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1. PROGRAM BACKGROUND

Coal-fired power plants today meet over 50 percent of the U.S. electricity demand. These units,
representing a total of nearly 320 gigawatts (GW) capacity, currently generate over 1,900 billion
kWh per year. These plants provide cleaner electric power, thanks to novel air pollution control
technologies developed over the past few decades. All plants today comply with the regulations
of the 1970 Clean Air Act (CAA) and its subsequent amendments in 1977 and 1990 to limit
emissions of sulfur dioxide (SO,), nitrogen oxides (NOx), and particulate matter (PMyp).
However, further restrictions on emissions have recently been promulgated in response to issues
such as mercury, ground-level ozone, nitrification of aquatic ecosystems, ambient fine particulate
matter (PMs), and visibility impairment (regional haze). In May 2005, the Environmental
Protection Agency (EPA) issued a final regulation for the control of mercury emissions from
coal-fired power plants. The Clean Air Mercury Rule (CAMR) establishes a nationwide cap-
and-trade program that will be implemented in two phases and applies to both existing and new
plants. The first phase of control begins in 2010 with a 38-ton/year mercury emissions cap. The
second phase of control requires a 15-ton/year mercury emissions cap beginning in 2018.
Meanwhile, several states have adopted or are considering legislation that will impose more
stringent regulations on mercury emissions from coal-fired boilers than those included in
CAMR. SO, and NOx emissions reductions have also been targeted under EPA’s Clean Air
Interstate rule (CAIR) that was issued in May 2005. Tighter SO, and NOx emission reductions
will be implemented in two phases, with Phase | compliance dates of January 1, 2009 for NOx
and January 1, 2010 for SO,, and a Phase Il compliance date of January 1, 2015 for both NOx
and SO,. In addition, future regulatory developments may require higher collection efficiencies
for PM, particularly for submicron particles, that may not be achievable with electrostatic
precipitators (ESP) or baghouses.

Another area for potential regulation is the disposal and/or utilization of solid byproducts, such
as fly ash, bottom ash, and flue gas desulfurization (FGD) sludge that are generated from
coal-fired power plants. Over 88 million tons of ash (fly and bottom) and 29 million tons of
FGD by-products—collectively referred to as coal utilization by-products (CUB)—are produced
each year by coal-fired power plants. In addition, these plants withdraw over 132 billion gallons
of freshwater each day largely for cooling purposes, competing with freshwater needs for
household, industrial, and agricultural use. Further restrictions on cooling water withdrawal
under the Clean Water Act and potential tighter drinking water and effluent standards for
mercury, arsenic, and other trace metals will place additional constraints on water use in coal-
fired power plants.

Such continued tightening of regulations will force the operators of existing coal-fired power
plants to retrofit their existing boilers with additional pollutant control technologies, some of
which may adversely impact plant efficiency and performance. These expenses come at a time
when the industry is faced with rising fuel prices, aging facilities, and an open electric power
market that forces bottom-line accounting, resulting in little or no funding for the research and
development (R&D) needed to develop the advanced technologies.

To help meet these challenges, the Department of Energy (DOE) Office of Fossil Energy (FE)
initiated the Innovations for Existing Plants (IEP) Program, managed by the National Energy



Technology Laboratory (NETL). The IEP program is an integral component of the FE coal and
power research portfolio that supports the DOE mission of “protecting national energy and
economic security with advanced science and technology and ensuring environmental cleanup”
with the strategic goal of promoting a diverse supply of reliable, affordable, and environmentally
sound energy. In particular, the IEP program supports the near-zero emissions coal-based
electricity and hydrogen production program goal to create partnerships to develop technologies
to ensure continued electricity generation and hydrogen production from the extensive U.S. fossil
fuel resource base. This effort includes control technologies to permit cost-effective compliance
with emerging regulations and ultimately, by 2015, near-zero emission plants that are fuel-
flexible, capable of multi-product output, and operate with efficiencies over 60 percent with coal
and 75 percent with natural gas. To accomplish this goal, the IEP program involves R&D and
technology transfer activities in partnership with industry, government agencies, universities, and
national laboratories. The portfolio of activities is divided into six research areas, namely:

e Mercury emissions control

e Coal combustion by-products

e Water management

e Advanced NOx emissions control
e Air quality research

e Particulate matter and acid gas emissions control

The IEP program portfolio of R&D activities includes laboratory through field-scale
demonstration related to the control of mercury, NOx, PM, and acid gas emissions from coal-
based power plants, as well as research in CUB, water use and management, and air quality.
Funding on a fiscal year basis has averaged about $20 million over the past five years.

This document identifies key accomplishments within the IEP program’s portfolio of activities,
categorized within the subprograms listed above, except for particulate matter and acid gas
emissions control for which there has been no recent R&D activity. Accomplishments are
presented by technology and the respective power plants where these technologies were
evaluated. Those shown with their titles highlighted in yellow were accomplished in FY 2007.

2. MERCURY CONTROL TECHNOLOGIES
2.1. SUBPROGRAM SUMMARY

The largest subprogram within the IEP Program is the capture and control of mercury from
coal-fired power plants. The objectives of this program are to develop:

e An understanding of mercury speciation and capture in coal combustion flue gas
¢ Reliable measurement techniques for total and speciated mercury



e Cost-effective mercury control technologies for the U.S. fleet of coal-fired power
generation facilities

The mercury R&D program has identified several major factors that affect mercury speciation
and capture from coal combustion flue gas. Of particular importance is the volatility of mercury
and its different forms (i.e., Hg’, Hg*") that pose a challenge for its complete removal. The
mercury R&D program developed a mercury removal knowledge base for the development of
mercury-specific control technologies for coal-fired power plants. Through a three-phase, full-
scale field testing initiative, the IEP Program has brought mercury-specific control technologies
to the point of commercial readiness in advance of the regulatory schedules set forth in CAMR
and state-level regulations. As of September 2007, about 70 full-scale activated carbon injection
systems, a technology developed under the IEP Program, have been procured by U.S. coal-fired
power plants. These units produce about 30 GW of electricity, or roughly 10 percent of total
U.S. coal-fired power generation capacity. This figure is likely to grow as the regulatory
structure for coal-fired mercury emissions becomes clear and utilities develop robust mercury
control strategies. The highlights of the mercury R&D subprogram are broadly discussed here
within the various categories of mercury control technologies. The first, sorbent injection, is
currently the most mature mercury-specific control technology available and an efficient,
chemically treated activated carbon injection (ACI) system can reduce total mercury emissions
by over 90 percent at a cost that is potentially below $10,000 per pound of mercury removed
($/1b Hg removed).

The typical ACI system is located upstream of a particulate control device—either an
electrostatic precipitator (ESP) or fabric filter (FF)—to enable simultaneous capture of the spent
powdered activated carbon (PAC) and fly ash. This mercury control strategy leads to
commingling of the PAC and fly ash that can prohibit certain fly ash recycling avenues. In
response, NETL has completed full-scale evaluations of technologies such as the Electric Power
Research Institute’s (EPRI) toxic emissions control configurations (TOXECON™ and
TOXECON I1™) as well as non-carbon, concrete-friendly sorbent injection systems designed
specifically to preserve fly ash quality.

2.2. UNTREATED PAC

During 2001 to 2002, ADA Environmental Solutions (ADA-ES) conducted untreated PAC
injection tests at four power plants: Alabama Power’s E.C. Gaston Unit 3, WeEnergies’ Pleasant
Prairie Unit 2, PG&E’s Brayton Point Unit 1, and PG&E’s Salem Harbor Unit 1. These tests
constituted the Phase | stage of a multi-stage test protocol. Full-scale follow up tests (Phase II)
were carried out at Southern Company’s Plant Yates Unit 1 and DTE Energy’s Monroe Station
Unit 4.

