60 0.78 0.31 2.00 0.82 1.23 

4/1 230 °F, Full Load 0.45 8.59 88.16 9.37 0.0151 0.75 43.17 24.96 1.28 10.01 1.61 0.82 0.33 2.01 0.84 1.61 

4/2 230 °F, Full Load 0.27 0.946 78.54 20.02 0.0045 0.25 38.89 18.63 0.83 15.26 0.98 0.57 0.18 1.34 0.40 0.43 

4/3 230 °F, Full Load 0.12 0.787 74.92 23.20 0.0070 0.28 36.39 18.38 0.80 13.46 0.95 0.55 0.18 1.30 0.40 0.40 

4/3 220 °F, Half Load 0.35 8.84 86.93 10.91 0.0100 0.66 43.39 24.89 1.35 9.21 1.48 0.74 0.31 1.90 0.83 1.46 

4/6 220 °F, Half Load 0.12 0.693 87.10 11.97 0.0035 0.21 45.44 21.38 0.80 18.00 0.91 0.68 0.17 1.70 0.39 0.48 

4/7 220 °F, Half Load 0.15 0.904 82.05 17.41 0.0038 0.24 42.29 19.76 0.76 18.21 0.85 0.58 0.15 1.48 0.41 0.51 

4/8 220 °F, Half Load 0.14 0.708 83.96 15.30 0.0037 0.23 41.66 19.96 0.74 19.44 0.94 0.62 0.18 1.49 0.42 0.54 

4/9 220 °F, Half Load 0.16 0.597 83.17 16.41 0.0034 0.22 44.84 20.99 0.88 14.30 0.89 0.56 0.17 1.48 0.50 0.51 

4/13 220 °F, Half Load 0.13 0.624 81.04 17.62 0.0073 0.32 38.80 18.31 0.72 20.11 0.93 0.59 0.17 1.38 0.38 0.77 

4/14 220 °F, Half Load 0.12 0.914 74.40 23.85 0.0055 0.28 39.04 19.22 0.77 12.26 0.86 0.50 0.16 1.30 0.43 0.57 

4/15 220 °F, Half Load 0.21 0.492 85.22 13.38 0.0048 0.23 42.79 20.25 0.75 19.31 1.01 0.64 0.17 1.52 0.39 0.56 

Table 10.  ESP Ash Sample Analytical Results.
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Three of the daily full-load samples contained mercury levels that were much higher 
than the baseline results; however, the remaining two were far lower while having twice 
the carbon content. 

Half load results were more consistent; although, the mercury concentrations were also 
lower than the baseline ash mercury concentrations.  Additionally, the half-load 
samples, while consistent in mercury concentration, showed little correlation (R2=0.42) 
with the carbon concentration. 

 

Figure 12. Ash Mercury Adsorption. 

Mercury Removal 

Table 11 details the mercury removal on Unit 12.  During operation of the LTMC 
system, mercury removal rates averaged approximately 62%.  Actual emission rates 
measured during the LTMC operational periods decreased similarly, compared to the 
baseline emission rates; full load operation saw a 64% reduction in the emission rate 
while the half load emissions reduction was 60%. 
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Unit 
Load 

Process 
Control 

Temperature 
(°F) 

Operating 
Period  
(2009) 

Mercury 
Emission 

Rate 
(lb/TBtu) 

Mercury 
Emission 

Rate 
Reductiona 

Mercury 
Removal 
Rangeb 

Period 
Average 
Removal 

Full Baseline 3/24 27.8  c c 

Half Baseline 3/24 & 3/26 25.4  c c 

Full 230 3/27 – 4/2 9.87 64% 53% - 76% 62% 

Half 220 4/3 – 4/14 10.1 60% 58% - 72% 62% 

 a – Controlled emission rate vs. baseline emission rate. 
 b – Percent of mercury removed comparing coal mercury feed to stack mercury mass emissions. 
 c – Data not reported due to incorrectly sampled feed coal. 

Table 11.  Mercury Emission and Removal Rates Comparison. 

ESP Impact 

ESP voltage and spark rates were compiled during baseline testing and LTMC 
operations periods.  Table 12 shows the averages of the hourly primary and secondary 
voltages and the spark rate readings collected each day from each of the three fields in 
the Unit 12 ESP. 

Regardless of the boiler load or ESP inlet temperature, the ESP data show an increase 
in voltage readings with the LTMC system in operation.  A moderate increase, such as 
that shown, typically indicates a decrease in ash resistivity that will promote ash 
collection by the ESP.  Since the spark rate was not impacted, the ESP operation is not 
detrimentally affected by the change in conditions. 

Another consideration brought about by humidifying the flue gas is the concern of 
increased ash moisture that could create ash handling problems such as hopper 
plugging.  Carlson operations personnel reported that this was not a problem as would 
be expected given the ash sample results reported in Table 10 show no increase in 
moisture over baseline results. 
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Unit Operation Field 
Voltage Readings 

Spark Rate 
Primary V Secondary KVa 

Baseline 

A 309.9 37.2 0.3 

B 304.2 35.5 0.0 

C 263.5 32.8 0.0 

230 F,  

Full Load 

A 356.4 41.6 0.1 

B 318.1 35.9 0.2 

C 284.6 33.6 0.1 

220 F,  

Full Load 

A 357.7 41.5 0.1 

B 323.9 37.1 0.4 

C 284.8 33.6 0.0 

220 F,  

Half Load 

A 353.3 40.8 0.0 

B 322.7 37.0 0.3 

C 286.9 33.9 0.0 

Table 12.  Jamestown BPU ESP Operational Parameters 

Process Economic Analysis 

Task 5.2 of the project was to be an evaluation of the process economics to develop a 
cost for mercury removal by the LTMC system on a $/lb basis.  Various fixed and 
variable costs were identified for operations at Carlson; however, limited operational 
experience and low mercury control levels provided an inadequate data set for 
development of a meaningful analysis.   

Because the technology makes use of the existing particulate collection equipment 
(ESP or FF) to remove the mercury, the only capital costs are the Mg(OH)2 injection 
system and the cooling water spray injection system, both of which are relatively low 
cost systems.  Alternatively, air heater upgrades could be performed instead of using 
water spray to cool the flue gas.  Such upgrades could potentially pay for themselves in 
2-4 years in the form of improved generating efficiency.  The new technology requires 
no sorbent injection; activated carbon sorbents cost about $0.50/lb, or $1,000/ton.  
Because the high operating cost of the sorbent is eliminated, CONSOL projects that the 
new technology would cost about $1400 per pound of mercury removed, compared to 
estimates for ACI ranging from $20,000 to $70,000 per pound of mercury removed.  A 
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600 MW plant using this technology, instead of ACI, would save $5 million to $16 million 
annually.  Thus, the cost of mercury control using CONSOL’s LTMC technology will be 
substantially lower than activated carbon injection. 

Formal Presentations 

This program resulted in three formal presentations at national or international technical 
meetings. Those presentations are listed below, in reverse chronological order: 

Winschel, R. A.; Locke, J. E.; O’Palko, B. A.  “Full-Scale Field Trial of the Low 
Temperature Mercury Control (LTMC) Process” presented at the Power-Gen 
International 2009 conference, Las Vegas, NV, December 8, 2009. 

Winschel, R. A.; Locke, J. E.; O’Palko, B. A. “Low-Temperature Mercury Control Full-
Scale Field Trial Preliminary Results” presented at the International Conference on Air 
Quality VII, Mercury, Trace Elements, and Particulate Matter, Arlington, VA, September 
19-21, 2009. 

Scandrol, R. O and Winschel, R. A.  “Full-Scale Field Trial of the Low Temperature 
Mercury Control Process” presented at U.S. DOE-NETL's 2006 Mercury Control 
Technology Conference, Pittsburgh, PA December 11-13, 2006. 

Additionally, the project was a featured case study, published on the World Coal 
Association website.  The article can be accessed at the following internet address and 
is included in Appendix E: 

http://www.worldcoal.org/resources/case-studies/consol-energy-/ 

Conclusion 

Following the conclusion of the LTMC testing at Carlson Station, CONSOL recognized 
the need for additional baseline testing, improved temperature control, and a longer-
term evaluation at full load condition.  A programmable logic control system was 
purchased and installed on the system along with electronic water flow control valves 
and water flow meters; all of which would allow us to keep better account of the water 
consumption and improve the control of the water flow and, subsequently, control the 
temperature. 

The new equipment was installed and evaluated during a brief operating period in early 
2010.  Attempts were made to test the system from the spring of 2010 through the fall of 
2011; however, host unit operational problems, the unit operational schedule, and 
market economics prevented any long-term evaluations at any load condition as the unit 
ran sparingly during this period. 
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1.0 Executive Summary 
 
CONSOL Energy Inc., Research and Development (CONSOL R&D) conducted a flue 
gas mercury (Hg) and sulfur trioxide (SO3) evaluation at the PPL Martins Creek Steam 
Energy Station (Martins Creek) on Unit 1 on December 5 and 6, 2006, under 
Department of Energy (DOE) Award Number DE-FC26-06NT42777.  The test program 
serves as the baseline emissions evaluation for the project and consisted of four sets of 
simultaneous flue gas mercury measurements at the Unit 1 electrostatic precipitator 
(ESP) inlet and outlet using the Ontario-Hydro Flue Gas Mercury Speciation Method, 
and SO3 measurements at the Unit 1 ESP inlet using the Controlled Condensation 
Method.  Mercury mass balance tests were performed for all tests.  The test methods 
and results are described in this report.   
 
The Unit 1 ductwork splits the boiler flue gas into two streams designated “A” and “B.”  
Mercury and SO3 sampling was performed on the “A”-side duct at the ESP inlet while 
only mercury sampling was conducted on “A” and “B” ESP outlet ducts.  Boiler coal and 
ESP ash samples were collected for each test period.  The resulting test data provide 
baseline air heater outlet SO3 concentrations, baseline total mercury removal, and “A”-
side ESP mercury removal.  Average “A”-side removal was comparable to the average 
overall removal; however, the mass balance for test three indicates that the coal 
samples or the results for that test may not have been representative of the actual 
mercury input; therefore, the results from that test are reported, but not included in any 
average mercury value. 
 
The average results for the tests are summarized in Table 1. 

