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Executive Summary

ES-1. Objectives

The current status of mercury control technologied mercury measurement systems for
coal-fired power plants is reviewed in this reportluding recent information on performance
and costs (capital costs, fixed and variable ¢castd operating and maintenance costs). The
objective is to summarize the outlook for the newd to three years of various mercury control
and measurement options so as to present a regilistiuire of mercury emissions reductions that
may be achievable in the United States.

Recent experience (2006-2009) with mercury conéahnologies, including activated
carbon injection (ACI) technology, is evaluatedsd on projects funded by the U.S.
Department of Energy’s National Energy Technologpdratory (NETL), Electric Power
Research Institute (EPRI), and others. Key suhifadions of coal-fired boilers (for example,
boilersburning different coal types or using differentégpof control equipment for nitrogen
oxides (NOXx), sulfur oxide (S and particulate matter (PM) emissions) have heemntified as
needing additional technology development to megtgent mercury emission requirements.

The status of continuous mercury monitoring systéeMMS), which include mercury
continuous emission monitoring systems (CEMS) amtent trap (ST) systems, is assessed.
Data have been collected and evaluated on measuotrémcanologies including recent
experience in the field. For both mercury CEMS &id, the report provides:

» a brief overview of the technology;
* approximate costs;

» approximate number of units installed and in openatand where possible, data
sorted by state and by CEMS vendor; and

» a brief description of operating issues as wetlas on reliability and sensitivity.

The advantages and disadvantages of sorbent tlapalegy compared to mercury
CEMS are also discussed.

ES-1.1. Mercury Control Technologies

Mercury chemistry in flue gas is complex, becausecury interacts with acid gases
(e.g., HCI, SOx) and unburned carbon in ash. Tmepositions of coals that are burned in
power plant boilers vary, which results in a ran§eompositions of flue gas. Thus, there is not
a “one size fits all” technology for control of neery emissions. Instead, solutions must be
tailored to a given boiler.

Two general approaches for mercury control haveate, proven capable of effectively
reducing mercury emissions at levels of contrd@¥ or greater on combinations of coal type
and air pollution control devices (APCDs) that egant the majority of coal-fired boilers.
These approaches involve use of either existing B$@ dedicated mercury control
technology, primarily powdered activated carboreatipn.
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There are cases where the existing APCDs aloneb@agpable of greater than 90%
reduction in mercury, but this is not always pokesdven for similar plant/fuel configurations.
In recognition of these considerations, the develemt of dedicated mercury control
technologies over the last 15 years has concedtostéwo major areas:

» Development of techniques and technologies to pteraxidation of elemental
mercury (Hg) to oxidized mercury (Hg) in the flue gas for subsequent removal
in a wet or dry scrubber; and

» Development of sorbents and associated systentetaope the adsorption of
mercury on sorbents.

Increased oxidation of mercury in flue gas can feented by two different methods:
« Chemical additives designed to maximize the oxageéf Hd in the flue gas; and
» Fixed bed oxidation catalysts.

The majority of work involving enhanced oxidati@thniques has been focused on plant
configurations with wet flue gas desulfurizatior5P) systems, in which the oxidized mercury
is captured. The “re-emission” of Mgfter H§* has been captured and chemically reduced in
the scrubber has been observed and can be addsseduse of additives to the scrubber.

Powdered activated carbon (PAC) is the most widegd mercury sorbent, and in many
of these coal-fired power plants, injection of P&&h achieve mercury removal of 90% or
greater. Activated carbons are made from coalanass and have been chemically treated to
enhance mercury removal, using halogens (chlobramine, iodine) or sulfur. While injection
of untreated carbon-based sorbents works well l&ortp burning bituminous coal, this control
strategy is not as effective for plants burninglstuminous or lignite coals. Chemically treated
sorbents are able to achieve high mercury redusgnoss all coal types. Other non-carbon
based sorbents are also being developed.

Most coal-fired boilers will have options for hi¢gvels of mercury control to meet
existing state or anticipated federal regulatiomgn@rcury emissions. The combination of a wet
scrubber and an SCR has demonstrated mercury rémdte range of 70% to 90% on plants
burning high-sulfur bituminous coal. Activated lsan has been shown to be cost-effective for
high levels of mercury removal (80% to 90%) at &dlwith a cold-side ESP or baghouse that
burn low-sulfur bituminous coal, subbituminousJignite coal, as long as the plant does not use
flue gas conditioning with the ESP.

A report by the U.S. Government Accountability ©&i(GAO) in 2009 identified several
power plant configurations for which mercury cohtsg sorbent injection might not achieve
90% removal, including units with high $@oncentrations in the flue gas, units equippedt wit
hot-side electrostatic precipitators (ESPs), angdetburning lignite coal. These units might
require alternate technologies for mercury coraramprovements in existing technologies.

» Lignite is burned at 3% of coal-fired boilers ireth.S. While the overall amount
of lignite burned is small, regionally the fuelimsportant. Lignite from the
northern Great Plains is burned in North Dakota lggmdte from the Gulf Coast is
burned in Texas and Louisiana. Great Plains (@Rijt¢ is relatively low in
sulfur, similar to subbituminous coal, and reasdyngbod success has been
demonstrated in controlling mercury using a comtiamaof boiler additives and
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activated carbon. Gulf Coast (GC) lignite can igaificantly higher in sulfur,
relative to Great Plains lignite. When comparethwiowder River Basin
subbituminous coals, lower levels of mercury redurchave been observed when
firing Gulf Coast lignite.

» Hot-side ESPs are the only particulate control cewain about 9% of boilers;
these boilers burn both bituminous and subbitunsremals. Activated carbons,
even those designed specifically for the high tenamjpees of a hot-side ESP, have
not been able to show 90% removal in hot-side E&Rdess sorbents can be
found that are effective at temperatures greater #bout 700°F, the best control
option for hot-side ESPs would be to install a iafilter (FF) downstream of the
ESP for use with sorbent injection.

» High levels of S@are produced in boilers that burn high-sulfur imilnous coal
(defined as greater than 1.7 wt% sulfur) or thatehaselective catalytic reduction
(SCR) unit and burn bituminous coal. The higherghblfur content in the coal,
the higher the resulting concentration of,.S3i0flue gas; SCRs produce additional
SGsin the flue gas by catalytic oxidation of $an both these situations, $0O
concentrations in the flue gas are high enougkdace the effectiveness of
activated carbon for Hg removal. The combinatibaroSCR and a wet FGD
might achieve 90% Hg removal on these plants. higle-sulfur bituminous
plants that have a cold-side ESP without both S@UIRFGD make up only 11%
of the U.S. boiler population. This percentagexpected to shrink in the next
several years as more bituminous-fired plants lirstivanced NOx and SO
controls (e.g., SCRs and FGDs). Injection of afleakorbents, like trona, can be
used to reduce S0n the flue gas and improve the performance a¥ated
carbon. Furthermore, new carbon-based mercurestslare being developed
that are tolerant of higher levels of §Or'he other category of plants that have
relatively high levels of S@are plants burning low-sulfur bituminous,
subbituminous or lignite coal with cold-side ESRattrequire flue gas
conditioning to meet limits on stack opacity. Appimately 15% of boilers with
cold-side ESPs use flue gas conditioning.s-Bilerant sorbents are being
developed to address the difficulty in achieving®@ercury removal in these
systems. Trona injection has been proposed akeanadive to S@as a flue gas
conditioning agent and there are other alterndliygegas conditioning agents
under development. Another, but more expensiwgrative, is to install a
TOXECON™ fabric filter (an EPRI-patented technology) aftee ESP and to
inject the sorbent into the fabric filter.

The report contains a summary of the most recgnihfished data available with respect
to costs of dedicated or mercury-specific conteshinologies. Specifically, this includes
algorithm-based cost information as well as aatoats on installed systems for mercury control.
These recent studies, conducted in 2007-2009,sept@ reasonable basis for the current status
of estimates of mercury control costs.

The installed capital costs of ACI technology aw (from about $3.5/kW to about
$9.2/kW). Levelized operating costs of ACI tectogpl are primarily driven by the cost of the
sorbent. Hence, quantity and quality of the sorbbes the key factors in the total sorbent cost.
In some situations, if ACI would result in a lodssales of fly ash as a by-product, the operating
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costs are higher. Costs for ACI range from ab@&@®@0/Ib Hg removed to $30,000/Ib Hg
removed when by-product contamination/sales aratiattor, and between about $18,000/Ib
Hg removed and $50,000/Ib Hg removed if revenumffly ash sales is lost. These estimates
correspond to 20-year levelized costs of elecyri@nging from about 0.35 mills/kWh to

2 mills/kWh (0.035 to 0.2 cents/kWh) without by-gdret penalty and about 1 mill/lkWh to

3.5 mills/kWh (0.1 to 0.35 cents/kWh) if by-produictpacts are present.

If ACI technology is combined with a new fabriadit (TOXECON™), then capital and
operating costs will be substantially higher. Egample, the TOXECON' system installed at
the Presque Isle power plant reported a capitdlafdg128/kW and an overall mercury removal
cost of $67,000/IbHg.

The two types of Hg oxidation technologies (catsysd additives) have different cost
components: catalysts are primarily driven by thigal capital and re-generation costs, while
additive technology is not capital-intensive, bsitiath the ACI technologies, is driven by costs
of chemicals. Unlike the estimates above for A&thinologies, the oxidation technology costs
were estimated based on pilot-scale results ankikdpp a nominal 500 MW plant. The capital
and operating costs are comparable to those foesbmjection technologies. Specifically, the
incremental cost of electricity was in the rangd @f to 1.8 mills’lkwWh, which is about the same
as that for the ACI technologies when by-produgtacts are not included.