Alabama Power’s E.C. Gaston Unit 3

The EPRI TOXECON™ configuration, evaluated at the bituminous coal-fired E.C. Gaston Unit
3, achieved over 90 percent total mercury capture across the compact hybrid particulate collector



(COHPAC™)! FF with the injection of NORIT Americas’s untreated DARCO® Mercury PAC
at about 2.5 pounds per million actual cubic feet (Ib/MMacf) of flue gas. The TOXECON™
process eliminates fly ash carbon contamination by injecting PAC into an FF located
downstream of the primary particulate collection device (Figure 1).
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Figure 1. Schematic of TOXECON™ and TOXECON I1™ technologies.

WeEnergies’ Presque Isle Power Plant

Based on the promising Phase | results at E.C. Gaston, TOXECON™ was selected for a
first-of-a-kind commercial mercury control technology demonstration at WeEnergies’
Presque Isle Power Plant in Marquette, MI, under the DOE Clean Coal Power Initiative.
Currently operational, with an installed capital cost of approximately $128 per kilowatt
($/kW) for the retrofit FF, the TOXECON™ configuration has achieved about 90 percent
total mercury removal with untreated DARCO® Hg and brominated DARCO® Hg-LH
injection at about 3 and 2 Ib/MMacf, respectively. During an extended testing period,
greater than 90 percent total mercury removal was maintained for 48 consecutive days
with both DARCO® Hg and DARCO® Hg-LH injection.

WeEnergies’ Pleasant Prairie Unit 2

Field testing of the DARCO® Hg injection, conducted upstream of a cold-side ESP (CS-ESP) at
this Powder River Basin (PRB) subbituminous coal-fired unit, showed total mercury removal
was limited to about 65 percent despite ACI concentrations as high as 30 Ib/MMacf. This may
have been caused by the low hydrogen chloride (HCI) concentrations in the flue gas. In addition,

1 COHPAC™ is an EPRI-licensed technology centered around the combination of an existing or new electrostatic
precipitator with a high air-to-cloth ratio fabric filter.



the sorbent made the fly ash unacceptable for marketing as a concrete additive due to increased
carbon content.

PG&E’s Brayton Point Unit 1

Baseline tests conducted at the bituminous coal-fired Brayton Point Unit 1 showed “co-benefit”
mercury removal ranging from 30 to 90 percent with the majority of capture occurring across the
first CS-ESP. A carbon injection system installed between the two ESPs to compare “co-benefit”
removal versus PAC injection showed greater than 90 percent total mercury capture with a PAC
(DARCO®) injection concentration of 20 Ib/million cubic feet (Mcf). Flue gas measurements
indicated that PAC injection, coupled with HCI concentrations on the order of 150 ppm,
promoted Hg® capture. Testing at Brayton Point revealed that up to 90 percent of in-flight
mercury capture occurs in less than a half of a second, which places these interactions upstream
of the ESP.

PG&E’s Salem Harbor Unit 1

Field tests of PAC adsorption capacity as a function of temperature conducted at the bituminous
coal-fired Salem Harbor Unit 1 showed that the amount of mercury removed deteriorated as the
CS-ESP (474 SCA) inlet temperature was raised to 350°F, with maximum mercury removal of
45 percent. Tests exploring the impact of selective non-catalytic reduction (SNCR) on mercury
removal showed mercury removal efficiencies ranging from 80 to 95 percent regardless of
SNCR operation.

Southern Company’s Plant Yates Unit 1

Untreated PAC injection tests, conducted over two, 30-day tests under a Phase Il effort showed
that RWE Rhinebraun’s Super HOK sorbent achieved 50 to 60 percent total mercury capture,
with injection rates ranging from 4.5 to 9.5 Ib/MMacf at Plant Yates Unit 1. The effect of ACI
on the unit’s small-SCA (173 SCA) ESP and wet FGD operation showed an increase in the ESP
arcing rate during continuous ACI, particularly at high load. The 30-day test caused no visible
physical damage to the ESP, but it is unknown what effect the increased arcing rate will have on
ESP performance over longer time periods.

DTE Energy’s Monroe Station Unit 4

Thirty-day tests conducted at Monroe Station Unit 4 using DARCO® Hg showed mercury
removal averaged 78 percent with an injection rate of 4.9 Ib/MMacf. This unit burns a blend of
60 percent subbituminous (PRB) and 40 percent bituminous coal with an SCR and CS-ESP. A
performance summary of DARCO® Hg during select Phase | and 11 full-scale field tests is shown
in Figure 2.
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Figure 2. Phase I and Il Performance Curves for Untreated ACI

2.3. CHEMICALLY TREATED PACS AND OTHER SORBENTS

Limited mercury removal achieved by untreated ACI spurred the development of chemically
treated PACs. Two brominated PACs, NORIT Americas’ DARCO® Hg-LH and Sorbent
Technologies’ B-PAC™ have consistently been top performers at Phase Il field testing units
burning lower-rank coals. Their outstanding performance has reduced the estimated cost of
mercury control by reducing the ACI rate required to achieve a given level of control, which
offsets the higher cost of these sorbents.

Great River Energy’s Stanton Station Unit 10

With DARCO® Hg-LH injection at 0.7 Ib/MMacf, total Mercury capture across the spray dryer
absorber and fabric filter (SDA/FF) configuration at the North Dakota lignite-fired Stanton
Station Unit 10 averaged 59 percent. However, greater than 90 percent mercury capture was
achieved at this unit during parametric trials with both DARCO® Hg-LH and B-PAC™ injection
at 1.5 Ib/MMacf.

Sunflower Electric’s Holcomb Station Unit 1

Total mercury capture averaged 93 percent across the SDA/FF configuration at the PRB coal-
fired Holcomb Station with DARCO® Hg-LH injection at 1.2 Ib/MMacf.



The need for chemically treated activated carbon in low-rank coal power plants was
especially well demonstrated during testing of untreated DARCO® activated carbon at the
PRB coal-fired Pleasant Prairie Unit 2 in 2001-2002. Mercury removal was limited to 65
percent in spite of activated carbon injection concentrations as high as 30 lbs/Mcf. This
insufficient mercury removal was likely due to low halogen concentrations in the flue gas
(HCI < 1 ppm). Additions of halogen (bromine) to the activated carbon proved to
effectively and inexpensively increase mercury removal to acceptable levels.

At this time, there are at least six halogen-enhanced (brominated) or chemically treated
sorbents available or under development. These are from Sorbent Technologies (B-PAC,
C-PAC, H-PAC), NORIT America (DARCO Hg-LH), and Alstom-PPL (Mer-Clean 8,
Mer-Clean 8-21).

Brominated sorbents cost more per unit volume than untreated activated carbon, but due to
brominated sorbents having a higher mercury removal rate, the incremental cost of using
brominated sorbents at low-ranked coal power plants is approximately one-half to one-
seventh of the other sorbents tested.

DTE Energy’s St. Clair Station Unit 1

At St. Clair (85:15 PRB and bituminous blend), 94 percent average total mercury removal was
achieved across the CS-ESP with B-PAC™ injection at 3 Ib/MMacf.

AmerenUE’s Meramec Station Unit 2

At the PRB coal-fired Meramec Station, 93 percent average total mercury removal was achieved
across the CS-ESP with DARCO® Hg-LH injection at 3.3 Ib/MMacf.