Table 1.  Summary of Average Test Results 
Location 

Parameter 
ESP 

Inlet A
ESP 

Outlet A 
ESP 

Outlet B
Gas Phase 3.4     
Total Phase 3.6     SO3, ppmv @ 0% O2 

Dew Point, °F 240     
µg/dscm 4.71 0.003 0.002 Particle-bound Hg 
mg/sec 4.03 0.0003 0.0002 

µg/dscm 6.99 8.52 7.81 Oxidized Hg 
mg/sec 0.60 0.67 0.65 

µg/dscm 0.50 1.76 1.88 Elemental Hg 
mg/sec 0.04 0.14 0.16 

µg/dscm 12.2 10.3 9.69 Total Hg 
mg/sec 1.05 0.80 0.81 

Duct "A" Hg removal, ESP in-to-ESP out [%] 23.5 
Total Hg removal, coal-to-ESP out [%] 28.0 

Note: Removals calculated on mg/sec basis. 
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2.0 Background 

CONSOL Energy Inc., Research & Development has begun preparatory activities for 
the Full-Scale Field Trial of the Low-Temperature Mercury Capture (LTMC) Process 
under U.S. DOE award number DE-FC26-06NT42777.  The field trial will be conducted 
on Unit 1 of PPL’s Martins Creek.  Unit 1 flue gas splits into two separate flow paths that 
allows for direct comparison between a controlled stream (“A” Duct) and an uncontrolled 
stream (“B” Duct).  On the “A” Duct, between the air heater outlet and the ESP inlet, 
lances will be installed to spray a mix of water and magnesium hydroxide (Mg(OH2)), 
which will reduce flue gas temperatures and neutralize acid gases.  Reduced 
temperatures will allow mercury in the gas stream to bind to native unburned carbon in 
the fly ash.  The goal of the project is to demonstrate >90% mercury removal above 
baseline during long-term operation on a full scale boiler and maintain ESP 
performance with the Mg(OH2) slurry addition.  This report summarizes the work 
performed to establish baseline values for the unit, which will be used in the design of 
the LTMC process. 

3.0 Summary of Test Data 

3.1 Summary of SO3 Data 
Flue gas sulfur dioxide (SO2) and sulfur trioxide (SO3) concentrations at duct conditions 
and corrected to 0% O2 are shown in the following table: 

Table 2.  Summary of Air Heater Outlet SO2 and SO3 Sampling. 

Concentration, ppmv dry 

As Sampled Corrected to 
0% O2 Test No Date & Time 

Average 
Duct O2, 

vol %, dry 
SO2 SO3 SO2 SO3 

1 12/5/2006 11:56-12:56 6.90 800 2.20 1200 3.30 

2 12/5/2006 14:23-15:23 7.90 720 2.20 1200 3.50 

3 12/6/2006 09:35-10:35 8.40 750 2.00 1250 3.40 

4 12/6/2006 12:04-13:05 10.1 710 2.10 1370 4.10 

3.2 Summary of Process Stream Data 
Summarized in Table 3 are the calculated or measured flow rates of the process 
mercury inputs and outputs, and flue gas mercury output at stack.  From the total 
amount of mercury entering and leaving the system, the mercury material balance 
closure for each test was calculated.     
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Table 3.  Summary of Process Stream Data 

Test 1 Test 2 Test 3 Test 4 Average 

Gross Generation [MW] 103 103 93 92 97.8 

Coal Feed Rate [KPPH, calc’d wet basis] 98.1 98.0 92.5 87.6 93.0 

Hg in Coal [ppm, dry] 0.206 0.218 0.105 0.126 0.183 

Total Hg Input from Coal [Ib/hr, dry] 0.019 0.020 0.008 0.010 0.016 

      

ESP Ash, calc'd [KPPH, wet] 11.6 11.9 8.32 8.37 10.6 

Hg in ESP Ash [ppm, dry] 0.66 0.80 0.70 0.68 0.71 

Total Hg Output via ESP Ash [Ib/hr, dry] 0.008 0.009 0.006 0.006 0.008 

      

Total Flue Gas Flow Rate at ESP outlet, 
measured [m3/min] 9,580 9,900 9,300 9,490 9,570 

Total Hg in Flue Gas at ESP outlet [µg/m3] 12.3 11.4 6.88 6.33 10.0 

Total Hg Output via ESP outlet [Ib/hr] 0.015 0.015 0.008 0.008 0.013 

      

Total Hg Input [Ib/hr] 0.019 0.020 0.008 0.010 0.016 

Total Hg Output [Ib/hr] 0.023 0.024 0.014 0.014 0.020 

Hg Closure [%] 119.9 104.5 151.5 128.4 117.6 

   
KPPH = thousand pound per hour 

3.3 Summary of Hg Speciation Data 
Listed in Table 4 is the mercury speciation at the Unit 1 ESP “A”-side inlet and both ESP 
outlets, for each of the four tests.  The particle-bound mercury was reduced from an 
average of 4.71 µg/dscm, 39% of the total mercury, to less than 0.002 µg/dscm.  The 
vapor phase oxidized mercury constituted 56% of the ESP inlet mercury.  The oxidized 
fractions of the mercury totaled 95% of the total mercury at the ESP inlet.  The 
elemental mercury concentration increased on the A-side; from an average of 0.50 
µg/dscm to an average of 1.76 µg/dscm.  The B-side outlet was similar in elemental 
concentration at 1.88 µg/dscm.  The increase in elemental concentration across the 
ESP is presently unexplainable, though it has happened at many other CONSOL R&D 
tested units, to varying degrees. 
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Table 4.  Summary of Unit 1 Mercury Speciation Data 

Mercury Species (µg/dscm) Test 
Number Location 

Particulate Oxidized Elemental Total 

ESP A Inlet 5.67 8.76 0.51 14.9 
ESP A Outlet 0.006 10.8 2.36 13.2 One 
ESP B Outlet 0.003 9.50 1.90 11.4 
ESP A Inlet 4.85 8.09 0.67 13.6 

ESP A Outlet 0.002 9.79 1.59 11.4 Two 
ESP B Outlet 0.002 8.84 2.49 11.3 
ESP A Inlet 3.50 5.91 0.35 9.76 

ESP A Outlet 0.002 5.50 1.43 6.93 Three 
ESP B Outlet 0.002 5.70 1.13 6.83 
ESP A Inlet 3.61 4.12 0.33 8.06 

ESP A Outlet 0.002 4.99 1.32 6.31 Four 
ESP B Outlet 0.002 5.09 1.24 6.34 
ESP A Inlet 4.40 6.72 0.47 11.6 

ESP A Outlet 0.003 7.77 1.67 9.44 Average 
ESP B Outlet 0.002 7.28 1.69 8.98 

3.4 Summary of Mercury Removal 
The coal-to-ESP Outlet Hg removals for the tests are listed in Table 5.  

Table 5.  Summary of Hg Removal 
Martins Creek Unit 1 Test #1 Test #2 Test #3 Test #4

Coal Hg input [mg/sec] 2.43 2.93 1.18 1.34 
Total Hg in flue gas leaving ESP [mg/sec] 1.95 1.87 1.06 1.00 
Hg removal, coal-to-ESP Outlets [%] 19.8 36.2 10.2 25.4 

Average Hg Removal [%] 28.0 
 
System mercury removals were determined by comparing the measured coal mercury 
input to the ESP outlet mercury mass output.  The low removal value reported for Test 3 
may be the result of an unrepresentative coal sample, as indicated by the low coal 
mercury input.  The low removal may also be attributed to an elevated ESP mercury 
output value resulting from a memory effect from the higher coal mercury from the 
previous day.   

3.5 Stack Mercury Emissions 
Listed in Table 6 are the results of mercury emissions from the stack based on the 
boiler heat input.   
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Table 6.  Heat Input-Based Stack Hg Emissions 
Martins Creek Unit 1 Test # 1 Test # 2 Test # 3 Test # 4

Coal feed rate [KPPH, as fed, 
calculated] 98.1 98.0 92.5 87.6 

Coal feed rate [KPPH, dry, calculated] 91.0 91.1 80.8 81.2 

Coal HHV [Btu/Ib, dry basis] 13,420 13,570 13,850 13,820 

Total heat input from coal [MM Btu/hr] 1,220 1,240 1,120 1,120 

Total Hg emissions [Ib/TBtu] 12.7 12.0 7.6 7.1 

Average total Hg emissions [Ib/TBtu] 10.6 

 
4.0 Sampling Locations and Sampling Points 

4.1 Unit 1 ESP Inlet 
The ESP inlet sampling location consists of two vertical ducts each measuring 27 feet, 3 
inches wide by 3 feet, 5 inches deep and located between the air heater outlet and the 
ESP inlet.  Sixteen sample ports are spaced evenly across each duct. Sampling was 
conducted, isokinetically, in a center port of duct “A”, at a point representing the average 
flow as determined from the initial velocity traverse.  Sulfur trioxide tests were each 60 
minutes in duration, using the Controlled Condensation Method.  Mercury speciation 
measurements were conducted for approximately 120 minutes using the Ontario Hydro 
Flue Gas Mercury Speciation Method (ASTM D6784-02).  Due to high particulate 
loading at this location, runs 2, 3, and 4 were stopped at 110 minutes, 119 minutes, and 
107 minutes, respectively, to prevent particulate-bound mercury (Hgpart) “breakthrough” 
(filter breach resulting from high particulate loading). 

4.2 Unit 5 ESP Outlet 
The ESP outlet sampling location consists of two rectangular ducts each measuring 26 
feet, 9-5/8 inches wide by 4 feet deep.  Sixteen sampling ports are evenly distributed 
across each duct.  Ontario Hydro sampling was conducted, isokinetically, in the center-
most port of both ducts, at a single point for a period of 120 minutes.  The port sampled 
was selected based on average flow within the duct and accessibility for the installation 
of a mercury continuous emissions monitoring (CEM) probe.  Measuring at the 
approximate CEM sampling point represents an accurate baseline mercury 
concentration for determining the removal performance of the LTMC System.  
 

5.0 Experimental 
 
This sampling program was performed to establish baseline concentrations for U.S. 
DOE Cooperative Agreement No. DE-FC26-06NT42777, Full-Scale Field Trial of LTMC 
Process.  Baseline SO3 levels were examined to evaluate the level of control required 
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by the water/Mg(OH2) slurry injection system.  Mercury concentrations at the ESP inlet 
and outlets were measured to determine native removal occurring in the unit and the 
behavior of mercury species across the ESP.  Samples of coal and fly ash were taken 
during each test period to perform material balances for mercury to verify the Ontario-
Hydro results. 

5.1 Personnel 
CONSOL utilized a six-person crew to complete the field sampling.  Mr. Dick Silfies of 
PPL Martins Creek provided sampling and process oversight. 

5.2 Test Matrix 
The sampling consisted of a total of twelve mercury and four SO3 tests over two 
sampling days.  Two mercury measurements were performed at each of the three Unit 1 
sampling locations, and two SO3 measurements were performed at the Duct “A” ESP 
inlet, on each of the two sampling days.  Mercury measurements were conducted, 
isokinetically, at the individual site locations simultaneously.  Sulfur trioxide 
measurements at the ESP inlet were conducted independently of the mercury tests. 

