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Final Report

Disclaimer

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

United States Government or any agency thereof.
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Abstract

Public Service Company of Colorado and ADA Technologies, Inc. have performed a
study of the injection of activated carbon for the removal of vapor-phase mercury from coal-fired
flue gas streams. The project was completed under contract to the US Department of Energy’s
National Energy Technology Laboratory, with contributions from EPRI and Public Service
Company. The prime contractor for the project was Public Service Company, with ADA

Technologies as the major subcontractor providing technical support to all aspects of the project.

The research and development effort was conducted in two phases. In Phase I a pilot
facility was fabricated and tests were performed using dry carbon-based sorbent injection for
mercury control on a coal-fired flue gas slipstream extracted from an operating power plant.
Phase IT was designed to move carbon injection technology towards commercial application on
coal-fired power plants by addressing key reliability and operability concerns. Phase II field
work included further development work with the Phase I pilot and mercury measurements on
several of PSCo’s coal-fired generating units. In addition, tests were run on collected sorbent
plus fly ash to evaluate the impact of the activated carbon sorbent on the disposal of fly ash. An
economic analysis was performed where pilot plant test data was used to develop a model to

predict estimated costs of mercury removal from plants burning western coals.

Testing in the pilot plant was undertaken to quantify the effects of plant configuration,
flue gas temperature, and activated carbon injection rate on mercury removal. All three variables
were found to significantly impact the mercury removal efficiency in the pilot. The trends were
clear: mercury removal rates increased with decreasing flue gas temperature and with increasing
carbon injection rates. Mercury removal was much more efficient with reverse-gas and pulse-jet
baghouse configurations than with an ESP as the particulate control device. The native fly ash of
the host unit provided significant mercury removal capacity, so that the activated carbon sorbent

served as an incremental mercury removal mechanism.

Tests run to characterize the waste product, a combination of fly ash and activated carbon
on which mercury was present, showed that mercury and other RCRA metals of interest were all
below Toxic Characteristic Leaching Procedure (TCLP) regulatory limits in the leachate. The
presence of activated carbon in the fly ash was shown to have an effect on the use of fly ash as
an additive in the manufacture of concrete, which could limit the salability of fly ash from a plant

where activated carbon was used for mercury control.
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Executive Summary

Public Service Company of Colorado (PSCo) and ADA Technologies, Inc. have
completed a project to investigate the injection of activated carbon for the removal of mercury
from the flue gas of coal-burning power plants. The project was conducted over a five-year
period in two phases. In Phase I, a pilot plant was designed and built to extract a slipstream of
flue gas from PSCo’s Comanche station Unit 2 for mercury removal tests. Phase II was intended
to move carbon injection technology towards commercial application on coal-fired power plants
by addressing key reliability and operability concerns. Phase II field work included further
developmental testing with the Phase I pilot, and mercury measurements on several of PSCo’s
coal-fired generating units. These tests at full-scale plants were added to the Phase II test plan
when the Phase I pilot data indicated that the fly ash present in the Comanche flue gas showed an
ability to sorb a significant fraction of the mercury present in the flue gas. In addition, tests were
run on collected sorbent plus fly ash samples to evaluate the impact of the activated carbon
sorbent on the disposal of fly ash. An economic analysis was performed where pilot plant test
data were used to develop a model to predict estimated costs of mercury removal from plants

burning western coals.

The pilot-scale testing addressed three parameters of interest in the mercury removal
process: configuration of the particulate control equipment in the pilot, flue gas temperature, and
the rate of activated carbon sorbent injection into the flue gas stream under treatment. There
were three configurations of the pilot particulate control equipment included in the testing: an
electrostatic precipitator (ESP), a reverse-gas baghouse, and a pulse-jet baghouse. The flue gas
temperature was varied over a range of about 230°F to 330°F. Typical flue gas temperatures in
the host unit range from about 270°F to 300°F, depending on the ambient temperature. The pilot
was equipped with an in-duct heater to increase the temperature when required by the test matrix,
and with a water fine mist injection system to decrease the temperature. The injection system for
the activated carbon sorbent under test was fitted with a variable-speed motor so that the
injection ratio could be carefully controlled. The activated carbon used for testing in Phase II
was Norit Darco FGD™. Also tested as mercury sorbents in Phase II were several fly ashes
collected from PSCo plants where full-scale mercury tests had shown high rates of mercury

removal by the native fly ash.

Tests were run by establishing steady-state conditions of temperature and flow, and then
initiating injection of carbon into the flue gas slipstream of the pilot. Mercury concentration was

typically measured by extracting a small flow of flue gas through a sorbent trap sampling system
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simultaneously at the inlet and outlet of the pilot. The sorbent traps were packed with iodated
carbon, with two traps installed in tandem. The first trap was analyzed for mercury content, and
the total collected mercury value was used to calculate the vapor-phase mercury concentration of
the sampled gas stream. A separate analysis was made of the particulate mercury captured in the
filter installed upstream of the iodated carbon traps. The second trap was analyzed on selected
runs to confirm that all of the mercury present was captured in the primary sorbent tube.
Sampling time was nominally one hour at both the inlet and outlet locations. The sorbent traps
were analyzed by an independent lab offsite, and turnaround was typically two to four weeks for

results to be made available for analysis.

For a limited number of tests, a real-time mercury analyzer was used to collect mercury
concentration data alternately from the inlet and outlet. This instrument was found to operate
only when the flue gas slipstream was free of fly ash. A limited number of tests were run with
the pilot in a configuration where the flue gas was extracted downstream of the reverse-gas
baghouse used for particulate control on the host unit. A few sorbent trap measurements were
made simultaneously with the operation of the real-time analyzer. Some discrepancy was noted;
however, the real-time monitor was consistently biased low in comparison with the sorbent trap
measurements, and the mercury removal rates measured with the real-time monitor were with a

few percent of values found with the sorbent trap measurements.