Cost-effective use of ACI is not necessarily pagsdn all plants, particularly on plants
that sell their fly ash for concrete manufactulRéants that fire low-rank coal and sell their fly
ash represent about 23% of boilers in the U.S.len1i% of plants that fire bituminous coal sell
their fly ash. According to the 2008 Productiom &ise Survey by the American Coal Ash
Association (www.acaa-usa.org), of the 30 milliong of fly ash sold for commercial
applications, 42% was used to make concrete. Adeinmough activated carbon to achieve 90%
removal can reduce the economic value of the fhy éshe fly ash is intended for concrete
manufacture. Process variations have been idedhtifiat require low activated carbon injection
rates to achieve high levels of removal, which magjlow for the sale of fly ash. Several
sorbent vendors offer activated carbon that isiafigdreated to allow the fly ash-sorbent
mixtures to be made into acceptable concrete. l#nnative is to segregate the fly ash
collection from the sorbent collection by using amdtechnology.

ES-1.1.1. Continuous Mercury Monitoring Technologies

This report examines the technologies for contisumonitoring of mercury emissions
from power plant stacks, including continuous amnatg, or mercury CEMS and sorbent trap
(ST) methods. Hg CEMS and STs are currently apmiemore than 700 coal-fired power plant
stacks, with over 600 Hg CEMS and about 100 STs.

The findings of this report for Hg CEMS are sumrnad below:

* Hg CEMS, at roughly $500,000 of capital cost p& 6vith some variation due
to site-specific variables), are the more costlyheftwo approaches to install, but
they offer advantages that are discussed belowhoAgh there has been a
significant learning curve with Hg CEMS, the teclogy has advanced rapidly
and many of the technical challenges that exisiitlul tve technology only a few
years ago have been addressed.
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Many issues affecting reliability of Hg CEMS haweel addressed, and it is
expected that design changes implemented overatedfgw years as Hg CEMS
have been installed will improve future reliabiliblthough only a small
percentage of Hg CEMS have reported annual emissiata to state agencies,
they have reported availability of 90% or greatkr other states power plant
owners are operating Hg CEMS in anticipation otifatstate and federal
regulatory requirements to report such data; howeifgcial performance
statistics are not publicly available from thesdest. As more state mercury
emission rules take effect, more mercury data shbaetome available.

Measurement accuracy at low mercury levels hasawgat. Data indicate that
Hg CEMS may offer reliable measurements to welbbel.0 pg/m, which is
important for situations where Hg emission contasks in place.

Mercury calibration gas standards (generators)aratraceable to National
Institute of Standards and Technology (NIST) mearsants are available.
Interim calibration protocols have been established

The findings of this report for sorbent trap methagde summarized below:

Sorbent traps, at about $150,000 of capital cassipe (with some variation on
this cost due to site specifics), are a lower ehpist alternative to Hg CEMS.
However, STs require regular replacement and ggétoughly, every four to
seven days) of the sorbent traps, which entailgiaddl labor and cost relative to
CEMS.

Although only three of the more than 100 instalB3ts have reported annual
emissions data to state agencies (Massachushk#g)have a reported availability
of about 90% or greater. As more state mercurgsion rules take effect, more
availability data should become public.

STs appear to offer reliable measurements to vedivib 1.0 pg/m, which is
important for situations where Hg controls are lacp.

In addition to lower capital cost, STs offer thevadtage of requiring less
sophisticated technical support compared to thedlee for Hg CEMS.

Hg CEMS have some advantages relative to STs. atey

Hg CEMS offer results in minutes, while it can talegys for ST results to become
available.

Sorbent traps are inherently more labor-intendnam tHg CEMS, and this implies
that long-term operating costs for STs may not hes/euch room for
improvement as operating costs for Hg CEMS.

Hg CEMS offer mercury speciation data, which maybeful for Hg control or
for understanding the environmental impact of Hgssions. STs offering
mercury speciation data are available but havdeeh extensively tested.

Sorbent traps have some advantages relative to CHley are:
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» CEMS require significantly higher capital cost:0ab$500,000 for CEMS versus
about $150,000 for STs.

* Hg CEMS are more complex than sorbent traps sysasmsvill require more
sophisticated technical staff to support.

* Hg CEMS are not able to measure low concentragwal$ as well as STs.
However, Hg CEMS are improving their ability to rsaee to low levels such that
any advantage STs have in this respect may be.small
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1. Mercury Control Technologies: Strategies and Costs
1.1. Introduction

1.1.1. Objectives

The objective of this Chapter is to provide a dethreview of the current status (2006-
2009 timeframe) of mercury control technologiesdoal-fired power plants in the U.S. The
review covers results from actual field applicas@f control technologies as well as
technologies that are under development and getiady for commercial deployment. The
Chapter also provides data on cost performanceeofdviewed technologies with focus on the
application of most common technology, activatedbea injection (ACI). The report focuses
on the near-term outlook for the next two to thyears of various mercury control options so as
to present a realistic picture of mercury emisseguctions that should be achievable in the U.S.

1.1.2. Current and Emerging Regulatory Conditions

With the U.S. Court of Appeals D.C. Circuit vacatdithe federal Clean Air Mercury
Rule (CAMR) in early 2008, about 20 states acrbescbuntry have moved forward
implementing their state-specific approaches anthaus to control mercury emissions in the
range of 85 to 95%. Some states have percentdgetien requirements (from mercury in
coal), others have emission limits (input or outpased standards), and some states have a
combination standard, providing the flexibility mieeting the less stringent of the two. A
common theme of these state rules is that, unl&BIR, none of the state rules allow trading of
mercury emissions to meet the regulatory requirésaenhe time frame for compliance with
various state requirements is typically from 2002014, with a few states allowing until 2018.

The real-world experience drawn from these ongmdgidual state efforts, along with
continued industry applications and data collectioder real-world conditions, is expected to
help steer the design of future federal mercurylagns. Under the current timetable, the U.S.
Environmental Protection Agency (EPA) is expectegropose utility MACT regulations no
later than March 16, 2011, with finalization of skerules eight months later, by November 16,
2011. The federal utility MACT rules will cover honly mercury, but also other trace metals,
acid gases, and other compounds listed under sekiid of the 1990 Clean Air Act
Amendments (CAAA).

1.1.3. Boiler and Air Pollution Control Device (APCD) Popuations

Mercury emission rates and capture of mercury fcoal-fired power plants depend on
the chemical composition of the coal burned antherdesign and operation of APCDs on the
plant. These relationships will be discussed taitlen Section 1.2. This section introduces the
range of coal types and APCDs on coal-fired boilethie U.S.

A survey of the types of APCDs on coal-fired powkmt boilers in the U.S. was carried
out using the National Energy Technology Labora{dtizTL) 2007 Coal Power Plant
Databasé,which includes data from the U.S. Energy InformatAdministration (EIA) 767
database, and a U.S. EPA New Source Review databhisd was updated in August 2009.
The information on APCDs was updated by using opldadic information on devices installed
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since 2005. There are approximately 1,130 coabifboilers greater than 25 MW at more than
500 facilities in the U.S. The locations of thésders are shown in Figure 1-1. Coal-fired
power plants are concentrated in the eastern héhiedJ.S., with the highest concentrations
generally found along the Ohio River (Pennsylva@ihio, Kentucky, Indiana, lllinois).

1-20
21-40
41-60
61-80
>80

Figure 1-1. Number of coal-fired boilers > 25 MW pr state

Coal burned in the U.S. may be categorized by eanéither bituminous, subbituminous,
or lignite. Often subbituminous and lignite coate lumped together and called low-rank coals.
A small number of plants burn waste coal refusackwtypically consists of high-ash rejects that
come from historic mining or coal washing operagioisome plants in the U.S. co-fire
petroleum coke (also called petcoke) with coale Pploperties of different coal ranks relative to
mercury emissions control are discussed in moraldetSection 1.2.

A map of the coal fields in the U.S. is shown igle 1-2. Eastern bituminous coals are
mined primarily in lllinois, Indiana, Ohio, KentugkPennsylvania, West Virginia, Virginia, and
Alabama. Western bituminous coals are mined ih@tad Colorado. Subbituminous coals are
mined primarily in Wyoming and Montana, althougkriaare locally used subbituminous
sources in Colorado, New Mexico, and Arizona. @&gast (GC) lignite is mined primarily in
Texas, while Great Plains (GP) lignite is minedarily in North Dakota.