Preliminary pitot surveys were conducted at each location prior to Test 1.  At all 
measurement locations, the flows were found to be in-line with the vertical axis of the 
duct.  Mercury measurements were conducted with the sampling nozzle oriented 
directly into the flow. 

5.3 Flue Gas Hg Measurements 
Flue gas Hg measurements were obtained using the Ontario-Hydro mercury speciation 
method.1  The Ontario Hydro sampling train schematic is shown in Figure 1. 
 
In the Ontario-Hydro method, gas is extracted isokinetically from the flue gas stream 
through a heated glass-lined probe and quartz filter.  Total particulate matter mass 
loading is calculated from the solids collected in the probe and filter.  Probe and filter 
temperatures are maintained at 250 °F ±20 °F, or as close as practical to the flue gas 
temperature if the flue gas temperature is higher than 250 °F.  Mercury collected in the 
probe and filter is assumed to be particle-bound mercury (Hgpart).   
 
The flue gas exits the quartz filter and passes through a series of chilled impingers.  The 
first three impingers are filled with 100 mL of a 1M-potassium chloride (KCl) solution.  
Mercury captured in these impingers is reported as oxidized mercury (Hg++). The next 
impinger is filled with 100 mL of 5% nitric acid and 10% hydrogen peroxide (H2O2) 
solution to remove SO2 from the flue gas and preserve the oxidizing strength of the 
subsequent two impingers, which are filled with 100 mL of an acidic potassium 
permanganate (KMnO4) solution.  Mercury captured in the nitric acid impinger and the 
potassium permanganate impingers is reported as elemental mercury (Hg0).  The gas 

                                            
1 ASTM D6784-02, Standard Test Method for Elemental, Oxidized, Particle-Bound and Total Mercury in 
Flue Gas Generated from Coal-Fired Stationary Sources (Ontario Hydro Method) 
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exits the impinger train through a silica gel-filled impinger that removes uncondensed 
moisture from the sample gas.  The sampling train design results in the following 
species collection Hg sequence: 
 

Table 7.  Hg Speciation by Sampling Train Component 

Sampling Train Component Species Measured 

Probe & Nozzle Rinse Hgpart 

Quartz Filter Hgpart 

KCl Impingers Hg++ 

HNO3/H2O2 Impinger Hg0 

KMnO4 Impingers Hg0 

HCl Rinse of KMnO4 Impingers Hg0 
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Figure 1.  Ontario-Hydro Hg Sampling Train 
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Sampling at the inlet was performed using a sampling train configured with an in-stack 
quartz thimble filter contained within a stainless steel holder, attached to the end of a 
glass-lined probe.  At these locations the probe rinse is assumed to be Hg++. 

The absorbing solutions were made fresh daily.  The impingers were charged and the 
sampling components were transported to the required locations.  The sampling trains 
were assembled, pre-heated, and checked for leaks.  After passing the leak-check 
procedure, the sampling probes were inserted into their respective ducts and sampling 
was initiated.  Isokinetic samples were obtained simultaneously at each location.  The 
sample period was 120 minutes at the outlet locations and between 107 and 120 
minutes at the inlet location.  Sample volumes ranged from 47.5 to 70.5 dscf at the inlet 
location, and 77.0 to 88.2 dscf at the outlet locations.  Oxygen readings were monitored 
at the outlet of the sampling trains using a Teledyne Model Max 5 portable analyzer 
(electrochemical O2 sensor).  At the completion of the sampling period, the sample trains 
were checked for leaks, purged for ten minutes, and then disassembled.  The 
components were transported to the lab trailer for recovery.  The mercury concentration 
of the individual impinger solutions was determined by cold vapor atomic absorption 
(CVAA) as specified in the methodology.  The concentration of Hg on the solids was 
determined by acid digestion followed by CVAA (Method ASTM D6414). 

The amount of mercury collected in the impinger solutions was determined as outlined in 
EPA Method 29 and the Ontario-Hydro Method.  An aliquot of the impinger solution is 
acidified and the mercury is determined using cold vapor-atomic absorption 
spectroscopy. The atomic absorption spectrometer is calibrated with commercial 
mercury standards.  The calibration is verified using NIST Standard 1633B.  The 
calibration is reassessed periodically by analyzing a quality control standard.  The 
instrument is recalibrated as required.  Each sample matrix is analyzed as a set and an 
individual calibration curve is used for each set.  Depending on sample type, selected 
samples are spiked with 2 or 10 ng/mL (ppb) of mercury and reanalyzed.  Spike recovery 
must be within ±30% or the sample is diluted and reanalyzed.  Selected samples are 
analyzed in duplicate.  The duplicates must be within ±20% or the analyses are 
repeated. 

Where sufficient solids are collected, particulate mercury is analyzed using a 0.5-1.0 gm 
sample of solids removed from the filter.  In cases where the particulate catch is low the 
entire filter is digested.  The samples are digested with aqua-regia in pressure vessels 
prior to analysis by CVAA. 
 

6.0 Flue Gas SO3 Measurements 

Flue gas SO2 and SO3 concentrations were determined using a controlled condensation 
method originally developed by the US EPA and modified by CONSOL R&D.  A drawing 
of the CONSOL sampling train is shown in Figure 2. 
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Figure 2.  Controlled Condensation SO3 Sampling Train 

 
Flue gas was pulled through a temperature-controlled, quartz-lined probe fitted with a 
quartz wool plug to remove particulate matter.  The probe temperature was maintained 
at ca. 550 °F to minimize SO3 condensation and SO2 oxidation.  After the filter, the gas 
sample passed through a water-cooled condenser that is loosely packed with glass wool.  
A heated water bath was used to control the condenser temperature at 140 °F, which is 
below the acid dew point.  Essentially, all of the SO3 condenses.  However, the 
condenser temperature was above the water dew point to prevent water condensation.  
The sample gas exited the condenser and entered a bank of miniature impingers.  The 
first two impingers contained a 3% H2O2 solution, which captures the SO2.  The gas next 
passed through an empty impinger, and finally a silica gel-filled impinger for moisture 
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removal.  The gas was then conveyed through a rotameter, a vacuum pump, and a dry 
test meter. 

Prior to the sampling, the system was leak checked under a vacuum of 10" of Hg.  The 
sample probe was then positioned and gas was sampled for 60 minutes.  The following 
data was recorded: (1) starting gas volume, (2) interval gas volume, (3) final gas volume, 
(4) probe temperature, (5) condenser temperature, (6) water bath temperature, (7) flue 
gas duct temperature, (8) dry test meter temperature, (9) flow meter setting, (10) system 
vacuum, (11) exit gas O2 concentration, (12) barometric pressure, and (13) sampling 
time. 

After sampling, the probe was removed from the stack, leak checked under a vacuum of 
10" of Hg, purged with ambient air for 10 minutes, and the train components were 
disassembled for sample recovery.  The sample train components were recovered in the 
following manner: 

Quartz Plug - The quartz plug was removed from the probe tip, placed in a glass bottle, 
and extracted with 20 mL of isopropyl alcohol (IPA).  The solids were filtered and the 
filtrate was diluted to a volume of 50 mL prior to analyses. 

Sample Probe - The quartz probe liner was rinsed with IPA into a glass bottle and diluted 
to a volume of 50 mL prior to analysis. 

Condenser - The condenser interior is rinsed with IPA into a glass bottle.  Three 
complete rinses are utilized.  The rinses are diluted to a volume of 50 mL prior to 
analysis. 

Impingers - The contents of the first three impingers and connecting tubes are rinsed into 
a collection bottle with deionized (DI) water and diluted to a volume of 250 mL prior to 
analysis.  

Each of the samples listed above was analyzed by a barium chloride (BaCl2) titration to a 
thorin endpoint as described in EPA Method 6.  A blank 3% H2O2 solution and a blank 
IPA sample were titrated with the same BaCl2 titrant for comparison.  The quartz plug 
contains SO3 that was absorbed onto the solid particles prior to collection in the sampling 
train.  The gas phase SO3 value is the sum of the probe and condenser washes.  The 
impingers collect the SO2 fraction.  The SO2 and SO3 values will be reported in ppmv at 
duct conditions and at 0% oxygen. 

7.0 Mercury Sampling Test Results 

Table 8 lists the Ontario Hydro sampling results for Unit 1.  A complete listing of the 
sampling parameters and field data sheets is in Appendix A. 
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Table 8.  Ontario Hydro Sampling Results 

Location ESP A 
Inlet 

ESP A 
Outlet 

ESP B 
Outlet 

ESP A 
Inlet 

ESP A 
Outlet 

ESP B 
Outlet 

Test 1 1 1 2 2 2 
Date 12/5/2006 12/5/2006 12/5/2006 12/5/2006 12/5/2006 12/5/2006 
Start Time 920 920 925 1238 1240 1245 
End Time 1130 1120 1125 1445 1440 1445 
Sampling Time [min] 120 120 120 110 120 120 
Sample Volume [dscf] 70.5 78.1 77.7 68.4 83.6 79.5 

Barometric Pressure [“ Hg] 29.9 29.9 29.9  29.9  29.9 29.9 

Static Pressure [“ H2O] -5.55 -6.21 -6.39  -5.75 -6.33  -6.39 

O2, measured [%] 6.90 8.60 9.10  7.90 8.90  9.40 

CO2, calculated [%] 13.3 11.7 11.3 12.4 11.4 10.9 

Flue Gas Temperature [°F] 272 273 286 265 273 286 

Gas Velocity [ft/sec] 47.2 38.1 41.3 48.2 39.3 42.1 

Gas Flow Rate [dscfm] 182,200 162,700 175,500  189,800 169,900 179,900 

Particulate Matter [gr/dscf] 3.72 0.065 0.065 3.65 0.059 0.064 

Particle-bound Hg [µg/m3] 5.67 0.006 0.003 4.85 0.002 0.002 

Oxidized Hg [µg/m3] 8.76 10.79 9.50 8.09 9.79 8.84 

Elemental Hg [µg/m3] 0.51 2.36 1.90 0.67 1.59 2.49 

Total Hg [µg/m3] 14.9 13.2 11.4 13.6 11.4 11.3 

Hg Emissions [lb/TBtu] 13.3 13.4 12.1 13.0 11.8 12.3 
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Table 8 continued. Ontario Hydro Sampling Results 

Location ESP A 
Inlet 

ESP A 
Outlet 

ESP B 
Outlet 

ESP A 
Inlet 

ESP A 
Outlet 

ESP B 
Outlet 

Test 3 3 3 4 4 4 
Date 12/6/2006 12/6/2006 12/6/2006 12/6/2006 12/6/2006 12/6/2006 
Start Time 850 855 900 1154 1155 1200 
End Time 1049 1055 1100 1301 1355 1400 
Sampling Time [min] 119 120 120 1070 120 120 
Sample Volume [dscf] 70.5 78.1 77.7 68.4 83.6 79.5 

Barometric Pressure [“ Hg] 30.0 30.0 30.0 29.9 29.9 29.9 

Static Pressure [“ H2O] -5.70 -6.25 -6.40 -5.56 -5.84 -6.09 

O2, measured [%] 8.40 9.30 10.1 11.7 10.6 10.4 

CO2, calculated [%] 11.9 11.0 10.3 11.7 10.6 10.4 

Flue Gas Temperature [°F] 265 271 286 271 272 283 

Gas Velocity [ft/sec] 43.7 38.0 38.6 43.8 37.4 40.5 

Gas Flow Rate [dscfm]  169,100 163,400 164,800 169,300 161,700 173,400 

Particulate Matter [gr/dscf] 2.69 0.057 0.067 2.81 0.059 0.065 

Particle-bound Hg [µg/m3] 3.50 0.002 0.002 3.61 0.002 0.002 

Oxidized Hg [µg/m3] 5.91 5.50 5.70 4.12 4.99 5.09 

Elemental Hg [µg/m3] 0.35 1.43 1.13 0.33 1.32 1.24 

Total Hg [µg/m3] 9.76 6.93 6.83 8.06 6.31 6.34 

Hg Emissions [lb/TBtu] 9.60 7.35 7.78 8.13 6.94 7.21 

 

8.0 Process Stream Samples 
 
Coal and fly ash samples were taken during each test.   