PacifiCorp’s Dave Johnston Station Unit 3

A chemically treated Mer-Clean™ 8 injection rate of 0.63 Ib/MMacf achieved an average total
mercury removal of 92 percent across the CS-ESP at the PRB coal-fired Dave Johnston Station.

Basin Electric’s Leland Olds Station Unit 1

A chemically treated Mer-Clean™ 8 injection rate of 1.4 Ib/MMacf achieved an average total
mercury removal of 90 percent across the CS-ESP at the North Dakota lignite-fired Leland Olds
Station.

Progress Energy’s Lee Station Unit 1

Total mercury capture averaged 85 percent across the CS-ESP at Lee with B-PAC™ injection at
8 Ib/MMacf. The 30-day long-term test at Lee Station was conducted with the sulfur trioxide
(SO3) flue gas conditioning (FGC) system idled and opacity levels remained acceptable.



Reliant Energy’s Portland Station Unit 1

At the medium-sulfur (two percent) bituminous-fired Portland Station, about 95 percent average
total mercury capture was observed with chemically treated Mer-Clean™ 8-21 injection at 8.5
Ib/MMacf. The reduced efficiency of the Mer-Clean™ sorbents at Portland may have been
caused by elevated levels of flue gas SO; resulting from the combustion of medium-sulfur
bituminous coal.

Great River Energy’s Stanton Station Unit 1 [FY 2007]

At GRE’s PRB coal-fired Stanton Station Unit 1, URS Group observed 85 percent average total
mercury removal across the CS-ESP with B-PAC™ injection at 1.7 Ib/MMacf.

Rocky Mountain Power’s Hardin Station [FY 2007]

Baseline mercury capture at the PRB coal-fired Hardin Station ranged from 20 to 30 percent
across the SCR and SDA/FF configuration. During parametric testing, an injection rate of about
1 Ib/MMacf was required to attain slightly more than 90 percent total mercury removal with
DARCO® Hg-LH and Calgon Carbon’s brominated FLUEPAC™-MC Plus. In addition,
injection of a DARCO® Hg and FLUEPAC™-MC Plus mixture achieved 90 percent total
mercury at 0.14 Ib/MMacf, with a low KNX™ additive rate. Long-term field testing results are
currently unavailable.

NRG Texas Power LLC’s Limestone Station Unit 1 [FY 2007]

URS conducted Phase Il field testing at NRG Texas Power LLC’s Limestone Electric
Generating Station Unit 1, which fires a 70:30 blend of Texas lignite and PRB coals and is
equipped with a CS-ESP and wet FGD. Baseline mercury removal was highly variable ranging
from about 5 to 50 percent. Since this unit markets its fly ash for reuse, two mercury control
technologies designed to preserve ash quality were evaluated during parametric tests: low-ash
impact sorbent injection and TOXECON 1™, During injection upstream of the ESP, the
brominated B-PAC™ and DARCO® Hg-LH sorbents performed similarly with about 90 percent
ACI mercury removal at 2 to 3 Ib/MMacf. Untreated DARCO® Hg also achieved 90 percent ACI
mercury removal with injection at slightly less than 6 Ib/MMacf. Injection of the “concrete-
friendly” C-PAC™ sorbent at about 1.5 Ib/MMacf resulted in approximately 73 percent ACI
mercury removal. During parametric trials with the TOXECON II™ configuration, ACI mercury
removal was limited to about 60 percent with DARCO® Hg and DARCO® Hg-LH injection at
about 5 to 6 Ib/MMacf. Note that DARCO® Hg-LH injection into the TOXECON [I™
configuration took place with the unit firing 100 percent PRB coal. A two-month continuous
injection test was completed with DARCO™ Hg-LH injection at 2 Ib/MMacf and preliminary
results indicate that the project goal of 50 to 70 percent ACI mercury removal across the ESP
was achieved. In addition, URS is confident that the low DARCO® Hg-LH injection rate will not
prohibit fly ash reuse, but analysis is ongoing.

LCRA’s Fayette Unit 3 [FY 2007]

A Phase Il evaluation of Mer-Cure™ was completed at LCRA’s Fayette Unit 3 in April 2007.
Baseline mercury capture was approximately 50 percent across the CS-ESP and wet FGD. All



results are based on the incremental (or ACI) level of mercury control. Alstom-PPL evaluated
three sorbents (eSorb™ 11, eSorb™ 13, and eSorb™ 18) designed to preserve fly ash quality,
along with Mer-Clean™ 8, during parametric testing. Excluding eSorb™ 18, 80 percent ACI
mercury capture was achieved with injection at 0.4-0.5 Ib/MMacf. At an injection at about 0.8
Ib/MMacf, eSorb™ 11 and Mer-Clean™ 8 attained 90 percent ACI mercury capture.
Preliminary results indicate that fly ash remains marketable with eSorb™ 13 at about 0.5
Ib/MMacf (85 percent ACI mercury capture). The testing program was halted prematurely due to
an unscheduled plant outage.

2.4.  TESTSWITH HIGH SO3FLUE GAS SITES
Conesville Station Unit 6

ADA-ES evaluated more than 50 candidate sorbents at the Conesville Station Unit 6 combusting
high-sulfur (three to four percent) bituminous coal. These Phase Il field tests showed total
mercury removal was limited to approximately 30 percent with chemically treated PAC injection
at 12 Ib/MMacf. They also showed that flue gas SOs, even at low concentrations, can interfere
with the performance of ACI.

NETL research has shown that even low concentrations of flue gas (SOs3) can interfere
with the performance of ACI. SO;3 is generated in coal combustion flue gas via three
mechanisms:

e Oxidation of SO, within the furnace
e Further oxidation of SO, across SCR catalysts

e SO;FGC systems. It appears that SOz competes with mercury for adsorption sites
on the PAC surface, thereby limiting its performance and/or requiring much
higher ACI rates to achieve a given level of mercury control.

AmerenUE’s PRB Coal-fired Labadie Station [FY 2007]

Turning off the Flue Gas Conditioning (FGC) at AmerenUE’s PRB coal-fired Labadie Station
increased total mercury removal from about 50 to 80 percent with a PAC injection at rate of
8 Ib/MMacf. Greater than 90 percent mercury removal was observed with no SOj3 injection and
DARCO® Hg-LH injection upstream of the air preheater at about 5 Ib/MMacf. The performance
of brominated B-PAC™ was also impacted by SO; FGC at Lee Station. With B-PAC™
injection at 8 Ib/MMacf, mercury capture increased from 32 to 82 percent when SO; FGC was
idled at Lee. One possible solution to this problem is the co-injection of PAC and alkaline
materials. Preliminary results from a few Phase Il field testing sites are encouraging.

Public Service of New Hampshire Company’s Merrimack Station Unit 2 [FY 2007]

ADA-ES is conducting a Phase Il field test at Public Service of New Hampshire Company’s
Merrimack Station Unit 2, which utilizes a cyclone-fired boiler to burn a blend of bituminous



coals (1.0 to 1.3 percent sulfur content) and is equipped with an SCR system followed by two
CS-ESPs in series. This is a challenging environment for ACI due to elevated SO3 levels and
high flue gas temperature. During parametric testing, several mercury sorbents were evaluated
both with and without the injection of magnesium oxide (MgO) or sodium sesquicarbonate
(trona)—two potential SO3; mitigation additives that also permit a reduction in flue gas
temperature. Results indicate that trona injection enhanced ACI performance to a greater degree
than MgO; however, the sodium content of trona may limit fly ash recycling opportunities.