Activated carbon injection tests were run for all three particulate control configurations of
the pilot. The pulse-jet baghouse configuration demonstrated the most efficient mercury
removal, followed closely by the reverse-gas baghouse configuration. Mercury removal at a
fixed ratio of carbon injection was significantly lower for the ESP configuration in comparison
with the baghouses. At a carbon injection ratio of 4 pounds per million actual cubic feet
(Ib/MMACEF) of flue gas, the ESP configuration removed only about 65% of the mercury in the
flue gas, compared to over 90% removal for both the reverse-gas and pulse-jet baghouse

configurations.

The tests also showed a definite trend where mercury removal increased as the
temperature of the flue gas decreased. In the ESP configuration, the average mercury removal
increased from 48% to over 60% when the flue gas was cooled from 295°F down to 230°F. The
trend was more pronounced when baseline tests were run without carbon injection for the
reverse-gas baghouse configuration. The native fly ash was found to remove about 10% of the
flue gas mercury at a temperature of 330° F; when the flue gas was cooled to 230°F, the fly ash

removed about 75% of the mercury. Another test of the impact of flue gas cooling was run with
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the pilot in the TOXECON configuration, where a pulse-jet baghouse is run as a polishing unit at
a high air-to-cloth ratio filtering flue gas extracted from downstream of the existing Comanche
reverse-gas baghouse. When the flue gas was cooled to 230°F, the mercury removal rate was
measured to be 49% at an activated carbon injection ratio of 0.18 Ib/MMACF. The activated
carbon injection ratio was raised to one Ib/MMACEF, and the mercury removal rate rose to 96%.
Since there was no fly ash present in this gas stream, the baseline mercury removal rate was zero
for this TOXECON test.

Increasing the injection ratio of activated carbon resulted in increases in the level of
mercury removal for all particulate control configurations, but not in direct proportion to the
injection ratio. The ESP configuration showed an increase from about 50% mercury removal at
a carbon injection ratio of one lb per million actual cubic feet to about 65% at 4 Ib/MMACF.
Increases in the injection ratio of activated carbon were less effective in the reverse-gas and
pulse-jet configurations, in part because the removal rates at the lower injection ratios were
already quite high. In both cases, the typical removal rate at a carbon injection ratio of 1
Ib/MMACEF was over 80%, and was seen to increase to over 90% when the injection ratio was
increased to 4 I[b/MMACEF.

A long-term test was performed in the reverse-gas configuration to investigate the effect
of dust cake buildup on the mercury removal efficiency. Several activated carbon injection
ratios were set over the 10-day duration of the test. Mercury removal was consistently over 80%,
and reached over 95% for an injection ratio of 5 Ib/MMACF. Mercury measurements were
obtained over a range of tubesheet differential pressures, where an increase in dust cake
thickness can be correlated with the increase in tubesheet differential pressure. A small trend
was seen in the data, where an increased dust cake thickness showed an increase in mercury
removal rate of a few percent over the time from immediately after a cleaning cycle to

immediately before the next cycle.

A test was run with the pilot in the TOXECON configuration where the clean flue gas
supplied to the pilot was doped with vapor-phase elemental mercury. The TOXECON
configuration was very effective in removing the mercury from the flue gas stream at very low
injection ratios of activated carbon. Mercury removal rates of over 80% were measured at
carbon injection ratios of 0.5 to 1 Ib/MMACEF.

Baseline test results in the pilot indicated that the fly ash present in the Comanche Unit 2

flue gas had an affinity for mercury. To investigate the extent of this phenomenon,
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measurements were made on a total of five generating units in the PSCo system. The units
represented a range of sizes, particulate control configurations, and source coals. There was one
unit equipped with an ESP, three with reverse-gas baghouses, and one with a combination spray
dryer absorber and reverse-gas baghouse. Three of the units burned Powder River Basin coals,
and the other two a Colorado bituminous coal. Results were interesting and thought to be

significant.

The unit equipped with an ESP burned PRB coal, and was measured to have a mercury
removal rate of under 30%. Another unit at the same plant also burned PRB coal, and showed
mercury removal rates of 60% to 90% through a reverse-gas baghouse. This unit had a
significant fraction of unburned carbon in the fly ash (LOI) of over 12%, which may have
contributed to the mercury sorbent capacity of the native fly ash. Another unit burning Colorado
bituminous coal had a measured LOI of about 7.5%, and replicate sampling found that 98% of
the mercury present was removed across the baghouse. This result was surprising, and was
duplicated when a second test series was run five months later. The same coal was burned in
another PSCo unit equipped with a spray dryer absorber and reverse-gas baghouse, and a
mercury removal rate of about 95% was measured. Finally, Comanche Unit 2 (host to the pilot
plant) was included in the survey. The host site was found to experience mercury removal of
about 60% across the reverse-gas baghouse. Comanche Unit 2 burns PRB coal, and has a typical
LOI of about 0.6%. This provided some evidence that the mercury removal was not due in total

to the presence of unburned carbon in the fly ash upon which the mercury is collected.