8.1 Coal Samples and Results of Analyses 
Martins Creek operations personnel collected coal samples from the mill feeders during 
each flue gas sampling period.  Each coal sample was stored and sealed in a 5-gallon 
plastic bucket.  Total coal mercury input was determined by applying the coal mercury 
concentration to the calculated coal feed flow, which was derived from F-Factor 
calculations.  Full analytical results are contained in Appendix B. 
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Table 9.  Coal Sample Results 
Sample ID Coal 1 Coal 2 Coal 3 Coal 4 
Test No. 1 2 3 4 
Test Date 12/5/2006 12/5/2006 12/6/2006 12/6/2006 

Sample Location Mill 
Feeders 

Mill 
Feeders 

Mill 
Feeders 

Mill 
Feeders 

Analytical No. 20065911 20065912 20065913 20065914 
  Total Moisture (%) 7.24 6.99 12.68 7.42 
  Moisture (%, as det'd) 1.59 2.02 1.77 1.57 
  Ash (%, dry) 10.6 10.5 7.95 8.22 
  Volatile Matter (%, dry) 33.7 33.8 36.2 35.9 
  Fixed Carbon (dry, %) 55.7 55.7 55.8 55.9 
  HHV (Btu/Ib, dry) 13,423 13,570 13,849 13,820 
  Total Sulfur (%, dry) 2.00 2.02 1.66 1.76 
  Total Carbon (%, dry) 75.5 76.1 77.5 77.4 
  Hydrogen (%, dry) 4.08 4.11 3.97 3.99 
  Nitrogen (%, dry) 1.24 1.24 1.24 1.28 
  Oxygen (%, dry, by diff.) 6.44 5.96 7.65 7.23 
  Chlorine (%, dry) 0.094 0.106 0.080 0.093 
  Mercury (ppm, dry) 0.212 0.255 0.116 0.131 
Major Ash Element (%, dry)         

SiO2  49.1 49 49.5 48.9 

Al2O3  23.8 23.6 24.1 24.1 

TiO2  1.07 1.06 1.07 1.05 

Fe2O3  17.8 18.3 16.7 18.3 
CaO  1.65 1.64 2.12 1.86 
MgO  0.79 0.79 0.84 0.83 
Na2O  0.37 0.35 0.52 0.50 

K2O  2.27 2.19 1.96 2.02 

P2O5  0.5 0.51 0.49 0.50 

SO3  1.35 1.46 1.72 1.48 

 

8.2 Fly Ash Samples 
Samples of the fly ash were collected from the ESP Hopper Discharge on the Unit 1 
ESP.  Table 10 summarizes the results of the fly ash analyses for tests 1 – 4. 
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Table 10.  ESP Hopper Ash Analyses 
Sample ID ASH 1 ASH 2 ASH 3 ASH 3 
Test No. 1 2 3 4 

Test Date 12/5/2006 12/5/2006 12/6/2006 12/6/2006 

Sample Location Hopper 
Discharge 

Hopper 
Discharge 

Hopper 
Discharge 

Hopper 
Discharge 

Analytical No. 20065915 20065916 20065917 20065918 
  Moisture (%, as det'd) 0.03 0.16 0.26 0.36 
  Ash (%, dry) 81.8 79.2 75.8 78.3 
  Total Sulfur (%, dry) 0.38 0.48 0.46 0.43 
  Total Carbon (%, dry) 16.3 18.6 23.2 20.9 
  Chlorine (%, dry) 0.003 0.003 0.003 0.005 
  Mercury (ppm, dry) 0.66 0.80 0.70 0.68 
Major Ash Element (%, dry)         

SiO2  39.8 38.4 37.1 37.5 

Al2O3  19.6 19.6 17.9 18.3 

TiO2  0.93 0.94 0.82 0.85 

Fe2O3  14.4 12.8 14.0 13.5 
CaO  1.72 1.75 1.79 1.78 
MgO  0.7 0.71 0.65 0.66 
Na2O  0.32 0.36 0.41 0.39 

K2O  1.65 1.81 1.53 1.56 

P2O5  0.46 0.50 0.40 0.41 

SO3  0.81 0.99 0.86 0.96 

 

8.3 QA/QC 

The sampling and analysis QA/QC procedures are described below. 

o All sampling was conducted by personnel specifically trained and 
experienced in power plant sampling methods, including the Ontario-Hydro 
mercury sampling method and the controlled condensation method, 

o The sampling equipment was maintained and calibrated as required, 
o Consistent sample preparation and recovery procedures were used, 
o Samples were logged and tracked under the direction of sample team 

leader, 
o Individual calibration curves were developed for each sample matrix, 
o NIST Standard Reference Material (SRM) and lab QC samples were 

analyzed to verify calibration curves, 
o Duplicates of selected samples were analyzed to assure repeatability, 
o Analyses of selected “spiked” samples were analyzed to assure sample 

recovery, and 
o Interim data were reviewed to assure sample completeness. 
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All samples were obtained using the procedures described in EPA Method 5/17 and 
Ontario-Hydro Mercury Speciation method.  Data were recorded on standard forms, 
which are included in Appendix A.  The field data were reduced using standard 
spreadsheets.  Copies of the summary sheets are included in Appendix A.  To assure 
consistency, all of the Ontario-Hydro train components were prepared and recovered 
under the supervision of a senior technician experienced in the Ontario-Hydro mercury 
speciation lab techniques.  Copies of the recovery sheets are included in Appendix C. 

The Ontario-Hydro sampling train analysis consisted of seven sub-samples.  Each sub-
sample analysis consisted of developing a calibration curve (absorbance versus mercury 
concentration in solution), checks of field and lab blanks, calibration checks with SRM 
and lab standards, selected duplicates and selected sample spikes.  The laboratory 
summaries for each of these runs are contained in Appendix C. 

A total of 64 liquid and 14 solid individual mercury determinations were completed, all 
liquid samples were analyzed in duplicate.  In addition, 12 blank samples with duplicate 
analysis, 1 NIST SRM or lab QC checks, 12 sample spikes, 3 spiked duplicates, and 12 
triplicate analyses were performed. 

8.4 Blank Samples 
A total of 10 blank liquid samples were analyzed.  The average blank value was <0.60 
ng/mL (ppb in solution).  The average blank value is less than any individual Hgpart, Hg++, 
or Hg0 determination in ng/mL.  Consequently, in this report, blank concentrations were 
not subtracted out from any mercury determination. 

8.5 NIST SRM Checks 
NIST SRM checks were conducted periodically throughout the mercury determinations. 

The SRM checks were conducted using NIST SRM #1633B with a defined mercury 
concentration of 0.141 ng/mL.  

8.6 Spike Sample Recoveries 
A total of 15 samples were spiked with a 2 or 5 ppb Hg standard and then re-analyzed to 
determine the percent spike recovery.  The result of this QA/QC procedure was an 
average spike recovery of 103% recovery with a ±4.43% standard deviation. 

8.7 Triplicate Analyses 
A total of 12 triplicate analyses were conducted periodically throughout the mercury 
determinations.  The result of this QA/QC procedure was an average mercury 
determination that was within 1.0% of the original mercury determination, with a ±0.01% 
standard deviation.   
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8.8 Flue Gas Hg Concentration Detection Limits 
For liquid samples, the flue gas mercury concentration was calculated using the following 
equation: 

1000
)/( 3

×

×
=

gas

impimp

V
VC

mgHg µ  

where: Cimp   = Hg concentration of impinger solution  [ ng/mL (ppb) ] 

  Vimp   = Liquid volume of impinger solution  [ mL ] 

  Vgas = Flue gas sample volume  [ dry standard m3 ] 

  1000 = Conversion factor  [ 1000 ng per µg ]   

The flue gas mercury detection limit is reduced when the flue gas sample volume is 
increased or liquid volume of impinger solution is decreased.  The CVAA is calibrated 
between 0 and 20 ng/mL.  Over this range, the calibration curve between absorbance 
and concentration is linear.  The lowest concentration standard used to develop the 
calibration curve is 0.500 ng/mL.  In addition, the detection limit of the liquid CVAA 
analysis was 0.2 ng/mL for KCl and KMnO4 impinger solutions and <1.0 ng/mL for all 
other solutions.  The prescribed sampling and recovery procedures result in final liquid 
volumes varying between 63 and 636 mL.  The volume of flue gas collected varied 
between 1.35 and 2.50 dscm.  The sampling variables result in sample-specific flue gas 
detection limits.  The flue gas mercury detection limits for each sample matrix are listed 
in Table 11. 

Table 11.  Flue Gas Hg Detection Limits 

Matrix Maximum Liquid 
Volume [mL] 

Minimum Gas 
Volume [dscm] 

Flue Gas Detection 
Limit [µg/m3] 

Probe Rinse 178 1.35 0.13 

Heated Line Rinse 110 1.35 0.08 

KCl Impinger 636 1.35 0.47 

HNO3/H2O2 Impingers 185 1.35 0.14 

KMnO4 Impingers 255 1.35 0.19 

 
Depending on the matrix, the flue gas mercury detection limit ranged from 0.08-0.47 
µg/m3.  When compared with the total mercury concentrations ranging from 6.94-13.38 
µg/m3, the flue gas detection limit is low enough to be insignificant in the flue gas 
calculations. 
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8.9 Mass Balance for Mercury 
One important criterion to gauge the overall quality of the tests is to conduct a mass 
balance to account for the mercury entering and leaving the plant during the time of the 
tests.  Mercury entered the plant through coal, and left the plant via ESP ash and stack 
emissions.  The coal feed rates were determined with F-Factor calculations, which are 
based on coal composition and heating value.  The amount of mercury leaving the stack 
was calculated from the Ontario-Hydro data.  The ESP fly ash mass rates were 
calculated from coal ash rates and estimated ESP control efficiencies.   