Without SOz mitigation, mercury removal was limited to about 22 percent with chemically
treated ACI at 8 Io/MMacf. Untreated DARCO® Hg injection at 8 Ib/MMacf, coupled with trona
injection, resulted in about 65 percent mercury removal. During a short-term experiment, 90
percent mercury removal was observed with milled (to less than 15 microns) trona injection
upstream of the air pre-heater at 500 Ib/hr and brominated DARCO® Hg-LH injection between
ESP1 and ESP2 at 6 Ib/MMacf. ADA-ES will attempt to replicate this high performance and
evaluate the impact of ACI, coupled with SOz mitigation, on fly ash utilization and stack opacity
during a two to three-month long-term test scheduled to begin October 2007.

2.5. FuLL-ScALE FIELD TESTS OF TECHNOLOGIES DESIGNED TO PRESERVE FLY ASH
RECYCLING

Luminant Power’s Big Brown Station Unit 2

Under the Phase Il program, NETL has also funded a full-scale field test of the TOXECON™
configuration at Luminant Energy’s Big Brown Unit 2, which fires a 70 percent Texas lignite
and 30 percent PRB coal blend. The University of North Dakota Energy & Environmental
Research Center (UNDEERC) evaluated the performance of untreated ACI, co-injection of
sorbent enhancement additive (SEA) and untreated PAC, and UNDEERC’s proprietary enhanced
PAC during parametric tests. Due to concerns about the cumulative impact of SEA and PAC
injection on differential pressure across the relatively small FF (air-to-cloth ratio of 12:1),
UNDEERC’s enhanced PAC was selected for the 30-day long-term demonstration. Total
mercury capture averaged about 74 percent with an injection rate of 1.5 Ib/MMacf.

According to an in-depth balance-of-plant (BOP) analysis performed by UNDEERC, enhanced
PAC injection at 1.5 Ib/MMacf increased the pressure drop across the FF at Big Brown by about
1-inch H,0 at high load (~600 MW). Handling and storage issues with the PAC/ash mixture
have also been observed at both Presque Isle and Big Brown. In particular, a portion of the
PAC/ash mixture was found to be very hot and smoldering at each unit. Preliminary results
indicate the need to monitor and empty the FF hoppers on a regular basis to avoid self-heating
and ignition of the PAC/ash mixture.

Entergy’s Independence Station Unit 1 [FY 2007]

A full-scale TOXECON 1™ field test conducted by ADA-ES at Entergy’s PRB coal-fired
Independence Station Unit 1 showed about 60 percent average total mercury removal with
DARCO® Hg-LH injection at 4 to 5 Ib/MMacf. Therefore, a subsequent full-scale field test
conducted at Independence in February 2007 with DARCO® Hg-LH injection at 5.5 Ib/MMacf
achieved 90 percent total mercury removal. The TOXECON II™ technology injects sorbents
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directly into the downstream collecting fields of an ESP. Since the majority of fly ash (~90
percent) is collected in the upstream ESP fields, only a small portion of the total collected ash
contains spent sorbent. The technology requires minimal capital investment compared with the
TOXECONT™ configuration and no retrofit FF is required.

Duke Energy’s Miami Fort Station Unit 6

The performance of Amended Silicates™ non-carbon sorbent (comprised of a chemically-
amended silicate substrate), evaluated during a 30-day field test at Duke Energy’s medium-sulfur
(~2.3 percent) bituminous-fired Miami Fort Unit 6, showed that total mercury capture across the
CS-ESP (353 SCA) averaged 40 percent with an injection rate of 5-6 Ib/MMacf. Once again,
flue gas SO3; may have had a detrimental effect on sorbent performance at Miami Fort.

Midwest Generation’s Crawford Station Unit 7 [FY 2007]

Sorbent Technologies’” 30-day evaluation of brominated, “concrete-friendly” C-PAC™ at
Midwestern Generation’s PRB coal-fired Crawford Station Unit 7 showed 81 percent total
mercury removal across the small CS-ESP with an injection rate of 4.6 Ib/MMacf. Preliminary
results indicate that fly ash samples collected during sorbent injection at these units would satisfy
the criteria for reuse in concrete production.

2.6. MERCURY CO-REMOVAL ACROSS WET FGD SYSTEMS USING CATALYTIC MERCURY
OXIDATION

Great River Energy’s Coal Creek Station

URS Corporation, in collaboration with EPRI, Great River Energy, City Public Service of San
Antonio, and the North Dakota Industrial Commission, conducted pilot-scale testing of several
different Hg° oxidation catalysts composed of palladium, tire-derived activated carbon,
subbituminous ash, and selective catalytic reduction (SCR) catalysts at a North Dakota
lignite-fired plants. After 13 months of operation, the carbon catalyst showed 79 percent mercury
oxidation. After 20 months of operation, the palladium catalyst showed 67 percent oxidation.
The SCR and subbituminous ash catalysts showed significantly lower activity. The palladium
catalyst could be thermally regenerated to increase its oxidation activity from 67 to 88 percent.

Luminant Power’s Monticello Station Unit #3

Four mercury oxidation catalysts (gold, SCR catalyst, regenerated palladium, and fresh
palladium) installed downstream of the CS-ESP at TXU's Monticello Station Unit 3 showed
severe fly ash buildup on the catalyst surfaces, likely caused by frequent pilot unit outages during
the test campaign. Following in-situ catalyst cleaning in August 2006, Hg’ oxidation was
approximately 72 percent across the regenerated palladium catalyst and 66 percent across the
gold catalyst, after 17 months of pilot-scale operation. Tests completed in April 2005 indicated
total mercury capture across a pilot-scale wet FGD ranged from 76 to 87 percent, compared with
only 36 percent removal under baseline conditions.
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Southern Company’s Plant Yates Unit 1 [FY 2007]

Pilot-scale tests of catalytic mercury oxidation installed downstream of a CS-ESP using fresh
palladium, gold, and regenerated SCR catalysts showed 58 percent Hg® oxidation across the
fresh gold catalyst, 38 percent across the fresh palladium catalyst, 32 percent across the
regenerated SCR catalyst, and 26 percent across the regenerated gold catalyst after 10 months of
operation.

2.7. CHEMICAL ADDITIVES FOR ELEMENTAL MERCURY OXIDATION

Chemical additives such as calcium chloride (CaCly), magnesium chloride (MgCl,), and
proprietary formulations promote flue gas Hg® oxidation and enhance FGD mercury capture. The
additives are sprayed onto the pre-combusted coal as an aqueous salt solution. This approach
facilitated the capture of mercury by maximizing the residence time available for interactions
with Hg® with the elements.

Minnkota Power’s Milton R. Young Unit 2

UNDEERC evaluated three additives during short-term parametric tests: SEA1, CaCl,; SEA2, a
proprietary chemical formulation; and MgCl; at this unit that fires North Dakota lignite coal in a
cyclone boiler and is equipped with a CS-ESP and wet FGD. SEAZ2 vyielded highest results,
achieving approximately 44 percent total mercury capture across the ESP/FGD combination with
injection at 75 ppm (on a dry coal basis), as compared with less than 20 percent mercury capture
with SEAL1 and MgCl; injection at 500 ppm. About 60 percent total mercury capture was
observed with SEA2 injection at 50 ppm (on a dry coal basis), coupled with untreated DARCO®
Hg injection at 1 Ib/MMacf. During the 30-day test, total mercury capture across the ESP/FGD
ranged from 50 to 65 percent with SEA2 injection at 60-100 ppm (on a dry coal basis) and
DARCO® Hg injection at 0.15 Ib/MMacf.