When project test results indicated that some fly ash materials removed significant
fractions of mercury from flue gas in the pilot tests and in full-scale plants, plans were made to
evaluate in the pilot the injection of fly ash from selected PSCo plants as mercury sorbents. The
pilot was configured as a reverse-gas baghouse, drawing flue gas downstream from the existing
Unit 2 full-scale baghouse. Since the mercury level in the clean flue gas extracted downstream
of the Unit 2 baghouse was low, vapor-phase elemental mercury was doped into the flue gas.
Fly ash samples were collected from the host Comanche Unit 2, Cherokee Unit 3, and Arapahoe
Unit 4 sites for testing in the pilot. The Comanche fly ash was not effective as a mercury
sorbent, removing only 13% and 22% of the vapor-phase mercury when injected “as-collected”
and after a hot gas purge to remove mercury previously collected. The Cherokee Unit 3 fly ash
performed better as a sorbent, removing 75% of the vapor-phase mercury at an injection ratio of
about 1/3 grain per actual cubic foot of flue gas. The Arapahoe Unit 4 fly ash was found to
perform the best of the reinjected fly ashes, removing 80% of the vapor-phase mercury at an

injection ratio of 0.13 grains per actual cubic foot, or about five times the injection rate needed to
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obtain an 80% mercury removal when using activated carbon at a comparable flue gas
temperature. These results showed that there may be a potential to use selected fly ash materials
as mercury sorbents in plants firing western coals, where a majority of the mercury in the flue

gas is present in the elemental state.

A series of tests were run on the Cherokee 3 fly ash to help understand the mechanism for
mercury removal by this material. A sample was subjected to a size separation, and the size
fractions were analyzed to quantify the carbon and mercury content of each. Results showed that
while the carbon tended to reside in the larger size fractions, the mercury in the fly ash was
found in the smallest sizes. In fact, mercury in the particles smaller than 2.5 microns in diameter
was seen to concentrate by a factor of greater than four with respect to the carbon. Thus, it
appears that the ability of the fly ashes to sorb mercury was due to more than just the presence of
carbon particles. There appears to be a size effect that contributed to the sorbent properties of
this material which may be attributable to the greater surface area per unit mass of the smaller

particles. This is topic recommended for further investigation.

Samples of fly ash collected from the project pilot plant, from the host unit, and from
Cherokee Unit 3 were subjected to Toxic Characteristic Leaching Procedure (TCLP) to
determine if the mercury deposited on the fly ash and activated carbon sorbent could be
dissolved into the leachate. All samples were found to pass the EPA standard easily; in fact, the

mreacury levels in the leachate were below limits of detection in all the samples taken.

One other series of tests was performed to determine if mercury sorbed by activated
carbon and fly ash samples remained present on the material after an extended period of time.
Four samples were analyzed for mercury content, then stored for eight months, at which time
they were analyzed again. The data indicated that once captured, the mercury remained on the

particles at essentially the same concentrations.

Finally, a cost model was prepared to generate information on the cost of removal of
mercury from plants burning western coals. The project model used as its basis a model
originally developed by EPA and used to generate cost data for the EPA Mercury Study Report
to Congress (1997). The EPA model was modified using a standard costing approach to account
for changes in activated carbon injection ratios, and the use of spray cooling to adjust the
temperature of the flue gas. Mercury removal costs were predicted for two sizes of coal-fired
plants, 100 MW(e) and 975 MW(e). Two target mercury removal levels were included in the
cost study: 70% and 90%, based on the total mercury present in the flue gas as particulate-bound
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and gas-phase.

The activated carbon injection rates were calculated from prediction equations developed
from data gather during the pilot. A multivariable regression analysis was used to generate the
prediction equations, using flue gas temperature, carbon injection ratio, and mercury
concentration in the flue gas as the independent variables. Separate equations were developed
for the three particulate control configurations: ESP, reverse-gas baghouse, and pulse-jet

baghouse.

A total of six cases were defined for the economic study, and the model was applied to
each. The cases were run for the two sizes of plants, and two levels of mercury control for a total
of 24 model data points. Results of the model were calculated as levelized costs assuming a 7%
interest rate over a twenty-year amortization period. The model was programmed as a Microsoft
Excel spreadsheet, with results expressed in terms of dollars per pound of mercury removed from

the flue gas.

Model results showed the ESP to be the most expensive configuration for mercury
removal from coal-fired power plants. Costs for the various ESP cases of plant size, mercury
control level, and flue gas temperature ranged between $12,500 and $27,200 per pound of

mercury removed.

The pulse-jet baghouse was estimated to be the cheapest particulate control configuration
for removal of mercury with injection of activated carbon. This was in large part due to the fact
that the pulse-jet showed very high baseline (no-injection) mercury removal rates in the pilot
study. The predicted pulse-jet costs ranged from $200 to $4,900 per pound of mercury removed.

The reverse-gas baghouse configuration estimates fell between the ESP and pulse-jet
predictions. Estimated costs for mercury removal ranged between $5,800 and $9,100 per pound
of mercury removed from the flue gas. Finally, the incremental costs to increase the mercury
removal efficiency from 70% to 90% were calculated from the model predictions. These costs
were seen to range from as low as $4,500 to as much as $47,600 per pound of mercury removed.
The highest values were associated with the ESP configuration, and the loweset with the reverse-
gas baghouse. The economic modeling showed that the removal of mercury from plants fired
with western coals will be expensive, and that the incremental costs to increase the removal

efficiencies from 70% to 90% may be quite significant.
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1. Introduction
The Clean Air Act of 1990 mandated that the EPA investigate the costs and benefits of

controlling mercury emissions from sources in the US, including coal-fired power plants. EPA
has collected data from a variety of sources, among them the coal supplied to power plants
across the country, as well as from a series of stack measurements that the agency has required
from selected power plants. These data are being compiled to support a position paper now in
preparation that will make a recommendation regarding regulation of mercury emissions from

coal-fired power plants. This recommendation is due for release in December, 2000.

In anticipation of possible emissions control regulation, the Department of Energy’s
National Energy Technology Laboratory established a program to develop technology
alternatives for mercury control at coal-fired power plants. A Program Research and
Development Announcement (PRDA) was issued in 1995, requesting proposals for projects
develop technology for the economic removal of mercury from coal-fired flu gas streams. The
team of Public Service Company of Colorado (PSCo), EPRI, and ADA proposed an effort to
explore the injection of activated carbon for mercury removal from flue gas streams. Injection of
activated carbon for mercury control has been implemented in other applications where the
mercury concentration is considerably higher than in coal-fire flue gas; it thus represented a
prime candidate for use in power plants, should the EPA require reduction of mercury emissions

from coal-fired power plants in their December ruling.