With all of the flow rates of the stream entering and leaving Unit 1 defined, the amount of 
mercury in the streams entering and leaving the unit was calculated.  A material balance 
check for mercury was performed and the results are summarized in Table 12.  The 
mercury mass balance closure is defined as the sum of the amounts of mercury in the 
streams leaving the system divided by the sum of the amounts of mercury in the streams 
entering the system.  The mercury balances for tests 1, 2, and 4 met the QA/QC criterion 
of 100±30% mercury balance closure.  Coal samples from the second day of testing 
contained nearly half the mercury as measured in the coal from the first day.  Other coal 
chemistry components also differ between the two days leading to the conclusion that a 
fuel switch occurred some time between the second and third test periods.  As such, the 
high balance for test three could be the result of improper coal sampling or even a 
residual effect on the concentration due to carry-over of mercury from the previous fuel. 

Table 12.  Mercury Material Balance Closures 
Test No. 1 2 3 4 

Hg input from Coal (mg/sec) 2.43 2.93 1.18 1.34
Total Hg Input (mg/sec)  2.43 2.93 1.18 1.34

          
Hg output via ESP hopper ash (mg/sec) 0.96 1.19 0.73 0.72
Hg output via stack flue gas (mg/sec) 1.95 1.87 1.06 1.00

Total Hg Output (mg/sec)  2.91 3.06 1.79 1.72
Hg material balance closure (output / input) 119.9% 104.5% 151.5% 128.4%

Average Hg material balance closure 117.6% 
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DE-FC26-06NT42777 

1.0 Executive Summary 
 
CONSOL Energy Inc., Research and Development (CONSOL R&D) conducted a flue 
gas mercury (Hg) and sulfur trioxide (SO3) evaluation at the Allegheny Energy R. Paul 
Smith Station (RPS) on Unit 4 on September 11 and 12, 2007, under Department of 
Energy (DOE) Award Number DE-FC26-06NT42777.  The test program serves as the 
baseline emissions evaluation for the project and consisted of flue gas mercury 
measurements at the Unit 4 stack using the Ontario-Hydro Flue Gas Mercury Speciation 
Method and SO3 measurements at the Unit 4 air heater outlet using the Controlled 
Condensation Method.  Two tests were conducted on each date.  Mercury mass 
balance calculations were performed for all tests.  The test methods and results are 
described in this report.   
 
The Unit 4 ductwork splits the boiler flue gas into two streams designated “A” and “B,” 
upstream of the ESP.  The two ducts combine at the ESP inlet plenum, from which point 
the flue gas is routed through a common pathway through the ESP train and stack.  SO3 
sampling was performed on both ducts at the air heater outlet while mercury sampling 
was conducted at the stack location only.  Unit 4 operations incorporate a humidification 
system downstream of the air heater to condition the flue gas to enhance particulate 
matter removal.  Four tests were conducted; two with the humidification system inactive 
and two with the system active to determine the impact humidification had on the flue 
gas, both in terms of SO3 and mercury concentrations and flue gas temperatures. 
 
The resulting test data provide baseline air heater outlet SO3 concentrations and 
baseline total mercury removal from coal input.  The average results for the tests are 
summarized in Tables 1 and 2.  The results show that humidification provides both a 
decrease in SO3 concentration and an increase in mercury removal. 
 

Table 1.  Summary of Baseline Air Heater Outlet SO3 Test Results 
Humidification Status Inactive Active 

Gas Phase, ppmv @ 0% O2 8.3 3.3 
Total Phase, ppmv @ 0% O2 9.1 4.7 SO3

Acid Dew Point, °F 268 255 

1 
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Table 2.  Summary of Baseline Mercury Testing at the Stack 
Humidification Status Inactive Active 

µg/dscm 0.12 0.11 Particle-bound Hg, 
(dry) mg/sec 0.02 0.01 

µg/dscm 1.14 0.69 Oxidized Hg, (dry) 
mg/sec 0.12 0.08 

µg/dscm 0.25 0.25 Elemental Hg, (dry) 
mg/sec 0.03 0.03 

µg/dscm 1.51 1.05 Total Hg, (dry) 
mg/sec 0.17 0.12 

Coal Feed Mercury Input, mg/sec 1.82 1.81 
Total Hg removal, coal-to-ESP out [%] 90.7 93.4 

 
2.0 Summary of Test Data 

2.1 Summary of SO3 Data 
Flue gas sulfur trioxide (SO3) concentrations at duct conditions and corrected to 0% O2 
are shown in the following table: 

Table 3.  Summary of Air Heater Outlet SO3 Sampling. 
SO3 Concentration, ppmv 

dry @ 0% O2

Test No Humidification 
Status Date & Time 

Average 
Duct O2, 

vol %, dry As Sampled Corrected to 
0% O2

1 Inactive 09/11/2007 1615-1716 4.5 8.1 10.3 

2 Inactive 09/11/2007 1740-1841 4.5 6.1 7.8 

3 Active 09/12/2007 1023-1124 4.5 5.2 6.6 

4 Active 09/12/2007 1145-1246 4.0 2.2 2.8 

2.2 Summary of Process Stream Data 
Summarized in Table 4 are the calculated or measured flow rates of the process 
mercury inputs and outputs, and flue gas mercury output at the stack.  From the total 
amount of mercury entering and leaving the system, the mercury material balance 
closure for each test was calculated.     
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Table 4.  Summary of Process Stream Data 

Test 1 Test 2 Test 3 Test 4 

Coal Feed Rate [KPPH, dry basis] 77.5 76.9 78.8 81.2 

Hg in Coal [ppm, dry] 0.198 0.176 0.201 0.158 

Total Hg Input from Coal [mg/sec, dry] 1.93 1.70 2.00 1.62 

Humidification (On/Off) Off Off On On 

ESP Ash, calc'd [KPPH, dry] 11.71 11.85 12.40 11.66 

Hg in ESP Ash [ppm, dry] 1.18 1.76 2.24 1.11 

Total Hg Output via ESP Ash [mg/sec, dry] 1.74 2.63 3.50 1.63 

     

Total Flue Gas Flow Rate at Stack, 
measured [dscm/min] 6510 6380 6460 6290 

Total Hg in Flue Gas at Stack [µg/dscm] 1.53 1.49 0.90 1.20 

Total Hg Output via Stack [mg/sec] 0.17 0.16 0.10 0.13 

     

Total Hg Input [mg/sec] 2.04 1.81 2.11 1.71 

Total Hg Output [mg/sec] 2.03 2.98 3.50 1.74 

Hg Closure [%] 100% 164% 182% 111% 

  KPPH = thousand pound per hour 
 dscm = dry standard cubic meters 
 
Prior to and following each test, ESP ash was evacuated from the ash hoppers so that 
only ash removed during the test period was collected in the hoppers.  The ash is 
emptied, one hopper at a time, starting with the first ESP field and sequentially emptying 
hoppers through each field, to the final hopper in the last field.  It is unfortunate that the 
time during the hopper emptying sequence that the sample was collected was not 
controlled.  Thus, the ash sample is not necessarily representative. 
 
It has been established that ash composition varies by hopper; in particular, mercury 
concentration increases as the ash progresses through the ESP.  The ash mercury 
concentrations reported for test runs two and three are significantly higher than those 
reported for tests one and four; this difference correlates with elevated mercury mass 
balances for tests two and three, indicating that there would be more mercury removed 
from the system than was introduced.  Since the only parametric difference between the 
tests is the high mercury concentration of the ash, the measured concentrations cannot 
be representative of the actual mercury concentration. 
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2.3 Summary of Hg Speciation Data 
Listed in Table 5 is the mercury speciation at the stack for each of the four tests.  The 
particle-bound and elemental mercury concentrations remained consistent regardless of 
humidification status, while the vapor phase oxidized concentrations decreased with the 
humidification system in service.   

Table 5.  Summary of Unit 4 Stack Mercury Speciation Data 
Test Number 1 2 3 4 

Humidification Status Inactive Inactive

 

Active Active 
 

Mercury Species (µg/dscm):   Average   Average 
Particulate 0.09 0.16 0.13 0.10 0.11 0.11 

Oxidized 1.23 1.05 1.14 0.57 0.81 0.69 
Elemental 0.21 0.28 0.25 0.22 0.27 0.25 

Total 1.53 1.49 1.51 0.90 1.20 1.05 

2.4 Summary of Mercury Removal 
The coal-to-stack Hg removals for the tests are listed in Table 6.  

Table 6.  Summary of Hg Removal 
Test Number 1 2 3 4 

Humidification Status Inactive Inactive Active Active
Coal Hg input [mg/sec] 1.93 1.70 2.00 1.62 
Total Hg in stack flue gas [mg/sec] 0.17 0.16 0.10 0.13 
Hg removal, coal vs. stack [%] 91.2 90.6 95.0 92.0 

Average Hg Removal [%] 90.9 93.5 
 
System mercury removals were determined by comparing the measured coal mercury 
input to the stack mercury mass output.   

2.5 Stack Mercury Emissions 
Listed in Table 7 are the results of mercury emissions from the stack based on the 
boiler heat input.   
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Table 7.  Heat Input-Based Stack Hg Emissions 
Test Number 1 2 3 4 

Humidification Status Inactive Inactive Active Active 
Coal feed rate [KPPH, as fed] 83.4 83.0 84.9 86.9 
Coal feed rate [KPPH, dry] 77.5 76.9 78.8 81.2 
Coal HHV [Btu/Ib, dry basis] 12,242 12,275 12,285 12,441 
Total heat input from coal [MM Btu/hr] 949 943 969 1011 
Total Hg emissions [Ib/TBtu] 1.42 1.35 0.82 1.02 
Average total Hg emissions [Ib/TBtu] 1.39 0.92 

 
3.0 Sampling Locations and Sampling Points 

3.1 Unit 4 Air heater Outlet 
Sampling ports are located in the flue gas ductwork between the air heater outlet and 
the ESP.  The flue gas is divided into two separate rectangular, vertically-oriented ducts, 
each fitted with six sample access ports and measuring 188 inches wide by 72 inches 
deep.  Sampling was conducted for SO3, each test being 60 minutes in duration, using 
the Controlled Condensation Method.   