Luminant Power’s Monticello Station Unit 3

Parametric testing at MoSES Unit 3 burning Texas lignite and PRB coals evaluated the
performance of CaCl, and calcium bromide (CaBr;). These trials clearly displayed the superior
performance of CaBr, as 72 percent Hg** was captured at the ESP outlet with an injection rate of
100 ppm bromine (Br) in the coal (on a dry basis). As a result, long-term testing was conducted
with CaBr,. The two-week test, at a CaBr; injection rate of 55 ppm Br in the coal, oxidized 67
percent of the mercury entering the FGD, resulting in an average total mercury capture of 65
percent. At a CaBr, injection rate of 113 ppm bromine in the coal, Hg® oxidation reached 85
percent, resulting in an average total mercury capture of 86 percent over the two-week test. In
addition, a short-term test conducted with a CaBr; injection rate of 330 ppm bromine in the coal
resulted in 92 percent total mercury capture across the ESP/FGD.

2.8. FGD ADDITIVES

Hg® re-emissions have been observed at several coal-fired units and occur when Hg®* captured
by a wet FGD is chemically reduced within the vessel and re-emitted as Hg®. Chemical models
suggest that Hg® re-emissions in full-scale wet FGD systems could be greatly influenced by
factors such as chloride concentration and slurry droplet pH. This was further evaluated by full-
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scale field testing of FGD additives to inhibit the partitioning and re-emission of mercury from
FGD byproducts.

Plant Yates Monticello Unit 3, Petersburg Station [FY 2007]

URS conducted pilot and full-scale field tests of a wet FGD additive (Degussa Corporation’s
TMT-15) to determine whether the additive can precipitate mercury as a stable salt, thereby
minimizing Hg® re-emissions and lowering FGD liquor mercury concentrations. This project is
also assessing whether this same additive can be used to minimize mercury in FGD used as
synthetic gypsum through the separation of the fine mercury-containing salts from the remainder
of the byproduct. Full-scale field tests at Indianapolis Power & Light’s Petersburg Station Unit 2
and Plant Yates have been inconclusive and below expectations.

Recently, URS completed a 30-day full-scale test at Plant Yates in September 2007 using a wet
FGD additive developed by Nalco Company. The results of this test will be presented at the
DOE Mercury Control Technology Conference scheduled for December 2007 in Pittsburgh, PA.

2.9. OTHER TECHNOLOGIES - MULTI-POLLUTANT CONTROL TECHNOLOGIES
Allegheny Power’s Mitchell Power Station

CONSOL, Allegheny Energy, Alstom Power, Environmental Elements, and Carmeuse North
America conducted a pilot-scale evaluation of Low-Temperature Mercury Control (LTMC).
This process controls mercury by cooling the flue gas temperature to approximately 220 °F,
which promotes adsorption on the unburned carbon in fly ash. Greater than 90 percent total
mercury capture was achieved during the pilot-scale testing

2.10. CHARACTERIZATION OF MERCURY EMISSIONS VIA COMBUSTION MODIFICATION
Progress Energy’s Lee Station Unit 3 [FY 2007]

General Electric Energy and Environmental Research Corporation evaluated a novel multi-
pollutant control technology to reduce mercury, NOx, and carbon monoxide emissions at
Progress Energy’s bituminous coal-fired Lee Station Unit 3 equipped with a cold side-ESP and
SO; flue gas conditioning system. Preliminary results indicate a 38 percent improvement in “co-
benefit” mercury capture following combustion optimization. Meanwhile, untreated carbon
injection at about 18 Ib/MMacf achieved 80 percent total mercury removal with SOgs
conditioning idled, but the removal efficiency was limited to approximately 55 percent with the
operation of the SO3; FGC system.

2.11. MERCURY CONTROL TECHNOLOGIES
Cost Analysis [FY 2007]

NETL recently completed an updated economic analysis of mercury control, based on data from
12 test sites utilizing three carbon injection variations (conventional activated carbon, chemically
treated activated carbon, and conventional activated carbon combined with an SEA applied to the
coal).
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The economic analyses were conducted on a plant-specific basis. Analyses were completed in a
manner that yields the cost required to achieve low (50 percent), medium (70 percent), and high
(80 to 90 percent) levels of mercury control “above and beyond” the plant-specific baseline
mercury removal. A data adjustment methodology was developed to account for the level of
baseline mercury capture observed and to incorporate the average level of mercury removal
measured during the long-term continuous carbon injection trial. These analyses were carried
out to provide NETL with a metric to gauge its success in achieving the target of reducing
baseline mercury control costs by 25 to 50 percent. Mercury control cost estimates were
presented for the three carbon injection variations. Chemically treated carbon injection and SEA
coal treatment are intended to compensate for the lack of naturally occurring halogens in the
combustion flue gas of low-rank coals, because halogens appear to limit the mercury capture
efficiency of conventional carbon injection. For this reason, conventional carbon injection cost
estimates were not conducted for subbituminous or lignite coals.

Tables 1, 2, and 3 provide plant specific cost estimates for three levels of mercury removal due
to carbon injection at the twelve test sites. The sites burning subbituminous and lignite coal were
all tested with either chemically treated PAC or conventional PAC and coal treated with CaCl,.
Some of the costs are impacted by plant specific factors such as the incremental costs at Yates
and Lee being higher than Monroe and Portland in Table 1 due to low inherent mercury content
in the coal at Lee and the high baseline removal of mercury at Yates. Another trend of note can
be seen in Table 2 where the incremental cost of 70 percent mercury removal is lower than 50
percent due to the increase in mercury captured outpacing the increased cost of mercury control.

The capital costs for activated carbon injection are expected to be fairly uniform and independent
of plant size. This implies that capital costs on a per-kilowatt basis will be higher for smaller
plants, indicating that large power plants will have an economic advantage over smaller plants.
The total capital requirement for power generation units in the updated economic analyses ranges
between $1.3 million and $1.9 million (2006 dollars) except for one particularly large unit
(Monroe Unit 4), which had capital costs of $3 million. Capital costs included the following:

e Uninstalled equipment cost (e.g., bulk storage silo, pneumatic conveying systems,
foundations, distribution manifold, injection lances, etc.).

e Materials and labor associated with site integration (e.g., electrical supply upgrades,
process control integration, instrument air, adequate lighting, etc.).

e Sales tax of 6 percent
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Table 1. 20-Year Levelized Cost of Mercury Control for Bituminous Units

Plant Byproduct 50% carbon injection mercury removal 70% 80%-90%

(Sorbent) Impacts Carbon COE $/Ib Hg Carbon COE $/Ib Hg Carbon COE Increase $/lb Hg
Injection Increase Removed Injection Increase Removed Injection Mills/kWh Removed
Ib/MMacf | Mills/kWh Ib/MMacf | Mills/kWh Ib/MMacf