A breakdown of coal-fired units by coal rank iswimon Table 1-1 for plants greater than
25 MW, based on data collated from References Rarflants that burn blends have been
grouped with the rank of the largest share of cddle majority of the coal-fired units burn
bituminous (54% on a MW basis) or subbituminou$4sh a MW basis) coal.
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Table 1-1. Coal-fired units greater than 25 MW inthe U.S. by coal rank

Coal rank No. units % of total units MW % of total MW
Bituminous 668 58.8% 181,438 53.6%
Subbituminous 406 35.7% 141,566 41.8%
Lignite 30 2.6% 13,564 4.0%
Other fuels 32 2.8% 2,201 0.6%
Total 1,136 338,769

Anthracite £ other uses

Anthracite § potentially minable

Lignite f other uses

Lignite S potentially minable

Low Walatile Bituminous / other uses

Low Walatile Bituminous £ potentially minable

Medium and High “olatile Bituminous £
other uses

Medium and High “Wolatile Bituminous £
potentially minable

Subbituminous f other uses

U0 § NOROCOE

Subbituminous ! potentially minable

Figure 1-2. Map of coal fields in the U.S. (www.rn#nalatlas.gov)

The geographical locations of boilers burning tregancoal ranks are illustrated in
Figure 1-3 through Figure 1-5. Eastern bituminooal is burned in the eastern half of the U.S.
It should be noted that boilers that import bituauis coal from South America have been
included in Figure 1-3. In the Rockies and Inteamiain West, western bituminous coal is
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burned. Bituminous coal is more likely to be butmethe regions where it is mined, while
subbituminous coal (primarily from Wyoming and Mana) is used in almost all regions of the
U.S. except New England and the Atlantic Stateshasvn in Figure 1-4. Lignite is an
important fuel in the regions where it is minedgiitie 1-5), but not elsewhere.

0%
1-20%
21-40%
41-60%
61-80%
81-99%
100%

Figure 1-3. Percent of coal-fired boilers in eachtate burning predominantly bituminous coal
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Figure 1-4. Percent of coal-fired boilers in eachtate burning predominantly subbituminous coal
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Figure 1-5. Percent of coal-fired boilers in eachktate burning predominantly lignite coal
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The input mercury from these coals can vary widebuever, mercury content is not
always an indication of mercury emissions. Nathercury removal (i.e., removal with existing
APCDs without any mercury-specific technology)nfiuenced by coal composition and various
APCDs installed for the reduction of NOx, §@r PM as discussed in Section 1.2. The coal-
fired units in the U.S. were categorized basedype bf PM control, S@control, and type of
post-combustion NOx control. An overall breakdosiithe APCDs used in U.S. coal-fired
boilers greater than 25 MW is shown in Table 1cald-side ESPs for particulate control are the
most widely installed APCDs, followed by wet FGDitsnSCR units, and FFs. While all units
are equipped with particulate control, about adtioi units have S@©control and about 25
percent have SCR post-combustion NOx control hénrntext five years, this distribution is
expected to shift, as more power plants install 3G and wet or dry scrubbers to meet future
federal regulations to lower $@nd NOx emissions.

Table 1-2. Air pollution control devices on U.S. @al-fired boilers in 2010, number of
boilers > 25 MW

Bituminous| Subbitum.| Lignite[ Othér | Total
Particulate Control
Cold-side ESP* 454 257 17 1 729
Fabric Filter** 120 112 12 31 275
Hot-side ESP 78 23 0 0 101
Other 16 14 1 0 31
Post-Combustion NOXx
SNCR 146 22 2 15 185
SCR 208 84 2 1 295
SO, Control
Fluidized Bed*** 20 4 7 29 60
Dry Sorbent Inject. 29 7 1 0 37
Spray Dryer 54 31 3 0 88
Wet FGD 255 89 16 1 361

"Includes waste coal and petcoke

*Includes combinations of cold-side and hot-side
**Includes combinations of ESP and FF
***Includes in-bed capture in fluidized bed

1.2. Mercury Control Technologies

1.2.1. Introduction

Technologies to measure and control mercury enmisstom coal-fired power plants are
relatively new when compared to technologies tosusaand control SCand NOx emissions
that have been commercially available for at Idastdecades. Section 112 of the 1990 CAAA
triggered the requirement for the U.S. EPA to aslslteazardous air pollutants (HAPs) from
coal-fired power plants including mercury. Muclshmeen accomplished in the intervening
years, certainly in terms of the technical learrgngve. In this section, the impacts and



Technologies for Control & Measurement of Mercurgigsions from Coal-Fired Power Plants
in the United States: A 2010 Status Report 1-7

contributions of fuel and control equipment on noeycemissions and controls are briefly
reviewed. Itis relevant to this discussion toentbiat initially, the control of mercury emissions
in the flue gas from coal-fired boilers presented steuknical challenges due to the following
considerations.

* Very small quantities of Hg presentypical concentrations of mercury in the flues gd
a coal-fired power plant boiler are about 4 to Slers of magnitude (0.01 ppmv vs. more
than 100 ppmv) lower than those of NOx 0rb.SO

» Chemical speciation and physical forms of Hg préséimlike NOx or S@(which are
mostly present as gaseous NO or 8TOlue gases), mercury is present in both vapor
form (as insoluble elemental mercury and as solidsiee mercury (mercury chloride,
mercuric sulfate, and mercuric oxide)) and in peutate form adsorbed on fly ash.

* Measuremert The very small quantities of various chemicahf® of mercury present in
the flue gas make it difficult to develop suffitigaccurate measurement devices.

These characteristics of mercury emissions andesarations are well understood today,
as reflected by the types and number of technobgdipns available for controlling mercury
emissions.

1.2.2. Impacts of Fuel on Mercury Speciation

Mercury transformations in a coal-fired plant aoenplex and site-specific. As mercury
leaves the boiler, it is present mostly in an eletaleform (HJ). As it proceeds through various
components and APCDs of the plant, some of it idipad (HF") and the rest remains in an
elemental form. Both Hgand H§" may be adsorbed on particulate matterjHaithough HG"
is generally easier to adsorb. The amount df¢tmverted to Hgand HG" depends on plant
configuration and operating conditions as well adloe gas composition. Hgis highly water
soluble and is easily captured in scrubbers, wisarefis not water soluble and is emitted from
the stack. HQis frequently captured in an ESP or FF. Thisripdrtant not only to the
understanding and development of control technegdiut also to the broader environmental
impact of the emissions. In this regard, it isaabthat elemental mercury has a relatively long
residence time in the atmosphere (1-2 years), vaxildized forms of mercury have lifetimes of
only a few days as a result of the higher solybdftHg"? in atmospheric moisture. Elemental
mercury can thus be transported globally over ldistances, whereas oxidized and particulate
forms of mercury deposit locally or regionally withtens to a few hundreds of miles of the point
of emissior?

Much has been learned since the late 1990s and2600s regarding the major
contributors to mercury speciation in the flue g&hlorine in the coal which causes HgCl
formation in the flue gas, is the dominant contidswalong with resultant oxidized species in the
gas? The key kinetic pathway to formation of Hg@ flue gas is through the reaction of
atomic chlorine (Cl) with elemental mercury. Although the oxidation of elemental mercury in
the convective section of a boiler is assumed écged primarily via gas-phase reaction, some
fly ash can also catalyze oxidation of elementailomeg. Iron oxide and other constituents in the
fly ash (carbon, calcium compounds) may also cbuate to mercury oxidation. The presence of
acid gases (HCI, SONO, NQ) in the flue gas can also promote oxidation inghesence of fly
ash®’ Additionally, SCR technology for NOx control oittminous coal-fired units has been
observed to oxidize elemental mercéirffhese reactions are further influenced by opegati
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conditions in the plant, specifically, gas temperas (absolute and gradients), unburned carbon
levels in the fly ash, and residence times.

In Section 1.1.3, the population distribution o&kéred boilers in the U.S. was
summarized. It is broadly distinguished by coakraFigure 1-6, Figure 1-7, and Figure 1-8
provide an overview of some of the key coal quglidyameters and their distribution in U.S.
coals, based on the data collected in Part 2 dJtBe EPA’s 1999 Information Collection
Request (ICR). As stated above, chlorine playsyar&le in the oxidation of Hgn the flue gas.

Mercury in coal translates directly to mercurylie flue gas, and therefore coal choice
affects mercury emission levels, but the impacsdmeyond the coal mercury content. Figure
1-8 shows the distribution of Cl in U.S. coalsisltelevant to note the range of Cl present
primarily in bituminous coals, indicating that gsificant portion of U.S. coals (on the order of
50%) have CI concentrations between about 200 {og/gpmw) and 2000 pg/g. This
significant range of Cl content in coal resultvarying Hg speciation in the flue gas. This, in
turn, influences the choice of strategies and/chrielogies for effective Hg emissions control.
The distribution of sulfur in U.S. coals (FiguréerLvaries even more than Cl. The sulfur content
of the coal affects the choice of $€ntrol technology, which in turn affects the putal for
removal of mercury in the scrubber system. Funtoee, the amount of sulfur in the flue gas (as
SO, and SQ) can interfere with adsorption of mercury on caxbes discussed below.

In summary, coal composition (primarily in termscbforine content and ash
composition), the operation of the combustion sysgerimarily in terms of carbon left unburned
in the ash), and the temperature and residencedtinie® exhaust gas in the particulate control
device affect mercury speciation in the flue gakese parameters and conditions affect the
ultimate speciation of mercury in the flue gasyéhg influencing the choice of the most
effective technology for removing mercury from thee gas.
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Figure 1-6. Distribution of mercury in coal burnedat U.S. power plants from 1999 ICR Part 2
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Figure 1-7. Distribution of sulfur in coal burned at U.S. power plants from 1999 ICR Part 2
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Figure 1-8. Distribution of chlorine in coal burned at U.S. power plants from 1999 ICR Part 2

1.2.3. Impact of Air Pollution Control Devices

The various types of APCDs installed on coal-fipeaver plants include FFs and ESPs
for particulate control, scrubbers for S€ntrol, and low-NOx burners, SCR or selective-non
catalytic reduction (SNCR) for NOx control. Mogttbese APCDs have an unintended impact
(positive or negative) on the behavior of mercgyeciation, capture).