3.2 Unit 4 Stack 
Mercury sampling was performed at the stack at an isokinetic sample rate, utilizing the 
Ontario Hydro Flue Gas Mercury Speciation Method (ASTM D6784-02).  Flue gas 
velocity and temperature profiles were conducted during each test run.  The stack 
sampling location consists of a single flue measuring ten feet in diameter.  A single port 
is located in each quadrant of the stack circumference for a total of four ports.  Three 
traverse points were sampled in each port for a total of twelve sample points per test. 
 

4.0 Experimental 
 
This sampling program was performed to establish baseline concentrations for U.S. 
DOE Cooperative Agreement No. DE-FC26-06NT42777, Full-Scale Field Trial of LTMC 
Process.  Baseline SO3 levels were examined to evaluate the level of control required 
by the water/Mg(OH2) slurry injection system.  Mercury concentration at the stack was 
measured to determine native removal occurring in the unit.  Samples of coal and fly 
ash were taken during each test period to perform material balances for mercury to 
verify the Ontario-Hydro results. 

4.1 Test Matrix 
The sampling consisted of a total of four mercury and four SO3 tests over two sampling 
days.  Two mercury measurements were performed at the Unit 4 stack sampling 
location, and two SO3 measurements were performed at the Unit 4 air heater outlet, on 
each of the two sampling days.  Day one testing was performed with the flue gas 
humidification system inactive while day two tests were conducted with the system in 
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operation.  Mercury measurements were conducted isokinetically.  Sulfur trioxide 
measurements at the air heater outlet were conducted independently of the mercury 
tests. 

Preliminary pitot surveys were conducted at each location prior to Test 1.  At all 
measurement locations, the flows were found to be in-line with the vertical axis of the 
duct.  Mercury measurements were conducted with the sampling nozzle oriented 
directly into the flow. 

4.2 Flue Gas Hg Measurements 
Flue gas Hg measurements were obtained using the Ontario-Hydro mercury speciation 
method.1  CONSOL R&D incorporated the EPA Method 17 sample train configuration as 
shown in Figure 1. 
 
In the Ontario-Hydro method, with the sample train in the Method 17 configuration, gas 
is extracted isokinetically from the flue gas stream through a nozzle and in-stack filter.  
Total particulate matter mass loading is calculated from the solids collected in the 
nozzle, front-half of the filter housing, and on the filter.  The filter temperature is 
dependant on the flue gas temperature.  Mercury collected in the nozzle and filter is 
assumed to be particle-bound mercury (Hgpart).   
 
The filter housing is attached to a glass-lined stainless steel probe that is maintained at 
250 °F ±20 °F, or as close as practical to the flue gas temperature if the flue gas 
temperature is higher than 250 °F.  Mercury collected in the probe is reported as 
oxidized mercury (Hg++). 
 
The probe is connected to the impinger train with a flexible, heated, Teflon sample line 
that is maintained at 250 °F ±20 °F, or as close as practical to the flue gas temperature 
if the flue gas temperature is higher than 250 °F.  Mercury collected in the probe is also 
assumed to be Hg++. 
 
The flue gas exits the sample line and passes through a series of chilled impingers.  
The first three impingers are filled with 100 mL of a 1M-potassium chloride (KCl) 
solution.  Mercury captured in these impingers is reported as Hg++. The next impinger is 
filled with 100 mL of 5% nitric acid and 10% hydrogen peroxide (H2O2) solution to 
remove SO2 from the flue gas and preserve the oxidizing strength of the subsequent 
two impingers, which are filled with 100 mL of an acidic potassium permanganate 
(KMnO4) solution.  Mercury captured in the nitric acid impinger and the potassium 
permanganate impingers is reported as elemental mercury (Hg0).  The gas exits the 
impinger train through a silica gel-filled impinger that removes uncondensed moisture 
from the sample gas.  The sampling train design results in the following species 
collection Hg sequence: 

                                            
1 ASTM D6784-02, Standard Test Method for Elemental, Oxidized, Particle-Bound and Total Mercury in 
Flue Gas Generated from Coal-Fired Stationary Sources (Ontario Hydro Method) 
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Table 8.  Hg Speciation by Sampling Train Component 

Sampling Train Component Species Measured 

Nozzle & Quartz Filter Hgpart

Probe & Nozzle Rinse Hg++

Heated Sample Line Hg++

KCl Impingers Hg++

HNO3/H2O2 Impinger Hg0

KMnO4 Impingers Hg0

HCl Rinse of KMnO4 Impingers Hg0
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Figure 1.  Ontario Hydro Sampling Train – Method 17 Configuration 

 

7 

Appendix B CONSOL Energy Inc. Page 14 of 71



DE-FC26-06NT42777 

The absorbing solutions were made fresh daily.  The impingers were charged and the 
sampling components were transported to the required locations.  The sampling trains 
were assembled, pre-heated, and checked for leaks.  After passing the leak-check 
procedure, the sampling probe was inserted into the stack and sampling was initiated.  
The sample periods varied between 120 minutes for both test on day one and 110 and 
90 minutes for tests three and four, respectively.  Sample volumes ranged from 62.4 to 
82.1 dscf.  Oxygen readings were monitored at the outlet of the sampling trains using a 
Teledyne Model Max 5 portable analyzer (electrochemical O2 sensor).  At the 
completion of the sampling period, the sample trains were checked for leaks, purged for 
ten minutes, and then disassembled.  The components were transported to the lab 
trailer for recovery.  The mercury concentration of the individual impinger solutions was 
determined by cold vapor atomic absorption (CVAA) as specified in the methodology.  
The concentration of Hg on the solids was determined by acid digestion followed by 
CVAA (Method ASTM D6414). 
 
The amount of mercury collected in the impinger solutions was determined as outlined 
in EPA Method 29 and the Ontario-Hydro Method.  An aliquot of the impinger solution is 
acidified and the mercury is determined using cold vapor-atomic absorption 
spectroscopy. The atomic absorption spectrometer is calibrated with commercial 
mercury standards.  The calibration is verified using NIST Standard 1633B.  The 
calibration is reassessed periodically by analyzing a quality control standard.  The 
instrument is recalibrated as required.  Each sample matrix is analyzed as a set and an 
individual calibration curve is used for each set.  Depending on sample type, selected 
samples are spiked with 2 or 10 ng/mL (ppb) of mercury and reanalyzed.  Spike 
recovery must be within ±30% or the sample is diluted and reanalyzed.  Selected 
samples are analyzed in duplicate.  The duplicates must be within ±20% or the analyses 
are repeated. 

Where sufficient solids are collected, particulate mercury is analyzed using a 0.5-1.0 gm 
sample of solids removed from the filter.  In cases where the particulate catch is low the 
entire filter is digested.  The samples are digested with aqua-regia in pressure vessels 
prior to analysis by CVAA. 
 

5.0 Results 

Sampling was conducted with the humidification on and off to determine the effect the 
water addition had on flue gas temperature and SO3 and mercury concentrations.  The 
humidification system decreased the flue gas temperatures by an average of 19 °F.  
The following sections detail the flue gas and process sampling results. 

5.1 Flue Gas SO3 Measurements 

Flue gas SO2 and SO3 concentrations were determined using a controlled condensation 
method originally developed by the US EPA and modified by CONSOL R&D.  A drawing 
of the CONSOL sampling train is shown in Figure 2. 

 

8 

Appendix B CONSOL Energy Inc. Page 15 of 71



DE-FC26-06NT42777 

 

  

Impinger Assembly
#1 H2O2 
#2 H2O2 
#3 Blank
#4 Silica Gel

140 °F

550 °F

Quartz
Plug

Heated Quartz Probe
Condenser/
Glass Wool

Water
Bath

Tygon
Tubing

Sample 
Pump

Dry Test
Gas Meter

Oxygen
Analyzer

Flow
Meter

TC TC

8.3

Probe Heater 
Controller

Impinger Assembly
#1 H2O2 
#2 H2O2 
#3 Blank
#4 Silica Gel

140 °F

550 °F

Quartz
Plug

Heated Quartz Probe
Condenser/
Glass Wool

Water
Bath

Tygon
Tubing

Sample 
Pump

Dry Test
Gas Meter

Oxygen
Analyzer

Flow
Meter

TC TC

8.3

Probe Heater 
Controller

 
Figure 2.  Controlled Condensation SO3 Sampling Train 

 
Flue gas was pulled through a temperature-controlled, quartz-lined probe fitted with a 
quartz wool plug to remove particulate matter.  The probe temperature was maintained 
at ca. 550 °F to minimize SO3 condensation and SO2 oxidation.  After the filter, the gas 
sample passed through a water-cooled condenser that is loosely packed with glass 
wool.  A heated water bath was used to control the condenser temperature at 140 °F, 
which is below the acid dew point.  Essentially, all of the SO3 condenses.  However, the 
condenser temperature was above the water dew point to prevent water condensation.  
The sample gas exited the condenser and entered a bank of miniature impingers.  The 
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first two impingers contained a 3% H2O2 solution, which captures SO2.  The gas next 
passed through an empty impinger, and finally a silica gel-filled impinger for moisture 
removal.  The gas was then conveyed through a rotameter, a vacuum pump, and a dry 
test meter. 

Prior to the sampling, the system was leak checked under a vacuum of 10" of Hg.  The 
sample probe was then positioned and gas was sampled for 60 minutes.  The following 
data was recorded: (1) starting gas volume, (2) interval gas volume, (3) final gas 
volume, (4) probe temperature, (5) condenser temperature, (6) water bath temperature, 
(7) flue gas duct temperature, (8) dry test meter temperature, (9) flow meter setting, (10) 
system vacuum, (11) exit gas O2 concentration, (12) barometric pressure, and (13) 
sampling time. 

After sampling, the probe was removed from the stack, leak checked under a vacuum of 
10" of Hg, purged with ambient air for 10 minutes, and the train components were 
disassembled for sample recovery.  The sample train components were recovered in 
the following manner: 

Quartz Plug - The quartz plug was removed from the probe tip, placed in a glass bottle, 
and extracted with 20 mL of isopropyl alcohol (IPA).  The solids were filtered and the 
filtrate was diluted to a volume of 50 mL prior to analyses. 

Sample Probe - The quartz probe liner was rinsed with IPA into a glass bottle and 
diluted to a volume of 50 mL prior to analysis. 

Condenser - The condenser interior is rinsed with IPA into a glass bottle.  Three 
complete rinses are utilized.  The rinses are diluted to a volume of 50 mL prior to 
analysis. 

Impingers - The contents of the first three impingers and connecting tubes are rinsed 
into a collection bottle with deionized (DI) water and diluted to a volume of 250 mL prior 
to analysis.  