Yates Unit 1 Without 0.98 55,200 1.72 69,500

(Super HOK) With 385 2.92 165,000 8.98 3.66 148,000 NIA

Monroe Unit 4 Without 1.46 0.38 17,200 338 0.75 24,000 578 1.20 33,800

(Darco® PAC) With ' 1.62 73,100 ' 1.99 63,900 ' 2.45 68,800

Lee Unit 1 Without 207 1.14 71,400 483 1.95 87,200 897 2.95 103,000

(B-PAC™) With ' 2.85 179,000 ' 3.66 164,000 ' 4.67 163,000

Portland Unit 1 Without 0.59 0.45 13,400 1.39 0.69 14,900 534 1.94 32,300

(Mer-Clean™ 8-21) With ' 1.60 47,900 ' 1.84 39,600 ' 3.09 51,500

Table 2. 20-Year Levelized Cost of Mercury Control for PRB Units

Plant Byproduct 50% carbon injection mercury removal 70% 80%-90%

(Sorbent) Impacts Carbon COE $/Ib Hg Carbon COE $/Ib Hg Carbon COE Increase $/lb Hg
Injection Increase Removed Injection Increase Removed Injection Mills/lkWh Removed
Ib/MMacf | Mills/kWh Ib/MMacf | Mills/kWh Ib/MMacf

Holcomb Unit 1 Without 011 0.15 4,380 027 0.18 3,910 103 0.37 6,090

(DARCO® Hg-LH) With ' 0.86 25,600 ' 0.89 19,000 ' 1.08 17,900

St. Clair Unit 1 Without 0.26 0.39 17,200 0.60 0.52 16,300 231 1.16 28,500

(B-PAC™) With ' 1.36 60,500 ' 1.49 47,200 ' 2.13 52,500

Meramec Unit 2 Without 0.27 0.38 12,200 0.62 0.48 11,100 240 0.99 17,800

(DARCO® Hg-LH) With ' 1.74 56,100 ' 1.84 42,400 ' 2.35 42,100

Dave Johnston Unit 3 Without 006 0.26 7,440 014 0.30 5,970 055 0.46 7,190

(Mer-Clean™ 8) With ' 1.55 44,000 ' 1.59 32,100 ' 1.75 27,500

Stanton Unit 1 Without 0.41 0.39 16,700 0.95 0.54 16,500 365 1.29 30,500

(B-PAC™) With ' 1.07 45,400 ' 1.22 36,900 ' 1.97 46,400
Table 3. 20-Year Levelized Cost of Mercury Control for ND Lignite Units

Plant Byproduct 50% carbon injection mercury removal 70% 80%-90%

(Sorbent) Impacts Carbon COE $/lb Hg Carbon COE $/lb Hg Carbon COE Increase $/Ib Hg
Injection Increase Removed Injection Increase Removed Injection Mills/kWh Removed
Ib/MMacf | Mills/lkWh Ib/MMacf | Mills/lkWh Ib/MMacf

Leland Olds Unit 1 Without 2.15 0.74 18,300 5.04 1.21 21,500 8.65 1.81 24,900

(Darco® Hg & CaCl,) With 3.37 83,600 3.84 68,200 4.44 61,200

Stanton Unit 10 Without 0.49 0.85 20,300 1.15 1.05 17,900 1.98 1.30 17,300

(DARCO® Hg-LH) With 2.58 61,500 2.78 47,300 3.03 40,100

Leland Olds Unit 1 Without 0.18 0.32 7,900 0.42 0.42 7,400 1.64 0.91 12,600

(Mer-Clean™ 8) With 2.95 73,200 3.05 54,100 3.54 48,900

15




3. COAL UTILIZATION BY-PRODUCTS
3.1. SUBPROGRAM SUMMARY

Developing more beneficial uses for coal utilization by-products (CUB) will improve power
generation economics, conserve natural resources and landfill space, and reduce carbon dioxide
(CO,) emissions. These by-products are formed during the combustion of coal for electric power
generation. The focus of this subprogram of the IEP Program is to support the environmentally
safe and technically sound handling of CUB material, with the goal of increasing CUB use in
construction and other industries. Research activities explore the environmental impacts of CUB
disposal versus utilization, the optimization of utilization methods, and the collection and
dissemination of data to assist in CUB-related regulatory decisions. Many of the CUB projects
at NETL are being conducted through consortia described later in this section.

Some of the more successful CUB applications include its use as a partial substitute for cement
in concrete (fly ash), structural fill material (bottom ash and fly ash), blasting grit (boiler slag),
and in the manufacture of wallboard (FGD gypsum). Several types of CUB are used in mine
reclamation applications, in particular fluidized-bed combustion (FBC) ash, whose alkaline
properties make the ash useful in the remediation of acidic mine backfills.

3.2. DEVELOPMENT OF ADVANCED TECHNOLOGIES TO EXPAND MARKET USE FOR COAL
CoMBUSTION BY-PrRoDuUCTS

Market Assessment/Demonstration of Lignite FBC Ash Flowable Fill Applications

FBC ash from lignite cannot be used in conventional ash applications such as ready-mix
concrete. R&D conducted by the Western Research Institute resulted in a cost-effective flowable
fill product (Ready-Fill) for excavatable and structural applications. Ready-Fill utilizes ash from
the lignite-fired Heskett plant, waste sand fines, and small amounts of cement and water. A total
of seven full-scale field applications demonstrated the use of Ready-Fill for structural,
excavatable, and niche applications, including a structural base for the coal unloading facility at
Heskett power plant, an excavatable trench bedding for utilities, erosion control, and as base
material for residential patios. The product is now commercially marketed in the Bismarck-
Mandan area of North Dakota, where it is sold wholesale to concrete suppliers.

Ash-Based Grout Injection for Subsidence Control at Shamrock Mine

An ash-based grout has been developed that can be injected into flooded underground mines with
minimal dispersion of the grout into water. The ash-based grout meets the stipulated ASTM
strength requirements for grout based on the results of a systematic durability study that used a
variety of manufactured aggregate and aggregate products that were produced using high loss-
on-ignition (LOI) ash with a binder or FBC ash.

Advanced Technologies for the Separation of Carbon from Fly Ash

The University of Kentucky has developed an organic dispersant that can separate unburnt
carbon from fly ash where fine sizes of ash may be recovered for use as a polymer filler or as a
specialized, high-value cement additive. A unique hydraulic classifier was developed for this
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application together with the design of a mobile pilot plant. Six different fly ashes have been
fully evaluated and characterized chemically and physically, from which a model was developed
for the hydraulic classification process.

3.3. CUB ENVIRONMENTAL RESEARCH

The goal of CUB environmental research is to characterize the environmental acceptability of
these products and to understand the fate of mercury and other trace metals in these materials.

Characterize the Fate of Mercury in CUB

Using a Toxicity Characteristic Leaching Procedure (TCLP), Consol Technologies showed that
mercury did not leach from coal, bottom ash, fly ash, spray dryer/FF ash or forced oxidation
gypsum (FOG) in concentrations greater than the detection limit of the TCLP method (currently
1.0 ng/mL). This was true even with fly ash samples collected from the ESP during activated
carbon injection for mercury control.

Mercury was detected at low concentrations in acidic leachates from all of the fixated and more
than half of the unfixated FGD sludge samples. However, mercury was not detected in leachates
from any sample when deionized (DI) water was the leaching solution.

Volatilization tests showed no mercury loss from fly ash, spray dryer/FF ash, unfixated FGD
sludge, or forced oxidation gypsum (FOG). The mercury concentration of these samples all
increased, possibly due to absorption from ambient surroundings. Mercury loss of 18 to 26
percent was detected after 3 and 6 months at 100°F and 140°F, respectively, from samples of the
fixated FGD sludge.

Mercury was not detected in water samples collected from monitoring wells around an active
FGD disposal site or an active fly ash slurry surface impoundment.

Leaching Volatilization and Microbial Testing of CUB in Disposal and Utilization
Applications

UNDEERC has shown that five of the six CUB analyzed acted as mercury absorbents (or sinks),
although a small amount may be released on storage. The previously reported value of a
maximum of 0.26 grams of mercury release from 200,000 tons of ash may be revised with
further data.