The proposed approach to the project was to build a pilot-scale test facility that would
evaluate sorbent performance on a slipstream of actual flue gas from an operating coal-fired
power plant in the PSCo system. Testing was to be conducted over a range of flue gas
temperatures and sorbent injection rates. The pilot test facility was to be versatile, designed for
quick conversion to three different particulate control configurations so the impact of plant
emissions control equipment could also be determined. Testing was to be performed by
measuring mercury content of the flue gas upstream of sorbent injection and downstream of the
particulate control device, and calculating the mercury removal efficiency for the specific test

conditions.

The team assembled for this effort brought to the project a complementary set of skills
and perspectives. Public Service of Colorado provided the host utility site and a user’s
engineering expertise that kept the test plan and analysis of results on track to supply information

that would be useful to the industry for which the technology was intended. EPRI brought
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technical expertise in the application of development efforts to real-world utility problems,
specifically in the area of emissions controls from power plants. ADA Technologies, Inc.
contributed several years of experience with industrial-scale particulate control innovation and
pilot plant operation. In addition, ADA was developing a national reputation in the treatment of
mercury emissions from gaseous, liquid, and solid waste streams. Projects in mercury control
and measurement at ADA have been funded by several branches of the US Department of
Energy, the National Institutes of Health, and the Environmental Protection Agency. Other
mercury control projects at ADA were completed under the sponsorship of companies with

mercury contamination and emissions issues that needed solution.

The PSCo/ADA/EPRI project for investigation of the use of activated carbon for mercury
control in coal-fire flue gas streams was funded in 1995. The effort was intended to be carried
out in two phases, where Phase I addressed design, fabrication, and installation of a pilot test
facility and initial tests of the use of activated carbon as a mercury sorbent. Phase I was
conducted over a two-year period, followed by the preparation of a proposal for Phase II
activities. In Phase II, an extended test program was completed to gather performance data for
carbon injection over a wide range of flue gas conditions and pilot particulate control
configurations. Additional tasks were included to provide support data for the scaling of pilot
results to designs of mercury control systems for operating plants. Among these tasks were a
survey of mercury removal levels at five operating PSCo generating units, evaluation of the
impact of activated carbon on the disposal of fly ash, and preparation of an economics model for

the prediction of mercury removal costs based on pilot test results.

2. Project Objectives

The overall objective of the PSCo two-phase program was to investigate the use of
activated carbon sorbents to control mercury emissions from the flue gas of coal-fired utility
boilers. This information is of great interest to the utility industry in anticipation of potential
regulations by EPA regarding mercury emissions from these sources. During Phase I of the
program, a 600 cubic foot per minute (cfm) pilot-scale test facility was engineered, constructed,
and integrated into Public Service Company of Colorado (PSCo)’s Comanche Station in Pueblo,
Colorado to evaluate the performance of various carbon sorbents injected for mercury removal
under different operating conditions and configurations. The pilot treated a slipstream of flue
gas drawn from the Unit 2 boiler at the plant. The pilot test facility was designed with flexibility
to study mercury removal with the particulate control module (PCM) configured as an

electrostatic precipitator (ESP), a pulse-jet baghouse (PJ), or a reverse-gas baghouse (RG).
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Carbon-based sorbents were injected upstream of the PCM and mercury concentration
measurements were made to determine the mercury removal efficiency for each sorbent and test
configuration. Details of the Phase I program were presented in the final report, which included
a full description of the equipment and analytical procedures used as well as the data and

conclusions from the tests.

Phase II was designed to move carbon injection technology towards commercial
application on coal-fired power plants by addressing key reliability and operability concerns.
The objectives of Phase II were to demonstrate repeatable results over a range of operating
conditions in the pilot unit, and to obtain sufficient information to confidently scale up the
technology. The pilot test facility with its easily-reconfigured PCM was used in Phase II for
further mercury control evaluations. In this phase, selected sorbents were tested with the PCM
configured as an electrostatic precipitator, a pulse-jet baghouse, TOXECON, and a reverse-gas
baghouse. TOXECON is a patented EPRI technology where a pulse-jet baghouse is installed
downstream of an existing particulate control device, and upstream of a sorbent injection system
to control gas-phase pollutants of interest. The TOXECON pulse-jet is operated at a high air to
cloth ratio to minimize its size and cost; it removes the sorbent material and residual fly ash from

the gas stream.

The pilot-scale test facility was designed to permit significant control over the operating
conditions during sorbent evaluation tests. In addition to changing the particulate control
configurations, operating parameters such as flue gas flow rate, duct temperature, flue gas
moisture content, in-duct sorbent residence time, and flue gas mercury concentration were
controlled and varied over ranges of interest. For example, in Phase II sorbent effectiveness was
evaluated at temperatures ranging from 230° F to 350° F. This broad temperature window was
targeted because of the dependence observed in Phase I of sorption characteristics on
temperature of the flue gas, and the need to better understand this relationship due to its effect on
process economics. Sorbents were introduced to the system through ports located in the
injection section, situated to afford residence times in the ductwork of 0.5 to 1.5 seconds, to

evaluate the impact of duct residence time on sorbent effectiveness.

The PCM is designed with interchangeable particle collection hardware modules to allow
configuration as an ESP, conventional pulse-jet baghouse, reverse-gas baghouse, or TOXECON.
Tests to quantify mercury removal by injected activated carbon with each of these PCMs were

performed in Phase II.