The U.S. EPA’s Mercury ICR in 1999 was designedrtwvide useful information for
making a regulatory determination about mercuryssians from coal-fired power plants. Table
1-3 shows the distribution of the various typeé&BfCDs in the coal-fired power plants tested in
Part 3 of the 1999 ICR. Part 3 included data fowar 80 boilers, which were selected for
mercury emission testing based on a representsdivgple of plant configurations, air pollution
control equipment configurations, and coal typkesthis table, low-rank coal denotes
subbituminous and lignite coals.
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Table 1-3. Summary of APCD and coal type informatin for 1999 ICR Part 3 data set$

APCD Equipment Coal Type %Units Tested %Units in
in ICR Part 3 | Population
Cold-side ESP Bituminous 7.2 48.3
Cold-side ESP Low-Rank 7.1 11.7
Hot-side ESP Bituminous 7.2 6.6
Hot-side ESP Low-Rank 3.6 2.4
Cold-side ESP+FGD Bituminous 6.0 8.8
Cold-side ESP+FGD Low-Rank 9.2 2.5
Hot-side ESP+FGD Bituminous 4.8 0.7
Hot-side ESP+FGD Low-Rank 3.6 1.0
FF Bituminous 3.6 2.9
FF Low-Rank 7.2 2.7
FF+FGD Bituminous 7.2 1.6
FF+FGD Low-Rank 3.6 1.6
SD-FF Bituminous 3.6 2.9
SD-FF Low-Rank 7.2 1.3
SD+ESP Bituminous 2.4 0.2
SD+ESP Low-Rank 3.6 0.3
FF+FBC Bituminous 3.6 2.9
Other Other 9.3 1.6

FBC=Fluidized bed combustor
SD=Spray dryer

At each site, measurements were made to charactgzmercury reduction due to the
particular site configuration and conditions. Arsas were conducted and the data obtained
were reported. These results, combined with more recent testorge at additional plants, have
formed a basis for estimating the typical or averagpected mercury capture associated with
existing equipment (i.e., “co-benefit” control)igkre 1-9, Figure 1-10, and Figure 1-11
summarize the mercury removal observed by typeREB and fuel rank. (In Figure 1-10, WS
stands for wet particulate scrubber.) Mercury reahearied significantly among plants with
similar equipment and chlorine content of the fu@lhile Cl can be seen to have a positive
effect in mercury removal in all three graphs, efi@erwise significant scatter in the results

amongst the various APCD types did not allow foorsg, universal correlations to be drawn at
that time.
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Figure 1-9. Hg removal across particulate controtlevices (PCDs) vs. chlorine in coal based
on 1999 ICR Part 3 datd
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Figure 1-11. Hg removal across spray dryer (SD) ahparticulate control devices (PCDs)
vs. chlorine in coal based on 1999 ICR Part 3 data

As the data show, although there are cases whemotbenefit control alone may be
capable of greater than 90% reduction in mercinig,is not always true even for similar plant
(boiler/APCD) and fuel configurationdMercury reduction co-benefits can be exploited on a
site-specific basis, but may not completely satisfyulatory requirements, particularly stringent
mercury emission limits. Therefore, this reporiuses on dedicated or mercury-specific
technologies, while co-benefits are discussed psoppate.

Mercury transformations during the combustion psscand subsequent flue gas path are
driven by many complex factors, which ultimatelglgi mercury in elemental, oxidized and
particulate forms. Particulate-bound mercury{Hgay be collected in particulate control
devices such as ESPs and FFs. As has been statéougly, HG" is the “easier” form (as
opposed to HY to remove from the flue gas, both through adsonpon particulate matter and
through absorption in the wet FGD due to its watdubility.

In recognition of these considerations, technoldgyelopments over the last 15 plus
years have concentrated on two major areas: 1)aj@went of sorbents and associated systems
(e.g, promoting the transformation of Agnd HG" to HJ); and 2) development of techniques
and technologies to promote oxidation of’tg Hg* in the flue gas.

The following sections present several technicareg@ches to enhanced and dedicated
mercury controls. These include technologiesithatove the mercury capture capabilities of
existing equipment, primarily through methods thealp oxidize increasingly larger fractions of
the mercury in the flue gas (Section 1.3), as a&lihe use of dedicated sorbents in various
system configurations (Section 1.4).
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1.3. Oxidation Enhancement in Flue Gas

Oxidation of H{ in the flue is affected by many factors as desetipreviously. These
include plant-specific equipment and operating domas, as well as fuel quality characteristics.
Increased oxidation can be promoted by severamifit methods. Most of the development has
concentrated in two general areas: 1) chemicatigddidesigned to maximize the oxidation of
Hg® in the flue gas; and 2) fixed bed oxidation catty

The majority of the work involving enhanced oxidatitechniques has been focused on
plants with wet FGD systems, where the oxidizedcoumsris subsequently captured. The “re-
emission” of H§ after HF* has been captured and chemically reduced in tilser has been
observed and can be addressed by the use of asditithe scrubber.

1.3.1. Chemical Additives
Boiler Additives

One approach for enhancing mercury oxidation irflieegas is the use of boiler
additives that may be applied to the coal andltredas to promote Hgxidation. Much
laboratory, pilot-scale and full-scale work hasrbdene and reported on boiler additivés>
NETL sponsored projects were awarded in three Bhasth the Phase | starting in 2000, Phase
Il in 2003 and Phase Ill in 2008. Table 1-4 summarizes some of the more recent iork
Phases Il and Ill, as well as other relevant work.

Boiler additives for HJoxidation are often referred to as sorbent enhraroe additives
(SEAs) or oxidation additives (OAs). Most of tlesting of these additives undertaken under
NETL sponsorship was conducted by the Energy & Eemvnental Research Center (EERC) and
URS Corporation. These additives are typicallyagpd onto the coal in an aqueous salt
solution. Spraying the chemical on the coal pritocombustion maximizes the residence time
for the reactions with Hgn the flue gas. When the boiler additives caritaj halogens (like
chlorine or bromine) are applied to the coal, #suits are often reported in terms of the weight
of halogen per unit weight of coal, i.e., equivaleoncentration in coal.

The tests at Milton R Young Unit 2 and Monticell@ity3 were conducted at full scale
and included several additives. Milton R Youngthused lignite coal in a cyclone boiler and
was equipped with a cold-side ESP and wet FGDtiallyi three boiler additives were tested:
SEAZ1 (calcium chloride - Cag)l 2) SEA2 (proprietary chemical); and®@pagnesium chloride
(MgCl,). Total Hg capture in the ESP/wet FGD was 44% wie additive SEA2 at an injection
level of 75 ppmw (equivalent concentration in codt)jecting SEA2 at 50 ppmw and adding
PAC at a rate of 1 pound per million actual culeietf(lb/MMacf) resulted in total Hg removal of
60%. The SEA1 and Mgghdditives at 500 ppmw (equivalent Cl in coal) optgduced 20%
mercury removal. In long-term tests (30 days),ddpture across the ESP/wet FGD
configuration ranged from 50 to 65% with SEA2 injec at 60-100 ppmw and activated carbon
at 0.15 Ib/MMacf
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Table 1-4. Recently published testing with boileadditives to enhance Hgoxidation'®*°
Project Company | Unit (MW) (Date) Coal APCD
Configuration
Mercury Oxidation EERC Milton R Young ND Lignite Cold-side ESP - we
Upstream of ESP and wet Unit 2 (475MW) FGD
FGD (2005-07)
Monticello Unit 3 TX Lignite/PRB Blends| Cold-side ESP - wet
(593MW) FGD
(2005-07)
Field testing of FGD URS Monticello Unit 3 TX Lignite/PRB Blends| Cold-side ESP - wet
additives (590MW) FGD
(2005-07)
Plant Yates Unit 1 | Low-sulfur Bituminous | Cold-side ESP - wet
(120MW) FGD
Petersburg Unit 2 | High-sulfur Bituminous| Cold-side ESP - wet
(470MW) FGD
(2005-07)
Long-term demonstration| EERC Hawthorne Unit5 | PRB SCR-SD-FF
of SEA technology for (565MW)
mercury control Mill Creek Unit 4 High-sulfur Bituminous| SCR-Cold-side
(545MW) ESP-wet FGD
(2006-07)
Full scale results from Pleasant Prairie PRB SCR-Cold-side
Alstom’s KNX™ Alstom (600MW) ESP-wet FGD
technology (2007-08)
Mercury control using Elmer Smith Station| Bituminous
B&W Absorption B&W (440MW) SCR-Cold-side
Plus(Hgy™ (2008) ESP-wet FGD
Impact of HBr injection ICSET (slip stream) SCR/ESP
on Hg speciation and ICSET (2008)
capture
Mercury oxidation EERC Milton R Young ND Lignite Cold-side ESP - we
upstream of ESP and wet Unit 2 (475MW) FGD
FGD (2005-07)

EERC = Energy & Environmental Research Center
SEA = Sorbent enhancement additive
ICSET = Institute for Combustion Science and Envinental Technology at Western Kentucky University

Monticello Unit 3 burned blends of lignite and PawdRiver Basin (PRB) subbituminous
coals and employed a similar ESP/wet FGD configomato Milton R Young. Two additives
were evaluated: OAl (Cag] and OA2 (CaBi). CaBek proved very effective in parametric
testing, yielding 72% Hg at the ESP outlet at an injection level of 100 ppfaquivalent Br
concentration in coal). Follow-up longer-term (tweeks) testing confirmed the expected
performance of CaBr At a relative concentration of 55 ppmw coal eqient Br, CaBy
resulted in 67% oxidation of Hgipstream of the wet FGD and 65% total captur@én t
scrubber. Injection rates of 113 ppmw and 330 ppnoneased total capture in the scrubber to
86% and 92%, respectively. Figure 1-12 summatizekey results from these programs.
(Note: no data were reported for Monticello for’Hgidation at the 330 ppm CaBadditive
rate.)
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Figure 1-12. Hg removal and oxidation results withvarious additives at Milton R Young
(left) and Monticello (right) power plants™®

EERC conducted a test program at San Miguel stébi@valuate several Hg sorbents
and oxidation additiveS. San Miguel station had a 450 MW boiler with arPESet FGD
configuration and fired Texas lignite coal. Thé-&cale portion of the test program followed a
pilot-scale program where several chemicals (sdsb&md boiler additives) were evaluated. For
the full-scale tests, the focus was on additive 3BAd PAC. The results showed Hg removal of
up to 78% with SEA2 at 50 ppmw and PAC at 4 Ib/MMagection rates.