5.2 Mercury Sampling Test Results 

Table 9 lists the Ontario Hydro sampling results for Unit 4.  A complete listing of the 
sampling parameters and field data sheets is in Appendix A. 
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Table 9.  Ontario Hydro Sampling Results 

Location Stack Stack Stack Stack 

Humidification Status Inactive Inactive Active Active 
Test 1 2 3 4 

Date 9/11/07 9/11/07 9/12/07 9/12/07 

Start Time 915 1345 1000 1420 

End Time 1128 1608 1238 1625 

Sampling Time [min] 120 120 110 90 

Sample Volume [dscf] 82.14 79.55 73.22 62.44 

Barometric Pressure [“ Hg] 29.32 29.32 29.59 29.59 

Static Pressure [“ H2O] -0.63 -0.58 -0.80 -0.73 

O2, measured [%] 6.7 6.6 7.6 6.6 

CO2, calculated [%] 13.5 13.5 12.6 13.6 

Flue Gas Temperature [°F] 293 300 276 279 

Gas Velocity [ft/sec] 76.6 76.23 73.92 72.95 

Gas Flow Rate [dscfm] 229800 225200 228100 222100 

Particulate Matter [gr/dscf] 0.0351 0.0638 0.0737 0.0738 

Particle-bound Hg [µg/m3] 0.092 0.157 0.103 0.111 

Oxidized Hg [µg/m3] 1.23 1.05 0.57 0.81 

Elemental Hg [µg/m3] 0.21 0.28 0.22 0.27 

Total Hg [µg/m3] 1.53 1.49 0.90 1.20 

Hg Emissions [lb/TBtu] 1.42 1.35 0.82 1.02 

 

5.3 Process Stream Samples 

Coal, mill rejects, and fly ash samples were taken during each test.   

5.3.1. Coal Samples and Results of Analyses 

RPS operations personnel collected coal samples from the mill feeders during each flue 
gas sampling period.  Each coal sample was stored and sealed in a 5-gallon plastic 
bucket.  Total coal mercury input was determined by applying the coal mercury 
concentration to the calculated coal feed flow, which was derived from EPA Method 19 
F-Factor calculations.  Full analytical results are contained in Appendix B. 
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Table 10.  Coal Sample Results 
Sample ID Coal 1 Coal 2 Coal 3 Coal 4 
Test No. BL-1 BL-2 BL-3 BL-4 
Test Date 09/11/07 9/11/2007 09/12/07 09/12/07 

Sample Location Mill 
Feeders 

Mill 
Feeders 

Mill 
Feeders 

Mill 
Feeders 

Analytical No. 20075435 20075438 20075441 20075444 
  Total Moisture (%) 7.05 7.47 7.14 6.53 
  Moisture (%, as det'd) 1.82 1.97 1.71 1.36 
  Ash (%, dry) 17.97 18.33 18.70 17.08 
  Volatile Matter (%, dry) 19.72 19.4 18.76 18.83 
  HHV (Btu/Ib, dry) 12,242 12,275 12,285 12,441 
  Total Sulfur (%, dry) 1.02 1.04 1.02 0.98 
  Total Carbon (%, dry) 70.67 70.47 70.76 71.65 
  Hydrogen (%, dry) 4.55 4.13 4.45 4.11 
  Nitrogen (%, dry) 1.20 1.31 1.07 1.12 
  Oxygen (%, dry, by diff.) 4.59 4.72 4.00 5.06 
  Chlorine (%, dry) 0.044 0.043 0.050 0.053 
  Mercury (ppm, dry) 0.198 0.176 0.201 0.158 
Major Ash Element (%, dry)         

SiO2  55.39 53.4 53.73 57.02 

Al2O3  27.83 29.28 27.12 30.03 

TiO2  1.34 1.7 1.32 1.56 

Fe2O3  8.11 7.56 8.27 6.33 
CaO  1.76 1.63 2.46 1.05 
MgO  0.74 0.78 0.96 0.65 
Na2O  0.28 0.24 0.24 0.23 

K2O  2.73 2.5 2.62 2.63 

P2O5  0.33 0.3 0.31 0.25 

SO3  1.61 1.64 2.32 0.99 

5.3.2. Mill Reject Samples 

To capture the mercury removed by the coal mills, samples of the mill reject were 
collected for each test period.  Prior to the start of each test the reject hoppers were 
emptied.  At the end of the test period a sample of the reject material was collected from 
each hopper and the hoppers were again emptied prior to the start of the next test. 
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Table 11.  Mill Reject Analytical Results. 
Sample ID Reject 1 Reject 2 Reject 3 Reject 4 
Test No. BL-1 BL-2 BL-3 BL-4 
Test Date 09/11/07 9/11/2007 09/12/07 09/12/07 

Sample Location Reject Hoppers Reject Hoppers Reject Hoppers Reject Hoppers 
Analytical No. 20075437 20075440 20075443 20075446 

  Moisture (%, as det'd) 0.34 0.27 0.33 0.46 
  Ash (%, dry) 78.40 77.09 78.93 80.00 
  Volatile Matter (%, dry) 20.26 25.66 22.01 15.98 
  Total Sulfur (%, dry) 6.05 5.83 5.89 5.49 
  Total Carbon (%, dry) 7.64 6.86 6.54 7.24 
  Hydrogen (%, dry) 1.14 1.73 1.67 1.79 
  Nitrogen (%, dry) 0.01 0.01 0.01 0.01 
  Oxygen (%, dry, by diff.) 6.76 8.48 6.96 5.47 
  Chlorine (%, dry) 0.0050 0.0040 0.0040 0.0060 
  Mercury (ppm, dry) 1.17 0.839 1.084 0.943 
Major Ash Element (%, dry)         

SiO2  45.30 40.88 42.95 50.98 
Al2O3  11.01 9.40 11.93 16.70 
TiO2  0.57 0.46 0.53 0.90 

Fe2O3  17.87 15.98 15.12 15.25 
CaO  16.81 26.27 20.44 9.65 
MgO  1.98 2.35 2.20 1.62 
Na2O  0.13 0.11 0.26 0.29 
K2O  1.44 1.37 1.68 2.19 
P2O5  0.16 0.16 0.08 0.09 
SO3  4.90 4.24 4.40 2.11 

5.3.3. Fly Ash Samples 

The ESP ash hoppers were empty at the beginning of each test.  At the end of the test, 
the accumulated ash was evacuated.  RPS operations personnel collected a sample of 
the ash at a point in time during the evacuation process that was not controlled and not 
recorded.  It is widely known that ESP ash composition is variable between hoppers.  
As the ash migrates through the ESP, particles with the lowest resistivity are removed 
first, followed by those of higher resistivity.  Carbon, having a high resistivity, will be 
found in greater concentrations in the hoppers of the last ESP fields.  Since mercury 
readily adsorbs to the surface of carbon, higher mercury concentrations can also be 
expected in these hoppers.  The mercury (and to a lesser extent, carbon) 
concentrations of the ash samples from tests two and three indicate that these samples 
were collected at a point in time later during the evacuation process than those from 
tests one and four.  In any extent, we consider the ash samples from tests 2 and 3 to be 
non-representative.  Table 12 summarizes the results of the fly ash analyses for tests 1 
– 4. 
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Table 12.  ESP Hopper Ash Analyses 
Test No. BL-1 BL-2 BL-3 BL-4 
Test Date 09/11/07 9/11/2007 09/12/07 09/12/07 

  Moisture (%, as det'd) 0.16 0.16 0.23 0.11 
  Ash (%, dry) 62.25 60.70 53.76 83.19 
  Total Carbon (%, dry) 35.71 38.56 42.49 16.15 
  Chlorine (%, dry) 0.011 0.010 0.018 0.005 
  Mercury (ppm, dry) 1.18 1.76 2.29 1.19 
Major Ash Element (%, dry)         

SiO2  31.93 30.32 31.97 47.65 
Al2O3  18.9 18.49 18.67 25.6 
TiO2  0.95 0.99 0.99 1.44 

Fe2O3  6.74 6.37 5.78 5.56 
CaO  1.09 1.05 0.72 1.2 
MgO  0.49 0.47 0.41 0.6 
Na2O  0.17 0.14 0.13 0.22 
K2O  1.65 1.55 1.46 2.23 
P2O5  0.33 0.31 0.26 0.29 
SO3  0.24 0.23 0.31 0.17 

5.3.4. QA/QC 

The sampling and analysis QA/QC procedures are described below. 

o All sampling was conducted by personnel specifically trained and 
experienced in power plant sampling methods, including the Ontario-
Hydro mercury sampling method and the controlled condensation method, 

o The sampling equipment was maintained and calibrated as required, 
o Consistent sample preparation and recovery procedures were used, 
o Samples were logged and tracked under the direction of sample team 

leader, 
o Individual calibration curves were developed for each sample matrix, 
o NIST Standard Reference Material (SRM) and lab QC samples were 

analyzed to verify calibration curves, 
o Duplicates of selected samples were analyzed to assure repeatability, 
o Analyses of selected “spiked” samples were analyzed to assure sample 

recovery, and 
o Interim data were reviewed to assure sample completeness. 

All samples were obtained using the procedures described in EPA Method 5/17 and 
Ontario-Hydro Mercury Speciation method.  Data were recorded on standard forms, 
which are included in Appendix A.  The field data were reduced using standard 
spreadsheets.  Copies of the summary sheets are included in Appendix A.  To assure 
consistency, all of the Ontario-Hydro train components were prepared and recovered 
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under the supervision of a senior technician experienced in the Ontario-Hydro mercury 
speciation lab techniques.  Copies of the recovery sheets are included in Appendix C. 

The Ontario-Hydro sampling train analysis consisted of seven sub-samples.  Each sub-
sample analysis consisted of developing a calibration curve (absorbance versus 
mercury concentration in solution), checks of field and lab blanks, calibration checks 
with SRM and lab standards, selected duplicates and selected sample spikes.  The 
laboratory summaries for each of these runs are contained in Appendix C. 

5.3.5. Mass Balance for Mercury 

One important criterion to gauge the overall quality of the tests is to conduct a mass 
balance to account for the mercury entering and leaving the plant during the time of the 
tests.  Mercury entered the plant through coal, and left the plant via mill rejects, ESP 
ash, and stack emissions.  The coal feed rates were determined with F-Factor 
calculations, which are based on coal composition and heating value.  The amount of 
mercury leaving the stack was calculated from the Ontario-Hydro data.  The ESP fly ash 
mass rates were calculated from coal ash rates and estimated ESP control efficiencies.   

With all of the flow rates of the stream entering and leaving Unit 4 defined, the amount 
of mercury in the streams entering and leaving the unit was calculated.  A material 
balance check for mercury was performed and the results are summarized in Table 13.  
The mercury mass balance closure is defined as the sum of the amounts of mercury in 
the streams leaving the system divided by the sum of the amounts of mercury in the 
streams entering the system.  The mercury balances for tests 1 and 4 met the QA/QC 
criterion of 100±30% mercury balance closure.   
 