Several other tasks were included in the Phase II project to support the commercialization

effort. These were directed at understanding the factors that influence scale-up of the technology
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to implementation on operating power plants. One was to perform a survey of several full-scale
generating units of Public Service Company to quantify mercury emissions from operating coal-
fired generators. Another was to explore the properties of the activated carbon on which
mercury had been deposited to determine if there were potential disposal problems for the
sorbent. And an economic analysis of the use of activated carbon for mercury removal was
completed in order to generate information that would be useful in the EPA rulemaking process
and for use by utilities in developing contingency plans for mercury control from coal-fire power

plants.

In addition to activated carbon, several fly ash sorbents were evaluated in Phase II
testing. Baseline tests in the pilot facility and full-scale plant survey results provided strong
evidence that some western coal fly ashes provided significant mercury removal, especially in
plants equipped with baghouses for particulate collection. Because of this observed fly ash
affinity for mercury, tests were added to the planned activated carbon matrix to evaluate the use

of fly ashes as mercury sorbents.
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3. Facility Description

3.1. Pilot plant and PCM
The pilot-scale test facility for evaluation of activated carbon sorbents for mercury

control was installed at the Comanche Generating Station of Public Service Company of
Colorado. Ductwork supplied a slipstream of flue gas from the plant’s 350 MW Unit 2 which
burns Powder River Basin coal from the Belle Ayre mine in Wyoming. The total mercury
concentration in the flue gas was typically around 7 pg/Nm’ at the test location. The SO,
concentration (@ 3% O,, dry) was 275 to 325 ppm and the NOy (@ 3% O, dry) concentration
was 180 to 250 ppm. The pilot facility was designed and fabricated to permit significant control
over the operating conditions during mercury removal testing. It consisted of several sections: a
supply duct, injection duct, particulate control module (PCM), and return duct. An operations
trailer was located on-site to provide a controlled environment for the data acquisition system

and some of the instrumentation. The pilot was built and installed in Phase I of the project.

The most significant operating feature of the pilot was the particulate control module, an
element that was designed to allow quick and simple change-out of the particulate control
technology used in the pilot. The PCM could be quickly opened and the internal components
changed to allow operation as an electrostatic precipitator (ESP), a reverse-gas baghouse, or a

pulse-jet baghouse.

The pilot test facility was designed for year-round, outdoor use, so all ducting was sealed
and insulated. Gate valves were installed so that the pilot test facility could be isolated from the
plant flow to make modifications and to allow operation of the pilot on a normal work week
schedule. Operating parameters such as duct temperature, flue gas moisture content, in-duct
sorbent residence time, and flue gas mercury concentration could be controlled over ranges of
interest. Sorbent effectiveness was evaluated for flue gas temperatures from 200°F to 350°F.
Flue gas cooling was achieved by injecting a fine water mist that evaporated in the flue gas
slipstream to decrease its temperature. The test flue gas stream could also be heated with an
electric element inserted into the flow. The sorbent injection ports were situated to allow in-duct

sorbent residence times of 0.5 to 1.5 seconds to evaluate the effect of residence time on sorbent
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effectiveness. An overall schematic of the test fixture is shown in Figure 3-1.

Figure 3-1. Schematic of laboratory-scale test fixture.
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The 30 foot high particulate control module was incorporated into the 8-foot by 10-foot
framework shown in the photo in Figure 3-2. The injection section and collection section were
built within the framework and were accessible from platforms. A mast was installed on the
tower to allow configuration changes in the PCM without the assistance of a crane. At most, two

people were required for major configuration changes in the PCM, such as conversion from the

electrostatic precipitator to the pulse-jet baghouse.
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Figure 3-2. Photo of Mercury Removal
Pilot Plant Installed at Comanche Station

Control System

The control system was designed to allow manual or automatic operation of the pilot.
The primary control elements for the pilot consisted of a Programmable Logic Controller (PLC)
and an intelligent data-logger. Pneumatic actuators on the inlet, outlet, bypass, flow control,
purge, and hopper discharge valves permitted automatic flow control, off-line cleaning, and
isolation of the pilot for shut-down. The control system was programmed to bring the pilot oft-
line, clean the bags or rap the plates, and purge the system for alarm trip conditions. Trip
conditions included low boiler load and low duct temperature for all configurations and high duct
temperature and high tubesheet pressure drop during the fabric filter tests. The bag cleaning or
plate rapping sequence could be initiated automatically or controlled manually at the control
panel. Monitored and recorded parameters included: gas temperatures, flowrate, pressures, host
boiler load, secondary voltage and current (ESP), cleaning/rapping frequency, and pulse pressure

or reverse gas flow (fabric filters). Data were stored in time-stamped arrays for transfer to other
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software for analysis and graphical presentation.

Electrostatic Precipitator Configuration

The pilot-scale electrostatic precipitator was a wire-tube type unit. It is more practical to
use a tube-type precipitator design for ESP pilots treating flow below approximately 1000 acfm
primarily because gas “sneakage” around the active section and changes in the electric field at
the edges of the plates become dominating factors in flat plate designs at low flow rates.
Sneakage in a wire/plate ESP becomes a major concern in pilots treating flue gas in this flow rate
range because the spacing required between the high voltage components and ground to avoid
electrical arcs is the same in the pilot-scale as in a full-scale. Although the distance required
between high voltage and ground is a small fraction of the overall ESP box height in a full scale
ESP where plates are 20 to 40 feet tall, it becomes a significant percentage of the box height for a
pilot ESP, where plate height may be only a few feet. In a wire-tube ESP, all the gas flows
through the active section, the constant electric field formed between the corona wire and

grounded tube.

It is important to maintain the same wire-to-collector spacing in a pilot ESP as in the full-
scale design being simulated, as this spacing defines the electrical field strength. A typical wire-
to-plate spacing in an older full-scale ESP is 5 inches. The collector tube diameter in the pilot

ESP is 10 inches to provide a wire-to-tube wall spacing of 5 inches.