At this plant, as at others, there was a signifidacreasein the concentration of Hat
the wet FGD outlet as compared to the inlet withg?\nT measured at the inlet and 7 pg/fim
at the outlet. Wet FGDs are effective at absorbixigdized Hg species from the flue gas. Some
of the absorbed Hgcan be reduced in the scrubbing solution to el¢éahéty. Because Hgs
not very soluble in aqueous solutions, thi€ Hges into the gas phase in the outlet gas. This
phenomenon has been called “Hg re-emission,” aisdeivident in the San Miguel data.

Alstom’s KNX™ technology**®is bromine-based (CaBrwhich has been shown to be
quite effective. The additive was added to thd paar to combustion in the boiler, typically
sprayed on the coal either on the conveyor oreattal feeders (upstream of the mills). As with
any application of this type, it is important tosere that the method of application yields a
uniform distribution of the chemical on the coal.

Tests at two PRB-fired boilers, Holcomb and Meranirdicated KNX" performance
consistent with the results shown in Figure 1*13n these two cases, however the plant APCD
configurations did not include a wet FGD. Holcoerhployed a spray dryer-fabric filter (SD-
FF) combination and had very low unburned carbahlaw native Hg oxidation (about 20% at
the APH outlet) and overall collection. PAC inject at the rate of about 1 Ib/MMacf yielded
Hg capture across the SD-FF of about 50%. KN¥as successful in increasing Hg oxidation
at the air preheater outlet to 80% and total Hgectibn to 86%.

Meramec, on the other hand, had about 2% to 4%raedwarbon, which is high relative
to typical PRB firing, and the boiler employed oaly ESP for particulate control. The native
Hg capture was about 40%. With KNKinjection, the overall capture increased to 0\@n8
Figure 1-13 shows these results.
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Figure 1-13. Hg oxidation at air preheater outle{Holcomb) and removal across APCDs at
two PRB-fired plants with SD-FF (Holcomb) and ESP lleramec)"?

More detailed tests were conducted by Alstom aa$let Prairie in Wisconsin, a plant
with two 600 MW PRB coal-fired boilers equipped wBCR-ESP-wet FGD.13 In these tests,
varying concentrations of KNX' were tested with the results shown in Figure 14¥&rcury
reductions of more than 90% were achieved withtaddconcentrations of less than 20 ppmw
(coal equivalent Br).
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Figure 1-14. Mercury removal at Pleasant Prairie vith KNX ™ injection*?*3

CaBr is an attractive boiler additive for oxidizing kglow-rank (subbituminous and
lignite) coal applications. However, secondarget$ of adding bromine to the coal need to be
considered. For example, high-temperature comosia@onvective pass equipment (e.g.,
superheaters) due to high halogen-content fuelglisknown. At coal chlorine levels below
2000 ppmw, this potential problem seems to be géxdi. Most U.S. coals have Cl contents
below 2000 ppmw (see Figure 1-8). Therefore, @aHow levels of Br addition, it is expected
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that no increased corrosion potential would resHibwever, long-term data on corrosion
behavior when bromine compounds are injected tddliler has not yet been collected.

Hydrogen bromide (HBr) has been investigated astalde boiler additive to affect the
speciation of mercury in power plant flue gasSlip stream tests were conducted at the Institute
for Combustion Science and Environmental Technold@$ET) at the University of Western
Kentucky to evaluate the potential of HBr to ox&lidd in the flue gas and increase its capture
in fly ash. Fly ash was injected into the slipgtrereactor. The tests were conducted at two
temperature regimes (38D and 150C) and used low-Cl coals (average concentratiotvsdsn
about 120 ppmw and 165 ppmw) as well as severalsies, to determine the effect on the
capture of Hg. Hg measurements were conducted tissnOntario Hydro method as well as
using a CEMS. Both Hgpxidation and in-flight Hg capture in fly ash werlaserved. The HBr
rate of injection was up to 6 ppmw for the high pamature test (33C) and up to 4 ppmw at the
lower temperatures (18G). HBr was injected in gaseous and solution foriestly, corrosion
test coupons (metal strips placed in the procesarstto measure the state of corrosion) were
used to address potential Br induced corrosioressu

The results indicate that HBr was effective in @ity Hg® and enhancing Hg capture in
fly ash. Specifically, HYoxidation rates of up to 60% and 90% were achietdow and high
temperature, respectively, with HBr injection ratel ppmw. Further, Hg capture in fly ash
yielded varying results for different fly ash typmsd fly ash concentrations ranging from about
40% to about 80%. Corrosion test coupons wereyaedlby scanning electron microscopy-
energy dispersive X-ray (SEM-EDX) analysis andipralary results suggested no negative
impacts at the tested HBr concentration levels.

Wet FGD Additives

Several additives have been tested to demonshmitectfectiveness in mitigating the re-
emission of H§in wet scrubbers. The additives help precipitageabsorbed Hg as a stable salt,
minimizing the re-emission of Hand lowering the concentration of Hg in the FGqubr. As
shown in Table 1-4, tests have been conducted atit&dlo Unit 3 (pilot-scale), Plant Yates
Unit 1 (pilot- and full-scale), Petersburg Unitf@l(-scale), and Mill Creek Unit 4 (full-scale).

Of the various additives tested, Babcock and WikgR&W'’s) Absorption Plus(Hg)™ yielded
the most successful results during long-term tgstiith Hg capture in the scrubber increasing
from about 80% (without the additive) to 92%. Nttat Mill Creek fired a bituminous coal
with moderate chlorine, which resulted in a highaction of Hg" in the flue gas which explains
the high baseline Hg removal (80%) in the scrublbégure 1-15 shows the results of the B&W
Absorption Plus(Hd)" technology at Mill Creek Unit 4 from the NETL tgmbgram.
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Figure 1-15. Test results for wet FGD HYre-emission addtive at Mill Creek Unit 4°

Another recent application of an Hig-emission additive was undertaken at Elmer Smith
station’® The Elmer Smith station is a 445 MW station cosgxt of two boilers (one cyclone
and one tangential-fired) firing eastern bitumincoal. The shared APCD configuration
consists of SCR/SNCR, cold-side ESP, and wet FEiie Absorption Plus(HdY additive
demonstrated its effectiveness in minimizind igremissions from the wet FGD. The total Hg
(HgT) capture in the scrubber increased from albesealue of 31% to 83% with the additive,
because there was less re-emission dfwtten the additive was used. The capture of thé Hg
in the flue gas by the FGD was similar with andhwiit the H§ re-emission additive (91%
baseline and 99% with the additive). The majomgeawith the re-emission additive was that
Hg® did not increase across the FGD. OperationailyHd re-emission additive did not affect
SO, removal or gypsum quality. Figure 1-16 summaribese results.
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Figure 1-16. Hg removal across the FGD and mitigain of Hg® re-emission with
Absorption Plus(Hg)™ at ElImer Smith station'®

1.3.2. Fixed-bed Oxidation Catalysts

Fixed-bed Hg oxidation catalysts employ differeatatyst materials including vanadium
(V)/titanium (Ti), gold (Au), and palladium (PdConventional SCR NOx catalysts have been
shown to promote some oxidation of HdHowever, typical formulations for SCR catalyats
developed to balance, among other things, NOx temtuahile keeping the undesirable
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oxidation of S@to SQ to minimum levels. Unfortunately, Fgxidation and S@conversion
across the SCR catalyst are strongly correlateshawn in Figure 1-1%. This has led to the
development of dedicated of Pigxidation catalysts.
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Figure 1-17. Relationship between SOconversion and H{ oxidation across SCR catalyst

The application of Hg oxidation catalysts is simtiathat of commonly used SCR
catalysts. Depending on catalyst formulation atigioplant considerations, applications of
dedicated Hg oxidation catalysts upstream (simde8CR temperatures of 600to 700F) and
downstream of the air preheater (APH) at tempeeatan the order of 30B are possible.