Frontier Geosciences - Determining the Fate of Hg in Fly Ash [FY 2007]

Beginning with the Phase | full-scale field testing program, NETL has required that field
contractors evaluating Hg control via sorbent injection collect and analyze fly ash samples. Fly
ash analyses are focused on determining the stability and ultimate fate of Hg during potential
utilization applications and disposal. More recently, NETL awarded a contract to Frontier
Geosciences, Inc. to conduct independent laboratory analysis of CUB generated during the
NETL Phase Il full-scale Hg control technology field testing program. The purpose of the
independent laboratory analysis is to ensure that accurate and consistent laboratory procedures
are used to determine the environmental fate of Hg in CUB. The Office of Research and
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Development (ORD) within NETL has also been conducting in-house leaching experiments with
fly ash collected from ACI field testing sites.

The Frontier work includes leaching studies using the Synthetic Precipitation Leaching
Procedure (SPLP, EPA Method 1312), low (40 °C for 30 days), medium (190 °C for 1 hour), and
high-temperature (900 to 1200 °C for 5 minutes) Hg volatility tests, microbial methylation
experiments, and halide analysis. Preliminary SPLP results indicate that little to no Hg would be
released under normal disposal conditions. In addition, Hg bound to PAC sorbents, particularly
those that have been chemically treated, appears to be more stable than the UBC-bound Hg.
During the low-temperature volatility tests, essentially no Hg was emitted from the fly ash
samples. Thermal desorption of Hg has been observed during the medium and high-temperature
volatility tests conducted by Frontier; however, the extent of release is still under investigation.

Using a pure culture of sulfate reducing bacteria known to methylate Hg, the production of
methyl-mercury over a 30 day period is being monitored to assess the methylation potential of
Hg present in CUB. Preliminary results from this “worst-case-scenario” microbial mobilization
study indicate an increase in methyl-mercury production. However, microbial activity has also
stabilized a number of target metals.

3.4.  INDUSTRY COLLABORATIVES
Combustion By-Products Recycling Consortium

The Combustion By-Products Recycling Consortium (CBRC) is an industry-based group formed
to help develop and demonstrate technologies to address issues related to the recycling of CUBs.
Several new applications have been developed, including the use of CUBs in paving pricks,
composite wall panels, and foundry sand molds in commercial projects. Other CBRC
technologies, such as fly ash-based sorbents for mercury control from power plant flue gas, have
been selected for large-scale field demonstrations.

Coal Ash Resources Research Consortium

The use of sulfite-rich FGD by-products in agricultural applications is negatively impacted by
the conversion of sulfite to sulfate. A Coal Ash Resources Research Consortium (CARRC)
research project examined the kinetics for the conversion of sulfite in FGD by-products to sulfate
and the conditions that facilitate the conversion. Results indicated chemical composition
variability among the different samples as expected. Strength development tests indicated that
all samples met the maximum water requirement limit, but only one sample, an FGD-SDA
material, achieved adequate strength at 28 days to meet the strength activity index specification.
All samples exhibited expansion, and evaluation of those data continues.

CARRC completed a 4-year study on the release of absorbed mercury by Coal Combustion By-
Products (CCBs). The conclusions of this study showed that the presence of activated carbon
with fly ash may increase the temperature at which mercury is released when CCBs are exposed
to elevated temperature. Mercury is not readily released at temperatures below 250°C Laboratory
data indicated that the potential for ambient temperature vapor-phase mercury releases are
unlikely to impact atmospheric mercury loading.
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Coal Combustion Products Partnership

The Coal Combustion Products Partnership (C2P2), a collaboration with industry and EPA’s
Office of Solid Waste, focuses on the expanded use of improved CUB materials for a variety of
high-volume industrial and medium-volume commercial applications. High-volume applications
include highway construction uses, while medium-volume uses are in cement and concrete, air-
cooled condenser (ACC) building blocks, and high-technology mineral extraction processes.
Highway demonstration projects in Georgia, Pennsylvania, Delaware, North Dakota, Michigan
and Kansas have not shown any cases of negative impact on groundwater quality as a result of
coal ash use in highway applications.

3.5.  NETL OFfFicE oF R&D
Leaching Test Methodologies

R&D conducted by NETL’s Office of R&D suggests that the leachates of Class F fly ash
undergo a sharp drop in pH when the alkalinity of the ash is depleted and that the release of
metal begins right after the drop in pH commences. Consequently, predicting (or preventing) the
release of metals from fly ash depends on knowing when the fall in pH occurs. The final
determination of a system to monitor leaching progress will depend upon the nature of the
operation and the experience of the personnel involved.

Fate of Mercury in Ash and FGD By-Products

Long-term leaching tests with several leachants covering a broad pH range indicate that mercury
captured on fly ash is stable. Less than one percent of the amount of mercury in the samples
tested was extracted, even under acid or basic conditions that exceeded those found in nature.
From some samples, mercury was more extractable at high pH. The cumulative release of
mercury was not related to the source of the samples or to the concentration of mercury. The
amount of carbon, either as unburned carbon from the coal or as activated carbon injected in
control tests, could not be directly correlated to the release of mercury. Although the results of
these leaching tests did not clarify the factors that control the release of mercury from fly ash,
they indicate that mercury in fly ash is very stable.

4, WATER-ENERGY INTERFACE
41. SUBPROGRAM SUMMARY

Each kilowatt-hour of electric power generated via a thermal process involving fossil fuels
requires the withdrawal of approximately 25 gallons of water (weighted average for all
thermoelectric power generation) used primarily for cooling and secondarily for the operation of
FGD units, ash handling, wastewater treatment, and wash water. According to the United States
Geological Survey, thermoelectric generation accounted for 39 percent (136 billion gallons per
day [BGD]) of all freshwater withdrawals in the Nation in 2000, which is second only to
irrigation. Studies conducted by NETL estimate that 6.2 BGD of freshwater was consumed by
thermoelectric plants in 2005. In addition to the significant amount of water needed for the
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generation of electricity, power plants may also impact water quality. Of particular concern is the
deposition of trace quantities of air pollutants into water systems. The IEP Water-Energy
Interface is focused on developing an understanding of the impacts of electricity production on
water quantity and quality and on research, development, and demonstration of technologies to
minimize any negative impacts of freshwater use in power plants. The program is built around
four specific areas of research:

e Non-Traditional Sources of Process and Cooling Water
e Innovative Water Reuse and Recovery

e Advanced Cooling Technology

e Advanced Water Treatment and Detection Technology

4.2. NON-TRADITIONAL SOURCES OF PROCESS AND COOLING WATER

Specific research categories in Non-Traditional Sources of Process and Cooling Water are mine
water, oil and gas produced water, municipal waste water, high total dissolved solids (TDS),
ground water, and ash pond effluent. Table 4 provides summary information on participating
researchers and a brief description of their projects in this category.

Table 4. Participating Research Organizations and Project Descriptions

Researcher Project Description

West Virginia University Assess the feasibility of underground mine water in the Northern West Virginia
Water Research Institute and Southwest Pennsylvania as a source for cooling water for power plants.

West Virginia University Under wet and dry conditions, locate, sample, and determine flow of mine
Water Research Institute discharges around the 300 MW Beech Hollow, Southwestern Power

[FY 2007] Administration power plant. Develop a computer-based design tool for estimating
the cost of water acquisition and delivery to the power plant.

Collect, treat (to lower the total dissolved solids), and transport oil and gas

EPRI produced water to the 1,800 MW San Juan Generating Station for use as makeup
water for the power plant cooling system.