The ESP was a wire-tube type unit designed to treat 620 acfm. This flowrate resulted in a
velocity of 5 ft/sec through the 20 foot long ESP collection section. The specific collection area
(SCA), a standard measure of collection area to total gas flow, at these operating conditions was
327 ft*/Kacfim. This SCA was selected because it was representative of many ESPs installed at
utilities in the United States.

Four 10-inch diameter collection tubes, the gas passages for the ESP, were hung from a
tubesheet at the top of the 28-inch diameter collection vessel housing. Four high-voltage
electrodes, one situated on the centerline of each gas passage, were attached to a rigid frame and
powered from a single transformer-rectifier (T/R) set. The lower frame was weighted to keep the
wires straight and a pneumatic vibrator was attached for cleaning ash from the electrodes. The
top frame was attached to the high voltage bus at the feedthrough insulators. The T/R set was

controlled by an automatic voltage controller (AVC) and was set to simulate conditions in a full-
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scale wire-plate ESP. For these tests, the T/R set was operated in the 40 KV, 15 mA range (at 15
mA, the current density is 80 nA/cm®). Comanche Station burns a Powder River Basin coal,
which typically causes problems with back corona on full-scale ESPs because of the high
resistivity flyash it produces. The ESP T/R controls were set for intermittent energization, which
successfully quenched the back corona in the pilot. Figure 3-3 presents a schematic of the

configuration for the ESP module.
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Figure 3-3. Layout for the ESP Module of the Pilot PCM

Pulse-Jet Baghouse Configuration

The pulse-jet module was designed to filter 628 acfm flue gas at an air-to-cloth ratio of 4
ft/min. To achieve this ratio, six 20-foot long (full-scale) bags were hung from the pulse-jet
tubesheet. Full-scale bags were specified for the pilot to better simulate the filtering and
cleaning characteristics experienced in a full-scale unit. The bags were sealed to the tubesheet
by means of a metal snap band and a double-beaded gasket sewn into the top of the bag. A rigid
steel wire cage was inserted into each bag. Flue gas entered the bag compartment at the bottom
and passed through the bags from outside to inside, depositing the particulate matter on the

outside of the bags. The flue gas then flowed out of the compartment through the outlet plenum
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on the clean side of the tubesheet. Flue gas in the outlet duct flowed past an annutube flow
sensor, the flow control damper, then through a section of duct located beneath the ash hopper.
Ash from the hopper was fed into this duct section by a rotary valve. The particulate-laden gas
then returned to the host duct. The bags were cleaned by pulses of compressed air delivered
from pulse pipes located above each row of three bags. Figure 3-4 shows the layout for the

pulse-jet bags in the pilot PCM.
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Figure 3-4. Pulse-Jet Baghouse Module for the Pilot PCM

Reverse-Gas Baghouse Configuration

The PCM was configured as a reverse gas baghouse by installing a cell plate with seven
8-inch diameter holes near the bottom of the PCM housing. Each bag was attached to the cell
plate by a metal snap band and a fiberglass double-beaded gasket sewn into the bottom of the
bag. The 21-foot long, 8” diameter full-scale fiberglass bags were sealed at the top by a metal
bag cap. The caps were attached to tensioning springs at the top of the PCM and the bags were
pre-tensioned to a load of approximately 35 lbs. Flue gas entered the bag compartment from the
bottom and passed through the cell plate into the interior of the bags. The gas then flowed from
inside to outside of the bags, deposited the ash on the inside of the bags, and exited the
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compartment via the outlet plenum. The bags were cleaned by reversing gas flow across the
bags from outlet to inlet causing the bags to gently collapse, thus breaking off the dust cake
collected on the inside of the bags. The ash fell into the ash hopper at the bottom of the
compartment. The PCM system used Comanche’s hot, clean, dry preheat air for reverse-gas.
During a clean, automatic valves were actuated to close the outlet duct of the PCM and open the
reverse gas line. This allowed reverse gas to enter the compartment through the outlet plenum.
Cleans were initiated when pressure drop across the bags exceeded a threshold level. In the
Phase II of the project, a problem was encountered with cleaning of the bags in the reverse-gas
configuration. This was solved with the installation of a sonic horn to apply additional energy in
the form of sound waves to the bags during cleaning. Figure 3-5 presents the layout for the

reverse-gas baghouse PCM configuration.
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Figure 3-5. Reverse-gas Baghouse Configuration for the Pilot PCM
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TOXECON Configuration

TOXECON is a pulse-jet baghouse with sorbent injection for air toxics removal operating
at a high A/C ratio downstream of a primary particulate collector. EPRI has patented the
TOXECON process. This configuration for the PCM was designed to filter 633 actfm of flue gas
at an air-to-cloth ratio of 16 ft/min. The target operating air-to-cloth ratio for these tests was 12
ft/min, which meant that the flow was somewhat below the design value. To achieve this ratio,
two 15-foot long bags were hung from the TOXECON tubesheet and the PCM filtered 470 acfm
of flue gas. An annulus was installed in the PCM in this configuration to increase the can
velocity (upward gas velocity in the vessel on the dirty-side of the tubesheet) to approximately
900 ft/min at an A/C ratio of 12 ft/min to better simulate the flows in a full-scale unit. The
injected sorbent was collected on the exterior of the felted bags, as in a full-scale unit. Because
TOXECON is designed for installation downstream of a primary particulate collector, the pilot
facility was configured to draw flue gas downstream of the existing Comanche baghouse. The
operation of TOXECON is similar to a conventional pulse-jet baghouse except that cleaning is

initiated by a timer and the bags are cleaned off-line.