Figure 1-18 shows a sketch of a typical configaratiownstream of the air preheatern
general, other design and operating concerns aedavith SCR are common to Haxidation
catalysts. These include gas flow conditions, sagchniformity and velocity, and control of ash
deposition (i.e., sootblowers). Plant operatorgehagnificant experience with these concerns
based on over 140 GW of operating SCR installations
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Figure 1-18. Typical Hd oxidation catalyst application in ESP-wet FGD plair®

The current level of Hyoxidation catalyst technology demonstrationsilsrsiatively
small compared to the more wide spread deploymfestrbent injection technologies (discussed
in Section 1.4). However, much laboratory andtgsicale work has been done and limited full-
scale testing has been reported:*®*° Table 1-5 summarizes the more recent work oh Hg
oxidation catalysts.

Table 1-5. Recent published testing with Hhyoxidation catalystg®+”819
Project Company Unit (MW) (Date) Coal APCD
Configuration
Pilot/Full-scale URS Group Monticello Unit 3 Lignite/PRB | Cold-side ESP -
testing of Hg (590MW) wet FGD
Oxidation Catalyst (2004-07)
Plant Yates Unit 1 Low-sulfur | Cold-side ESP -
(2120MW) Bituminous | wet FGD
(2004-07)
Fayette Unit 3 PRB Blends | Cold-side ESP -
(460MW) wet FGD
(2008)
Pilot/Full-scale Hitachi Power Northern U.S. Power PRB Cold-side ESP -
testing of Hg Systems Plant (640MW) wet FGD
Oxidation Catalyst America (2006-08)
Pilot-scale testing | Chiyoda Plant CristtMRC (simulated SCR - Cold-side
of Hg removal in | Corporation/SCY (~2MW) flue gas) ESP - wet FGD
CT-121 FGD (2007-08)
(W/SCR)

PRB = Powder River Basin

The results of the earlier pilot tests at both Mwmeilo and Plant Yates, as well as the
initial pilot tests at Fayette have been well doeared and recently summariz€dThese test
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programs were sponsored by NETL under PhasesHigltl Testing and Mercury Control
Technology projects. Highlights from these tesessummarized below.

Several H§ oxidation catalysts were tested at Luminant’s Ntmiio Station Unit 3,
which fires a blend of Texas (TX) lignite and PR&ats. In 2005, Hyjoxidation catalysts were
installed downstream of the cold-side ESP and aegiithe following catalysts: (1) Au; (2) V-Ti
SCR; (3) regenerated Pd; and (4) fresh Pd.

Results were encouraging with the Pd catalyst iigldbout 72% HYoxidation, while
the Au catalyst achieved 66% oxidation after aldduimonths of operation. With respect to Hg
capture in the wet FGD, the pilot-scale resultgeahfrom 76% to 87%, a significant
improvement compared to the baseline performange (e catalysts) of only about 36%.

At Plant Yates, firing low-sulfur bituminous co#the menu of catalysts tested included
Pd, fresh and regenerated Au, as well as SCR sttalgcated downstream of a cold-side ESP
pilot unit. The results after about 11 months pémtion showed Hgxidation ranging from
26% for the regenerated Au catalyst to58% for fregltatalyst. The SCR and Pd catalysts
yielded oxidation values of 32% and 38%, respebtive

Figure 1-19 and Figure 1-20 show these resultshigally for Hd’ oxidation across the
catalysts and the resulting improvement in totalrelgoval in the wet FGD.
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Figure 1-19. Summary of NETL Hd oxidation catalyst test results from slipstream tsting
at Monticello and Yates power plants
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Figure 1-20. Impact of HJ oxidation catalysts on total mercury removal by weFGD,
pilot-scale testing at Monticelld®

These results clearly indicate the importance ofimizing the H§" at the wet FGD
inlet to enhance the overall Hg removal effectiveanef wet FGD. However, these are pilot-
scale test results, intended to provide a basitifbscale designs and applications. At present
there is not a significant database of full-scaieegience with H§catalysts. Two full-scale test
programs have been reported recently that inclodeedield test data. One is NETL'’s project at
Fayette Unit 3. The other describes work perforimgéiitachi Power Systems America at an
undisclosed U.S. power plant. Brief summarieefdvailable results follow.

In May 2008, URS Corporation carried out a progedrthe Lower Colorado River
Authority’s (LCRA’s) Fayette station Unit*, which was designed to evaluate catalyst
performance in PRB coal flue gas, as well as ttebeinderstand full scale operation and
maintenance (O&M) issues such as catalyst de-dictivand ash deposition mitigation. The
project involved the deployment and testing of afi kidation catalyst installed downstream of
a cold-side ESP and upstream of one of three wé&t iBdules at the station. This was
nominally a 200 MW equivalent demonstration. Theatyst was a gold-plated, solid
honeycomb type and was installed at the inlet ®afrthe scrubber modules (the diagram in
Figure 1-18 depicts the overall configuration).eThst plan required monitoring of the pressure
drop across the catalyst over time and mercury urea®ents to determine figxidation, as
well as total Hg removal in the wet FGD. The cguafation permitted a direct comparison
between the mercury removal across the two moduitesut the HJ oxidation catalyst (A/B)
and the test module (C). Tests were conductedyu@itario Hydro Method measurements. The
key results between May 2008 and June 2009 are aumed in Table 1-6.
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Table 1-6. Hg oxidation and removal - summary ofesults at Fayette Unit 3

PARAMETER May 2008 Nov 2008 June 2009
Catalyst Inlet Oxidation (%) 35+9 52+7 44 +7
Predicted Hg oxidation (%) 81 81 81
Measured Hg oxidation (%) 80+9 77+4 52+5
Hg oxidized at catalyst outlet (%) 86 +6 901 1

Hg removal - module C (w/ catalyst) (%) 80+5 49 + 71+£5
Hg’ re-emission - module C — (% of Hy 5+11 41+3 3+9
Hg removal - modules A/B (w/o catalyst) (%) 34+18 37+9 44 +8
Hg® re-emission - modules A/B — (% of HY 23+ 45 28+9 2+7
Hg removal — module C vs. A/B (% increase) 60 +£13 18+6 48 + 11

While these results are not fully understood, sgergeral comments can be made.

» Catalyst activity (i.e., measured Hg oxidatidinppped from about 80% to 52%
over time. This was thought to be possibly dribgrcatalyst blockage due to fly
ash deposition on the catalyst.

* Mercury removal across module C showed a significarease from November
2008 to June 2009 (49% to 71%) which is consistéifit the decrease Hge-
emissions during the same period (41% to 3%)° rdgemissions result from
reactions between the Higabsorbed in the liquor and sulfite/bisulfate ia th
liquor. It has been suggested that the higheldesfeHdf in the FGD liquor in
November 2008 as compared to May 2008 and Junerd@9®xplain the re-
emission levels and associated overall mercury vamdOther variables can also
account for re-emissions from wet FGD, including phloride concentration,
and the amount of slurry solids.

» Despite these uncertainties, the increased effaatiss in mercury removal from
module C (w/catalyst) over modules A/B (w/o catglygas significant and
supported the importance of minimizing the presesfdég’ for best mercury
removal in wet FGD systems.

Operationally, it was reported that increased pneskss across the catalyst due to fly
ash build up required better sootblowing schemesnas likely to account for the loss in
catalyst activity over the test period.

Hitachi also has developed a new SCR catalystharese HJ oxidation, while keeping
SO,/SOsconversion low! Its technology, TRAE! (TRiple Action Catalyst) was tested at a
power plant in the U.S., first in a slip-streamatea and subsequently at full scale. The unit was
a 640 MW, wall-fired boiler, firing PRB coal at andisclosed location. The APCD equipment
was configured in a conventional SCR-ESP-wet FGBrayement.

The slip stream reactor included a four layer gatatonfiguration and ran for about
8,000 hours. The results were very encouraginl Wi oxidation rates ranging from about
95% initially to about 80% after 8,000 hours (seguFe 1-21).
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Figure 1-21. Slipstream TRAC" catalyst performance Hg oxidation vs. tim&

The full-scale application of TRA® involved replacing one of the three original
catalyst layers with one layer of TRA® catalyst. The test program included measurenwénts
Hg speciation at the inlet (through the plant’'s B gMS) and at the outlet of the wet FGD, and
comparing results with similar testing prior to fiRAC™ installation. The results confirmed
the slip stream tests and suggested the suitabflifyis approach to enhancing Huxidation
(and subsequent removal with wet FGD). Figure @2marizes the results. Haxidation
increased significantly. The percentage of oxidizeercury (H§'/Hg total) went from 40%
before TRACM to about 70% with the TRA® catalyst, while overall mercury capture in the
wet FGD increased from 30% to about 70%. It shdwlahoted that the reported results
represent short-term testing and do not addrespateytial long-term issues.