It has been established that ESP ash composition varies by hopper; in particular, 
mercury concentration increases as the ash progresses through the ESP.  The ash 
mercury concentrations reported for test runs two and three are significantly higher than 
those reported for tests one and four; this difference correlates with elevated mercury 
mass balances for tests two and three, indicating that there would be more mercury 
removed from the system than was introduced.  Since the only parametric difference 
between the tests is the high mercury concentration of the ash, the measured 
concentrations cannot be representative of the actual mercury concentration. 
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Table 13.  Mercury Material Balance Closures 
Test No. 1 2 3 4 

Hg input from Coal (mg/sec) 1.93 1.70 2.00 1.62 
Total Hg Input (mg/sec)  1.93 1.70 2.00 1.62 

      
Hg output via Mill Rejects (mg/sec)  0.03 0.02 0.03 0.02 
Hg output via ESP hopper ash (mg/sec) 1.74 2.63 3.50 1.63 
Hg output via stack flue gas (mg/sec) 0.17 0.16 0.10 0.13 

Total Hg Output (mg/sec)  2.03 2.98 3.50 1.74 
Hg material balance closure (output / input) 100% 165% 182% 110% 

Average Hg material balance closure 139% 
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Full Scale Field Trial of the Low Temperature Mercury Capture Process 
 

U.S. DOE Cooperative Agreement No. DE-FC26-06NT42777 
 

Parametric Test Results 
Initial Magnesium Hydroxide Injection Tests 

Temperature Reduction Trial 
At Allegheny Energy R. Paul Smith Unit 4 

 

Introduction 
On September 25 and 26, 2007, CONSOL Energy Inc. Research and Development 
(CONSOL) conducted a trial run of the magnesium hydroxide (Mg(OH)2) slurry injection 
system of the CONSOL Full-Scale Field Trial of the Low Temperature Mercury Capture 
Project to determine the Unit 4 Evaporative Gas Cooling (EGC) system capacity for 
temperature reduction and to test the operation of the newly installed Mg(OH)2 slurry 
injection sulfur trioxide (SO3) control system.  Flue gas mercury removal determinations 
were also made during the trial run and the results were compared to the baseline flue 
gas evaluation CONSOL conducted on Unit 4 on September 11 and 12, 2007.1

Test Program and Results 
A Mg(OH)2 to SO3 molar ratio of 5:1 was selected to ensure there was adequate 
protection against SO3 condensation at the reduced flue gas temperature planned to 
prove the LTMC process.  To achieve this ratio, CONSOL calculated a Mg(OH)2 
injection rate of 108 pounds per hour of the 60 percent solids Mg(OH)2 slurry utilized 
during the trial run would be necessary.   

The LTMC process demonstration plan incorporates the existing Unit 4 EGC to reduce 
flue gas temperatures to a targeted level of less than 230 °F to enhance mercury 
capture.  During the trial run, Unit 4 was operating at 84 MW.  The Mg(OH)2 slurry was 
introduced to the EGC system at a rate of 92.5 lb/hr (dry basis), which is 84 percent of 
the slurry injection capacity.  The EGC water flow rate was gradually increased to the 
system’s maximum flow rate of 19 gallons per minute in attempt to decrease the flue 
gas temperatures to the targeted level for LTMC operation; however, the high ambient 
temperatures (~90 °F) limited the EGC ability to decrease the flue gas temperature to 
an average of 250 °F.  

Despite the higher than desired flue gas temperatures, flue gas mercury measurements 
were performed at the stack using the Ontario-Hydro Flue Gas Mercury Speciation 
Method (OH) (ASTM D6784-02) to determine if there was any improvement in mercury 
reduction from the reported baseline reduction.  Table 1 summarizes the boiler coal 

                                            
1 Topical report: “Baseline Mercury and Sulfur Trioxide Evaluation Field Testing Conducted September 11 
and 12, 2007 at the Allegheny Energy R. Paul Smith Station Unit 4.” 
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feed rates and feed coal mercury concentrations along with flue gas temperatures and 
mercury concentrations for the baseline testing and the temperature reduction trial. 

Table 1. Test Period Comparison of Mercury Speciation and Removal 

Sample Date 9/12/2007 9/25/2007 9/26/2007 

Test Condition 
Baseline 
EGC On 

Mg(OH)2 

Injection 
Mg(OH)2 

Injection 

Measurement Point 
Coal 
Feed 

Stack
Coal 
Feed 

Stack 
Coal 
Feed 

Stack

Coal Feed Rate (kpph, dry) 81.2  74.7  75.2  

Coal Hg (ppm, dry) 0.158  0.243  0.194  

Coal Hg (lb/Tbtu) 12.7  19.7  15.7  

Coal Hg (mg/sec) 1.62  2.29  1.84  

Flow (dscmm)  6,290  6,670  6,650

Flue Gas Temperature (°F)  279  277  250 

Particle-Bound Hg (mg/sec)  0.01  0.11  0.12 

Vapor-Phase Ionic Hg (mg/sec)  0.09  0.05  0.04 

Vapor-Phase Elemental Hg (mg/sec)  0.02  0.007  0.004

Total Hg (mg/sec)  0.13  0.17  0.16 

Coal-to-Stack Removal 92.0 92.6 91.3 
 
Table 1 shows that, even with the high water flow rate of the EGC, temperatures could 
not be reduced sufficiently below those measured during baseline testing.  As a result, 
there was no appreciable change in mercury removal. 

Summary 
High ambient temperatures of approximately 90 °F prevented the EGC from cooling the 
flue gas to less than 250 °F.  The mercury removals measured during the Mg(OH)2 
injection trial averaged 92 percent, which is identical to the removal that was measured 
during the preliminary baseline testing.  The addition of Mg(OH)2 provided no 
improvement in the removal at a flue gas temperature of 250 °F. 
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World Coal Association Case Study 

 



US coal producer CONSOL Energy Inc.  
has maintained the only privately-funded 
research and development group dedicated to 
enhancing coal combustion and coal utilisation 
for more than 50 years. Recently, CONSOL’s 
research efforts have provided a low-cost way  
of capturing up to 90% of mercury emissions 
from coal-fired power plants.

“The Low Temperature Mercury 
Control Process is suitable for 
retrofitting to existing coal-fired 
electricity generating plants, 
provided they generate sufficient 
quantities of unburned carbon 
in the fly ash.”
Jim Locke,  
Manager, Field Services & Operations

WCI Case Study  | September 2011

WCA Member CONSOL Energy Inc. is the 
largest producer of high-quality bituminous 
coal in the United States, as well as the 
country’s largest exporter of coal. In a bid 
to reduce fossil fuel emissions, CONSOL’s 
research and development team is 
developing a potentially low-cost method 
for controlling mercury emissions from 
coal-fired power plants. 

Low-cost mercury control technologies 
– suitable for retrofitting to existing 
plants – would greatly help coal-fired 
electricity generating plants to comply with 
anticipated US Environmental Protection 
Agency mercury reduction requirements.

captured in the power plant’s existing 
particulate collection device.” 

The process also offers another potential 
advantage – increasing efficiency in a  
cost-effective way. If an air heater is used 
as the cooling device, the extra recovered 
heat can improve the plant’s overall 
generating efficiency. 

An alkaline material, such as magnesium 
hydroxide, is injected into the flue gas 
upstream of the air heater, or added to  
the humidification water to capture  
sulphur trioxide. This prevents acid 
condensation at the low temperatures  
and resulting corrosion.  

What’s more, the process requires  
very little capital investment. Low-
Temperature Mercury Capture uses the 
existing particulate collection device to 
capture the mercury-laden particles.  
In its simplest form, this would involve 
installing a water injection system if the 
air heater does not have enough cooling 

www.worldcoal.org 

casestudy
USA
CONSOL Energy Inc

How it works
Controlling mercury emissions  
isn’t a low-cost process, but  
CONSOL believes its Low-Temperature 
Mercury Capture process is the  
most affordable and technically simple 
mercury control technology, capable of 
achieving up to 90% mercury removal,  
says Jim Locke, Manager, Field Services  
& Operations.  

“The idea is to absorb mercury on the 
unburned carbon in the fly ash entrained in 
the flue gas, by cooling the gas to 200°-
240°F with the air heater or with water 
sprays. The fly ash and mercury are then 
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capacity to achieve the desired control 
temperature.  

Pilot study
The team gained valuable information 
about effective control temperature ranges 
and sulphur trioxide control from a pilot 
project at the Allegheny Energy Mitchell 
Station in Pennsylvania. 

Trying to achieve the appropriate 
control temperatures with a 
water spray has been particularly 
challenging, says Jim: “We had to 
determine the number of humidification 
lances necessary to supply enough 
water, with a suitable spray pattern, that 
would not saturate any section of the gas 
path and would allow the water to evaporate 
completely before entering the downstream 
particulate control device.”

The pilot study also helped the team 
determine that it is not always necessary 
to add magnesium hydroxide to control 
sulphur trioxide. “If the sulphur trioxide 
concentration is already low, say two parts 
per million or lower, it does not generate 
concern over metal surface corrosion 
downstream – whether it is the air heater or 
water injection cooling device being used,” 
says Jim.  

What’s next?
CONSOL’s R&D team installed and briefly 
operated the Low-Temperature Mercury 
Capture system in early 2009, at the 

Jamestown Board of Public Utilities 
Carlson Station Boiler Unit 12. This 

is one of two boilers that feed a 
25 MW steam turbine generator. 

However, CONSOL’s team was 
dissatisfied with its temperature 
control capabilities on the 

demonstration unit and the 
resulting mercury removal rates.

The control system has since been 
modified and successfully tested for 

short periods. Mechanical problems on 
the host boiler and low prevailing electricity 
market conditions mean that the team has 
been unable to fully evaluate the system 
yet, but once fully operational, Low-
Temperature Mercury Capture will have 
several benefits, says Jim: 

90% 

To find out more about CONSOL’s 
groundbreaking lead in mercury 
capture processes, contact: 
James E Locke
Manager, Field Services and 
Operations 
CONSOL Energy Inc 
  
Email: jimlocke@consolenergy.com 
www.consolenergy.com 

Find out more

up to

mercury removal 
achieved through 
the Low-
Temperature 
Mercury Capture 
process

“The technology has the potential to 
provide up to 90% mercury removal much 
more economically than current methods. 
The process is suitable for retrofitting to 
existing coal-fired electricity generating 
plants, provided they generate sufficient 
quantities of unburned carbon in the fly 
ash. The system may be applicable to 
the full range of coal types, but so far its 
effectiveness has only been shown for 
bituminous coals. 

“And finally, as well as controlling mercury 
emissions, the technology reduces sulphur 
trioxide emissions – in most cases.”
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