Mercury Doping System

A mercury doping system was designed to increase the elemental mercury vapor
concentration in the duct that supplied flue gas to the pilot facility. The design of this doping
system was based on similar systems designed for other ADA mercury control projects.
Nitrogen was passed at a constant rate over liquid elemental mercury in a temperature controlled
container. The mercury concentration in the gas exiting the vessel was regulated by the
temperature of the vessel and the nitrogen flow rate. This system was used on some pulse-jet,
reverse-gas and TOXECON tests when there was little fly ash present in the inlet gas stream and

the inlet mercury concentration was expected to be below 2 pg/m”.

Sorbent Injection

Sorbent was injected into the duct via a screw feeder with an electronic speed control for
feed rate to allow the operator to change the injection rate independent of gas flow. The screw
feeder delivered sorbent to an eductor, where a carrier air stream fluidized the sorbent and
transported it to the test duct. A feed hopper was used to store and supply sorbent to the feeder.
Sorbents were introduced into an injection section upstream of the pilot’s PCM. The injection
section was a 12-inch diameter pipe with 4-inch ports at five locations along its 16-foot length.

These port locations were spaced to allow in-duct sorbent residence times from 0.5 to 1.5
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seconds at typical operating conditions. Flue gas flowed into the test fixture through a heater
assembly at the top of the unit, into the injection section and then into the lower portion of the

main collection section.

3.2. Mercury measurement techniques

When sampling particulate-laden gas in all configurations an isokinetic sampling system
was used to collect a representative sample of ash along with the gas. The sampling system
consisted of a standard particulate filter, used in EPA Methods 5 and 29, with the addition of a
glass cyclone upstream of the sampling filter to collect the fly ash. The cyclone removed a large
fraction of the fly ash, thus minimizing the contact of the flue gas with the fly ash on the filter.
The vapor mercury measurements were made with a modified Mercury Speciation Adsorption
(MESA) method, where particulate-free gas (downstream of the isokinetic ash sampling) was
passed through tandem iodated carbon (IC) traps. The modified MESA train consisted of the last
two traps (primary and backup) of the full MESA train. These two traps adsorbed all forms of
mercury at the temperatures tested. Following sampling, the traps were analyzed for mercury
content using cold vapor atomic fluorescence spectroscopy (CVAFS) (Prestbo and Bloom,
1995). The mercury concentrations measured with the traps were reported as total vapor-phase

mercury.

Use of a particulate filter for sampling is not an ideal arrangement to quantify the
fractions of mercury on the fly ash and in vapor phase because Comanche fly ash has
deomonstrated the capacity to sorb mercury. It was likely that forcing the flue gas through a
fixed bed of this fly ash (i.e. EPA method 29 or similar sampling filter) probably increased the
amount of mercury collected on the ash and lowered the vapor phase values found from the
iodated carbon traps. Therefore, mercury measurements in this document are reported as total
mercury, the sum of the mercury captured on the fly ash plus the mercury captured in the iodated
carbon traps. Samples collected during sorbent injection were compared to baseline (no sorbent
injection) to assess a sorbent’s effectiveness as an incremental removal of mercury from the flue
gas stream. For some test conditions, significant removal of mercury by native Comanche coal

fly ash was observed.

A series of tests was conducted with the standard MESA configuration (all four sorbent
traps in the train) with the two sets of sorbent traps reversed. Based upon laboratory data, there
was concern that some mercury would exit the iodated carbon traps as Hg™". When placed

downstream of the iodated carbon traps, a KCl-impregnated soda lime trap should capture any
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remaining oxidized mercury species. Test results indicated that no mercury was captured in the
downstream traps, so the modified MESA (two-trap) configuration was used for most of the pilot

plant tests.

Sampling System Evolution

Results from ESP testing with the modified Mercury Speciation Adsorption (MESA)
method showed high mercury levels on the quartz wool particulate filter. Although the MESA is
sampled non-isokinetically, a large fraction of mercury on the particulate under some conditions
indicates significant mercury adsorption onto the flyash. The fly ash entering the MESA train
and collecting on the glass wool particulate filter may not be representative of the flue gas fly ash
concentration as it is not sampled isokinetically and is dependent on parameters such as fly ash
size distribution and gas velocities in the probe relative to the flue gas velocity in the supply
duct.

In addition to the mercury measurement concerns related to isokinetic sampling, other
changes in the test configuration (such as changes in bulk flue gas temperature) further
complicated data analysis. During testing in the pilot, the flue gas slipstream is often cooled or
heated to a target temperature to satisfy a particular test condition. If the temperature of the fly
ash was modified, it was likely that the ash was adsorbing or desorbing mercury; thus the vapor
mercury concentration downstream of heating or cooling was likely to be different than upstream
of heating or cooling. The inlet mercury sampling location was only a short distance
downstream of the gas temperature control elements so that ash may not have been in
equilibrium with the flue gas with respect to mercury partitioning between vapor and deposition
phases. Carbon sorbents were injected just downstream of the inlet sampling port. If mercury
continued to adsorb onto the fly ash beyond the inlet sampling location, vapor mercury removal
occurred that should not be attributed to the sorbent. Since the temperature of the flue gas in
Comanche’s duct changes with normal plant operation, different amounts of heating or cooling
are required to maintain the pilot at a fixed temperature. It is likely that the fraction of mercury
vapor adsorbed/desorbed was affected by the variations in heating/cooling. Thus, although
baseline flyash mercury removal measurements were made, significant uncertainty remains when
assessing contribution of the flyash to overall mercury removal during sorbent injection for this
dynamic system. If a representative total mercury measurement can be obtained, erroneous
conclusions concerning the affinity of a sorbent for mercury drawn from non-isokinetic flue gas

sampling could be minimized.
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Comanche fly ash has been shown to sorb mercury and it was likely that forcing the flue
gas through a fixed bed of flyash (i.e. EPA method 29 or similar sampling filter) increased the
amount of mercury collected on the ash, resulting in a bias for the vapor-phase mercury
measurements. Sorbents, such as activated carbon, are evaluated for their ability to remove
mercury from the vapor phase and unrepresentative low inlet vapor measurements could
introduce difficulties in assessing the effectiveness of the sorbent under test. Rigorous sample
system development and testing was outside the scope of this project; therefore, the selected
device was similar to existing devices that have proven effective for mercury measurement. For
initial tests, the front-end of a Method 29 sampling train was used with the addition of glass
cyclones upstream of the particulate filter. The cyclones were inserted to remove a large fraction

of the flyash, thus minimizing the contact of the flue gas and flyash.