HG Oxidation and Removal (%)

E0
70
€0
50 1
40
20
0 -+
10 +

W Hg2+/HEg total

= Hg Removal- WFGD

=]

W/0 TRAC™ W/ TRAC™

Figure 1-22. Hg oxidation and removal with full s&&e TRAC™ catalyst 640 MW, wall-fired
boiler, firing PRB coal at an undisclosed locatiolf
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1.4. Sorbent Injection

1.4.1. Sorbents for Mercury Control

Injection of powdered sorbents upstream of pariuimatter control devices is the most
promising mercury capture technology for plantshaitt FGD scrubbers. Powdered activated
carbon (PAC) is the most widely studied sorbent,dboer non-carbon based sorbents are also
being developed. Activated carbon injection istigely simple to install. The equipment
consists of a silo, a feeder, a blower (for caraiey, hoses and injection lances. Activated
carbon is typically injected either upstream or detkeam of the air preheater, as shown in
Figure 1-23, so that the sorbent can be collectélda particulate collector.
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N
Fuel

—P{Burners

Particulate Collector so,
Scrubber

Figure 1-23. Application of activated carbon injetion

Various mercury sorbents are described in Table M&rcury is readily adsorbed on
carbon surfaces. PAC is a good adsorbent for mgdue to its large surface area (due to open
pore structure and fine particle size). Activatadoons are made from coal or biomass and may
be chemically treated to enhance mercury remoMalogens (chlorine, bromine, iodine) and
sulfur have been used as additives in activatdobcar Studies have shown that several factors
influence the mercury adsorption capacity of PAhese factors include temperature, mercury
concentration and oxidation state, sorbent partide, and flue gas composition (moisture,

NOx, and most notably S
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Table 1-7. Description of mercury sorbents

Sorbent Vendor Description

Power Pac Premium ADA-ES Brominated activated aarbo

Mer-Clear™ Alstom Power Proprietary carbon-based, chemicadigted
sorbent

Amended Silicated’ Amended Silicates Mineral-based sorbent

BS IAC (CB 200xF") Barnebey Sutcliffe lodated activated carbon mactufred from
coconut shells

BS SAC (208CP") Barnebey Sutcliffe lodated super activated canmanufactured from
coconut shells

BASF (MS-200) BASF Mineral-based sorbent

Calgon HGR-LH" Calgon Carbon lodated carbon

FLUEPAC® MC Calgon Carbon Activated carbon made from bitwns coal

FLUEPAC®-MC PLUS Calgon Carbon Brominated activated carbon

FLUEPAC® CF Calgon Carbon “Ash-Friendly” activated carbon

FLUEPAC®-CF PLUS Calgon Carbon “Ash-Friendly” activatedtmam made with a
proprietary ingredient

FLUEPAC® ST Calgon Carbon Activated carbon specially forated for use in
flue gas with elevated SO

DARCOP Hg Norit Americas Activated carbon made from Tekgisite

Insul Norit Americas Fine particle size, chemicallgshed activated
carbon

HydroDARCO-C Norit Americas Coarser version of DABCEIg

DARCO® Hg XTR Norit Americas Low-activity lignite-basedtavated carbon

DARCOP Hg-LH Norit Americas Brominated activated carboada from Texas
lignite

DARCO® Hg E-XX Norit Americas Experimental sorbent

PAC2B Norit Americas Subbituminous/bituminous blemdtivated carbon

NH Carbon Ningxia Huahui Activated | lodated activated carbon from China

Carbon Co., Ltd

Super HOK RWE Rhinebraun Activated carbon made f@&enman lignite

B-PAC™ Albemarle Brominated activated carbon

c-PAC™ Albemarle Brominated activated carbon designdubige low
impact on ash

H-PAC™ Albemarle Brominated activated carbon optimizedhiot-
side ESP temperature regime

Q-PAC™ Albemarle High performance brominated activatethoa

FF-PAC™ Albemarle Brominated activated carbon designedystems
with FF

The U.S. Government Accountability Office (GAO) ogpin 2009 identified 14 coal-
fired power plants that operate sorbent injectigstams on 25 boilerd. Although injection of
untreated carbon-based sorbents works well fortplamrning bituminous coal, this control
strategy is not as effective for plants burningtstwminous or lignite coals. Chemically treated
sorbents are able to achieve high mercury redusenoss all coal types (ranks). The U.S.
GAO report also identified several power plant egunfations for which mercury control by
sorbent injection might be difficult, including wsiwith high S@ concentrations in the flue gas
(which prevents mercury from binding to carbon goits), hot-side ESPs (high temperatures
reduce the ability of mercury to bind to sorbends)d those burning lignite coal (which releases
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high levels of elemental mercury). These unitshihrgquire alternate technologies for mercury
control or improvements in existing technologiesithieve higher levels of mercury control.

A variety of companies design and install PAC iti@t systems for mercury control.
Companies that produce PAC also design PAC injestiystems, both permanent and
temporary. ADA-ES claims to have sold over 140 HA§Ection systems for mercury control in
power plant boilerd' Albemarle Sorbent Technologies, another supphi€tAC, has started up
over 50 PAC injection system%.A number of equipment vendors that do not selCR®
design and install injection systems. For exanm@égent & Lundy claims to have installed 57
PAC injection system&

1.4.2. Sorbents Injection and Cold-Side ESPs

The majority of boilers in the U.S. are equippethvaold-side ESPs. This configuration
can offer several challenges for mercury controsbsbent injection. Demonstrations have been
performed at several power plants with cold-sid®&Burning a variety of coals, as shown in
Table 1-8. The biggest challenge arises with hegkls of SQ in the flue gas, due either to
burning high-sulfur eastern bituminous coal, oxmabf SQ in an SCR, or direct injection of
SG; for improved ESP performance. Temperature arelghs S@concentrations directly
influence the mercury removalfficiency of sorbent injection. The majority afllfscale tests
have been done at plants where; 8@ncentrations limit sorbent injection mercury ceal
efficiencies. Based on the survey of the U.S.dvgbpulation (Section 1.1.3), 15% of boilers in
the U.S. use flue gas conditioning (FGC) on cottb 4t SPs.

Several tests have been performed at various pplaets to investigate alternatives to
enhance mercury removal from flue gas with high, 8@centrationé? ADA-ES worked with
DOE/NETL, EPRI, and several electric generatingnpgartners at the American Electric
Power’s (AEP) Conesville Unit 6 (high-sulfur codPublic Service of New Hampshire (PSNH)
Merrimack Unit 2 (medium-sulfur coal and SCR), &rderen Labadie Unit 2 (S{njection for
flue gas conditioning). These three plants exeyftie possible causes of elevated; 3Cthe
flue gas.

Conesville Unit 6 fired a high-sulfur coal (3-4%)canative mercury capture across the
ESP was low (1% to 20%). There was typically 6@%6@% oxidized mercury at the ESP outlet,
most of which was captured in the wet FGD. Na®@ concentration was typically above 20
ppmv. More than 20 sorbents or combination of spt® were tested at injection rates of 9-18
Ib/MMacf. Injection of 9.5 Ib/MMacf DARC® Hg resulted in 8% removal. The highest
removal was 31% using DAR@OE12 (experimental lignite-based activated cardwenacally
treated with basic materials to provide bufferiiggiast SQ condensation) at 12 Ib/MMacf. No
sorbent was able to achieve the goal of 50% rematvalection rates <10 Ib/MMacf.
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Table 1-8. List of sorbent injection demonstratiorsites with cold-side ESPs

Plant name Blr | State | Unit Primary boiler Particle Ctrl ESP FGC | SO, NOx
ID MW fuel SCA, Ctrl Ctrl:
ft?/kacfm Post-
Combu
stion
Baldwin 3 IL 635 PRB FF/CSE 247 Yes
Brayton Point 1 MA 241 MSEB FF/CSE 559 Yes SDA SCR
Coal Creek 1 ND 605 ND Lignite CSE 599 No  wFGD
Conesville 6 OH 444 HSEB CSE 301 No  wFGD SCR
Crawford 7 IL 239 PRB CSE 112 Na
Victor J Daniel Jr 1 MS 500 PRB/LSEB CSE - Np Si\[e
Dave Johnston 3 wy 230 PRB FF/CSE 629 No wFGD
Hoot Lake 3 MN 75 PRB CSE -- No|
Independence 2 AR 85( PRB CSE 540 No
Labadie 2 MO 574 PRB CSE 279 Yes
Lee 1 NC 75 MSEB CSE 300 Yes
Lee 3 NC 253 LSEB CSE 300 Yes
Leland Olds 1 ND 570 ND Lignite CSE 320 N(
Limestone 1 TX 813 TX Lignite/PRB CSE - Ng wFGD
Meramec 2 MO 138 PRB CSE 376 No
Merrimack 2 NH 346 MSEB CSE 350 Ng SCR
Miami Fort 6 OH 163 HSEB CSE 353 Ng SNCR
Milton R Young 2 ND 477 ND Lignite CSE 375 Ng wFGp
Monroe 4 Ml 817 PRB/MSEB CSE 285 Yep SCR
Pleasant Prairie 2 W 617 PRB CSE 468 Yes wFGD SCR
Portland 1 PA 172 HSEB CSE 284 No
Salem Harbor 1 MA 82 LSB (S.Americar) CSE 474 No NCR
Shawville 3 PA 188 HSEB CSE -- Na SNCR
St Clair 1 Ml 169 PRB/HSEB CSE 467 Ng
Stanton 1 ND 172 PRB CSE 470 No
Stanton 1 ND 172 ND Lignite, PRB CSE 470 Np
Yates 2 GA 123 MSEB CSE 149 Yes
Yates 1 GA 123 MSEB CSE 173 Yes wFGD

HSEB = High-sulfur eastern bituminous
MSEB = Medium-sulfur eastern bituminous
LSEB = Low-sulfur eastern bituminous
PRB = Powder River Basin subbituminous

The SCR-generated S@vel at Merrimack Unit 2 was typically between&td 25
ppmv, which resulted in low native mercury remowsilially less than 10%. The mercury
capture was affected by the S€ncentration and the APH cold-end average (CEA)
temperature. When the APH outlet temperature wasred from approximately 330 to
315°F, mercury removal increased, but reduction of 8@centrations in the flue gas had a
larger effect on Hg removal. Mercury removal by@®#as significantly increased with co-
injection of SQ sorbent as shown in Figure 1-24. Trona injectemuced S@concentration to
7-8 ppmv. Mercury capture can be improved withiropation of the trona injection system, but
long-term balance of plant impacts must be conedieBalance of plant impacts seen at
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Merrimack when injecting PAC and/or $68orbent included deterioration of ESP performance,
increased pressure drop across the APH, increaskahs content in the fly ash when injecting
trona (more limitation on fly ash utilization), astholdering fly ash/PAC in the ESP hoppers