Using produced/reclaimed municipal wastewater to establish quantitative

Nalco Company [FY 2007] | technical targets, develop scale inhibitor chemistries for high stress conditions,
and determine the feasibility of membrane separation technologies to minimize
scaling. Develop selected separation processes.

University of Pittsburgh, Determine the feasibility of using secondary treated municipal wastewater,
Carnegie Mellon passively treated coal mine drainage, and ash pond effluent waters in coal-fired
University [FY 2007] power plants.

Mine Water

Eight potential sites where underground mine water is available in sufficient quantity to support
the 4,400 gallon per minute (gpm) makeup water requirements for a closed-loop 600 MW plant
were identified. Of these, three were further evaluated for a preliminary design and cost analysis
of mine pool water collection, treatment, and delivery to a power plant. One of the three sites
was selected for each of the three mine pool water chemistry categories based on “net alkalinity”
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as measured in a milligrams per liter (mg/L) equivalent concentration of calcium carbonate
(CaCOs3). These categories are net acidic (<-50 mg/L), neutral (-50 to +50 mg/L), and net
alkaline (>+50 mg/L). From Table 5, it was concluded that, depending on site conditions and
water treatment requirements, utilization of mine pool water as a source of cooling water makeup
can be cost competitive with freshwater makeup systems.

Table 5. Cost Analysis Summary

Cost Flaggy Meadows Irwin Uniontown
(net-acidic) (near-neutral) (net-alkaline)
Total Capital Cost, $ 5,740,000 3,770,000 3,464,000
Operating Cost, $/year 1,367,000 363,000 433,000
Annualized Cost, $/1,000 gallons 0.79 0.26 0.29

Oil and Gas Produced Water

A comprehensive study on the feasibility of using water produced from oil and gas wells in the
San Juan Basin as process water for the San Juan Generating Station in Farmington, NM showed
that the most economical method was to use high-efficiency reverse osmosis with a brine
concentrator distillation unit to process the approximately 1,100 gpm of water needed by the
power plant. Major barriers to using water from this location are water quality (salinity, or TDS)
and that the water sources are dispersed over a large area. A pipeline was determined to be the
most efficient method to gather and convey the water to the power plant.

4.3. INNOVATIVE WATER REUSE AND RECOVERY

Specific research categories in Innovative Water Reuse and Recovery are the recovery of water
from flue gas, waste heat from condenser cooling water for coal drying, use of condenser waste
heat to produce freshwater from saline water, and evaporative loss reduction from flue gas. The
research focus is on developing advanced technologies to reuse power plant cooling water and
associated waste heat and on investigating methods to recover water from coal and power plant
flue gas. The goal is to reduce fossil fuel power plant water withdrawal and consumption. Table
6 provides additional information on participating researchers and their project descriptions.

Table 6. Participating Research Organizations and Project Descriptions

Researcher Project Description
UNDEERC [FY 2007] Develop a liquid desiccant-based dehumidification system that can remove water
vapor from combustion flue gas efficiently and economically.
Lehigh University and Evaluate the performance and economic feasibility of using low-grade power plant
Great River Energy waste heat to partially dry low-rank coals prior to combustion.
University of Florida Use a diffusion-driven desalination (DDD) process in saline water to produce fresh
[FY 2007] water.
Lehigh University Evaluate the performance of a series of condensing heat exchangers to recover
[FY 2007] water vapor from power plant flue gas
Demonstrate the use of regenerative heat exchangers in reducing power plant flue
URS Group [FY 2007] gas temperatures to minimize evaporative water usage in wet FGD systems.
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Recovery of Water from Flue Gas [FY 2007]

Given that thermal electric generation withdraws an average of 136 BGD, it becomes necessary
to develop novel approaches to recover and reuse water from power plant flue gas, FGD systems,
and coal drying systems. The benefits would be reduced freshwater withdrawal and
consumption per kilowatt-hour of power production. So far, three candidate desiccants—Iithium
bromide, CaCl,, and triethylene glycol were tested and bench-scale. Based on test results, CaCl,
was selected for initial pilot-scale testing. Results indicate that the performance of the system
was better than predicted by chemical process models. Water removal from the flue gas ranged
from 23 to 63 percent by volume, with the process conditions dictating the percentage of
moisture removed. Although higher percentages of moisture removal requires higher energy
inputs for heating and cooling, there were process conditions with little or no external heating or
cooling that could potentially remove a significant volume of water from the flue gas. Extracted
water quality was comparable to that produced in a reverse osmosis system. Off-gas of
undesirable species from the water was minimal.

A pilot-scale, three-stage condensing heat exchanger system has been designed where the high-
temperature section will reduce flue gas temperature from over 300 °F to an exit temperature of
200°F. The intermediate heat exchanger stage, with inlet and exit flue gas temperatures of
approximately 200 °F and 110 °F, will be used to remove additional sensible heat from the flue
gas and serve as a buffer stage between the high-temperature and low-temperature sections. In
the low-temperature section, temperatures will be lowered to below 90 °F, where the water
condensate will be extracted. Once constructed, the condensing heat exchanger will be tested
using flue gas slipstreams from an oil-fired boiler at Lehigh University and a coal-fired boiler at
Alstom Power’s research facility in Windsor, CT.
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Figure 3. Multistage Heat Exchangers for Flue Gas Water Recovery

Waste Heat from Condenser Cooling Water for Coal Drying

Lehigh University completed bench-scale testing of fluidized-bed coal drying to develop
mathematical models of the process. The models are being used by Great River Energy to
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design, construct, and demonstrate the first coal dryer at the Coal Creek Station in a Clean Coal
Demonstration Project. More than 100,000 tons of lignite was processed with its moisture
content reduced from about 38.5 to 29.5 percent. Early estimates show that with just one
pulverizer using dried coal, the stack flue gas flow rate from the Coal Creek unit decreased one
percent, boiler efficiency increased 0.3 percent, pulverizer power consumption decreased 4.5
percent, sulfur oxide emissions fell 2.0 percent, NOx emissions decreased 8.5 percent, and
carbon dioxide emissions decreased 0.34 percent.

Test results for a lignite fuel enhancement system (LFES) show that as coal product
moisture is reduced, boiler efficiency increases, net unit heat rate decreases, and the
cooling tower makeup water requirements decrease for both the condenser cooling water
(CCW) and CCW/FG drying systems (see table below). For a gross power generation of
572 MW and a 20 percent lignite product moisture, the station auxiliary power increases
by 17 MW over the baseline for the CCW system and is relatively unchanged for the
CCWI/FG system. The relatively large increase in auxiliary power for the CCW system is
caused by the large dryer and consequently high fluidization air flow rates needed by the
low-temperature CCW drying system.

Lignite Fuel Enhancement System
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Results
CCwW CCWI/FG
Boiler Efficiency +5.5% +3%
Net Unit Heat Rate -3.3% -3.3%
Station Service Power +17MW Negligible
Cooling Tower Makeup Water | -380 gallons/minute | -140 gallons/minute

Use of Condenser Waste Heat to Produce Freshwater from Saline Water [FY 2007]

An economic simulation of an innovative diffusion-driven desalination (DDD) system using a
laboratory-scale facility showed that the production costs of a DDD combined cycle power plant
IS very competitive compared with the costs required for reverse osmosis or flash evaporation
technologies. Extensive measurements of the diffusion tower and direct contact condenser were
made to validate performance. The analytical model of the diffusion tower was able to predict
the thermal performance of counter flow packed beds with both air and water heating. In
addition, the mo