MERCEM analyzer

To obtain data on mercury concentrations in near real-time, an analytical instrument for
mercury was leased from Perkin Elmer for use in the Phase II testing. The MERCEM analyzer
has been in use in Europe for a number of years to monitor mercury emissions from waste
incinerators. This analyzer has functioned well in tests at the University of North Dakota’s
Energy and Environmental Research Center (UNDEERC), with results within 25% of impinger-
based methods. The analyzer measures total gaseous mercury in a sampled gas stream. The
sample probe includes a heated filter box outside the stack that contains two sintered metals
filters in series. These two filters remove the majority of the particulate before the gas is
extracted through a heated (360°F) sample line to the analyzer. In the analyzer a SnCl, solution
is used to reduce any oxidized mercury present in the gas sample to elemental mercury. After
drying, the gas sample is sent through a gold trap for amalgamation. Periodically, the trap is
heated to desorb the mercury, which is then analyzed by cold vapor atomic absorbence
spectroscopy (CVAAS) (Laudal, et al 1996). The approximate cycle time for the instrument is
about one minute per sample. Data from the MERCEM analyzer (both inlet and outlet) was
compared with analyses from manual samples (iodated carbon traps coupled with isokinetic ash
collection at the inlet) to determine the resolution and accuracy of analyzer data for use in test

definition and scheduling.

The MERCEM analyzer was installed in the pilot facility operations trailer, since it
required a controlled environment for proper operation. Heated sample lines were routed to the
analyzer to allow the extraction of gas samples from both the inlet and outlet mercury sampling

locations. The output of the MERCEM was connected to a data logger to facilitate electronic
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acquisition and storage of results. The sampling system was configured to alternately acquire

samples from the inlet and outlet.

Initial tests with the MERCEM instrument showed poor agreement with iodated carbon
trap samples. The instrument was checked per the user’s manual, but performance did not
improve. In an effort to move the instrument to operational status, ADA contracted with Perkin-
Elmer to send a factory-trained technician to the site. Several days were spent in maintenance
and a series of checkout and performance tests. Upon departure, the instrument appeared to be in
working order, however, data errors quickly returned. This pattern was repeated once more, at
which time it became obvious that the MERCEM unit could not provide the needed resolution
for gas samples containing fly ash; that is, samples extracted from the inlet sampling location
upstream of the pilot particulate control module. It was discovered that the MERCEM provided
reasonable data when making measurements on a clean gas stream, either at the outlet of the
pilot (downstream of the particulate control module) or when the pilot was operated on flue gas
extracted downstream of the Comanche Unit 2 baghouse. The MERCEM was thus available

only for a limited amount of testing in Phase II.
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4. Results and Discussion

There were several activities performed in this project, each of which supported different
objectives. Extensive testing was performed in the mercury removal pilot plant, where activated
carbon and fly ash sorbents were tested in an extensive series of cases reflecting different
hardware configurations and flue gas conditions. Measurements of mercury removal were made
at five PSCo full-scale generating units to characterize the performance of existing particulate
control systems in capturing mercury from coal-fired flue gas. Laboratory tests were undertaken
to understand the impact on disposal options of the addition of activated carbon to collected fly
ash. And finally, an economic model was developed to predict the cost of mercury removal from
coal-fired power plants using data acquired in the pilot plant testing. Results of each of these

activities are discussed in detail in the following sections of this report.

4.1. Pilot testing

Testing was performed in the pilot facility at Comanche station from April of 1998
through June of 1999. Approximately 170 individual test cases were evaluated, comprising four
different hardware configurations, a range of flue gas temperatures, and the injection of activated
carbon as well as fly ash sorbents at different injection ratios. For each hardware configuration,
a series of baseline tests were run to determine the mercury removal by the native fly ash before
the start of testing to evaluate the use of activated carbon as a mercury sorbent. Results are

summarized below for each of the hardware configurations in addition to the baseline testing.

Mercury Removal by Native Fly Ash (“Baseline” Tests)

Mercury removal across the pilot without any carbon injection was tested to obtain a
baseline for mercury removal by the native (resident) fly ash at several different temperatures for
three particulate control module configurations. There was no baseline data taken for the
TOXECON configuration, because flue gas for the TOXECON tests was extracted downstream
of the Unit 2 reverse-gas baghouse, and contained virtually no particulate matter. Baseline test
results for the reverse-gas baghouse pilot are reported in Figure 4-1. There is a definite trend
with temperature (i.e., higher removal rates at lower temperatures), although some variability is
seen in the data. This trend was common to all the PCM configurations. For example, at 230°F
(all tests at this temperature included spray cooling), the ESP configuration showed 53% to 61%
mercury removal, while the reverse-gas baghouse showed 72-79% removal. At 280°F, the ESP
showed 10-39% (average 26%) control, while the baghouses showed 34-78% (average 66%)
control at this temperature. Higher temperature tests fall within broader ranges. At 330-350°F
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mercury removal is generally below 20%, with the exception of a few pulse-jet tests that showed
higher removal rates.
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