<© Merrimack 2, Darco Hg-LH
100 7 © Merrimack 2, Darco Hg-LH, Trona, normal CEA
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Figure 1-24. Mercury removal across ESP at Merrimak Unit 2, combinations of Darco
Hg-LH and trona sorbents

Recent data on carbon injection presented by $josét a’®> showed that injection of
activated carbon upstream of the air preheater doealways improve mercury removal in
boilers using S@injection for flue gas conditioning. Testing waaried out at a 200 MW PRB-
fired boiler with a cold-side ESP. Parametricitesbf brominated PAC injections showed
mercury removals from 21% at 0.85 Ib/MMacf to 58282 Ib/MMacf when injected at the
APH inlet, with the FGC system in service. Mercugynovals were similar when PAC was
injected at the APH outlet. The air preheatereiugmperature was 399to 375 at full load at
this plant. This high outlet temperature couldéaentributed to the lack of improvement of
mercury removal when PAC was injected upstrearh@fir preheater: the temperature in the
air preheater might have been too high for sigaiftamercury removal. When the FGC system
was not in service (i.e., no $@jection), mercury removals from PAC injectiortiaased. For
example, at PAC injection rates of 3.3 and 4.1 M&df, mercury removals were 40% and 44%,
respectively, with the FGC system in service; wiith FGC system out of service, the mercury
removals were 66% and 77%, respectively.

Sorbent injection testing at Labadie Power Pldnsttates the effect of injecting
activated carbon in plants that uses$Gection for flue gas conditioning. Native mercury
removal across the ESP at Labadie was low and ofidlse mercury was in the elemental form.
Figure 1-25 illustrates the results of S@jected downstream of the air preheater and Ntgit
LH sorbent injection upstream or downstream ofdinggreheater. Concentrations of S4de
given as percent of full scale on the sorbent tigacsystem. Injection of activated carbon
upstream of the air preheater has demonstrate@hkdg removal than injection downstream of
the air preheater at plants that inject; $#Ownstream of the air preheater for flue gas
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conditioning. This method of injection has not al worked at bituminous plants with high
levels of SQ at the air preheater inlet. At Merrimack, for exde, there was no improvement in
Hg removal with DARCO Hg-LH injected upstream oé thir preheater as compared to injection
downstream.
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Figure 1-25. Removal across ESP at Labadie withjection of activated carbon as function
of SO; injection and injection location?

Figure 1-24 illustrates the improvement in ACI peniance at Merrimack when the
carbon was milled on-line. Further tests weregrered at Independence Unit 2 and Labadie
Unit 2 to investigate on-site milling of activatedrbon®® At Independence, on-site milling also
increased mercury removal from 40% to 75% withlB/BIMacf of DARCC® Hg-LH injected
upstream of the APH and from 60% to 90% with 1 IM&tf DARCC® Hg-LH injected
upstream of the APH.

Alstom’s Mer-Curé process was developed to improve mercury capthenactivated
carbon is injected upstream of the air prehedt&r Mer-Curé™ uses a processor to mill the
sorbent just before the point of injection, whields to increase the mass transfer to the sorbent
by reducing the size and by de-agglomerating sardtethe injection point. Alstom reports that
it is has carried out more than 12 field test destraions of the Mer-Cuf¥ process. Some of
these were carried out at plants burning low- taioma-sulfur bituminous coals. In recent
results on bituminous-fired plants in PennsylvaAiatom reported approximately 90%
removals of mercury at several plants with sorligettion rates in the range of 4 to 6
Ib/MMacf.

The effect of S@sorbents on mercury removal by activated carbonalso studied at
the Mercury Research Center (MRC) located at Govfét Company’s Plant Crist in Pensacola,
Florida. This is a test facility that takes a stipam of flue gas, equivalent to about 5 MWe,
through a series of modules, including SCR, aiheater, ESP, FF, and wet scrubber. The
facility can be configured to bypass some of theluhes, in order to generate different APCD
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configurations. The plant typically burns a lowfsubituminous coal (less than 1 wt% sulfur).
The flue gas composition in the slipstream reacsor be changed to some extent by adding SO
or HCI.

Recent work at the MRCtested several Calgon sorbents using PAC injectjstream
of the ESP with S@injection. Calgon FLUEPATST, a new sulfur-tolerant sorbent, was tested
against a standard brominated activated carbonit(N&RCO® Hg-LH). The baseline SO
concentration in the flue gas was not given, butoup4 ppmv of additional S{vas injected
during the testing. The FLUEPAGT sorbent performed better than the standard Iniaben
sorbents, although both sorbents were affecteddzyc8ncentrations (as shown in Figure 1-26).
The FLUEPAC ST sorbent had an overall higher level of mercempaval and, therefore,
maintained a higher level of Hg removal as;$@reased.
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40%

Hg Removal across ESP

20% 7| @ FLUEPAC ST 10 Ib/MMacf

M Hg-LH 10 Ib/MMacf
0% T T T
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Figure 1-26. Hg removal at MRC as a function of aucentration of SO injected into flue gas®

Several potential solutions to the problem of 8®erference with ACI on cold-side
ESPs have been proposed. ;8@ndly sorbents are being developed, such agabé
FLUEPAC® ST?® New SCR systems often have improved catalyti¢robor novel catalysts
that can minimize the oxidation of 3@ SQ. In the case of S{gor FGC, other options for
enhancing ESP performance are being explored,aaimmonia conditioning, water
humidification, or rapid onset pulse energizatiout, these options also have disadvantages. As
discussed above, sorbent injection upstream of E&Griable option if there is sufficient
residence time for in-flight capture and mercurg@tied onto the sorbent surface is not
displaced by S@ For cases where coal sulfur is the cause @fr8er than FGC, co-injection
of alkali minerals (trona, lime, magnesium oxidejatdsorb S@may improve mercury capture
on carbon as at Merrimaék. Bituminous plants that burn coal greater thanvit% S have
scrubbers for S©control and are more likely to use these scrubtaher than sorbent injection
to control mercury.
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1.4.3. Sorbent Injection and Hot-Side ESPs

Other configurations that might have problems aahiyg mercury emissions by sorbent
injection include units with hot-side ESPs. HatesESPs operate at high flue gas temperatures
(600-750°F), which limit mercury capture on sorbsmtfaces. High-temperature sorbents are
being developed, such as Albemarle Sorbent TechredoH-PAC. Sorbent injection may be
effective downstream of the hot-side ESP, althcaigledicated particulate control device must
also be installed. The TOXECON system (an EPRI-patented technology) involvestige of
sorbent upstream of a dedicated FF.

A limited number of demonstrations have been cotetlat units with hot-side ESPs
(Table 1-9). All of these tests were conductedtbemarle Sorbent Technologies. B-PAC
was tested at Cliffside Unit2and H-PACM was tested at Buck Unit®%. H-PAC™, an
experimental low-cost version of H-PA% and DARCO Hg-LH were tested at Progress
Energy H.F. Lee Unit 3> C-PAC™ was tested at Midwest Generation’s Will County 1>

Table 1-9. List of sorbent injection demonstratiorsites with hot-side ESPs

Plant name | BIr | State | Unit Primary Particle ESP SO, NOx Citrl:
ID MW boiler Ctrl SCA, Ctrl Post-
fuel ft2/kacfm Combustion
Buck 6 NC 125 LSEB HSE 240 -- SNCR
Cliffside 2 NC 40 MSEB HSE -- - SNCR
Lee 2 NC 75 LSEB HSE
Will County 3 IL 299 PRB HSE 200

MSEB = Medium-sulfur eastern bituminous
LSEB = Low-sulfur eastern bituminous
PRB = Powder River Basin subbituminous

At Cliffside Unit 2, B-PACM was injected at various loads ranging from 12-40' kA
Lower load corresponded to lower hot-side ESP teletperatures and lower flue gas flow rate.
At high load (40 MW, 686°F injection temperatunegrcury removal ranged from 16-39% with
B-PAC™ injection rates of 1.8-5.7 Ib/MMacf. At low log#i2 MW, 530°F injection
temperature), mercury removal was 78% with 6.2 ldad¢f B-PAC™.

Mercury removal at Buck Unit 6 during parametristieg with 7 Ib/MMacf H-PACY
was 54-64% for loads between 60 MW (540°F injectemperature) and 140 MW (640°F
injection temperature} Removal at 140 MW using 7 Ib/MMacf DARC®ig was only 3%.
During longer testing, 50% removal was seen with/GMacf H-PAC™ at 60 MW (540°F) and
140 MW (640°F). Mercury removal increased to 71%ewthe H-PAE" injection rate was
increased to 10 Ib/MMacf (60 MW, 540°F). Mercugymoval with fluctuating injection
temperature seemed to be more stable using H'PAGtead of B-PAC.

Further testing was conducted at Lee Unit 2 and @6lnty Unit 3** The hot-side ESP
inlet temperature at Lee averaged 798°F at full (@8 MW) and 56 at reduced load (44
MW). At full load, injection of H-PAC at rates of 5 and 10 Ib/MMacf resulted in mercury
removals of 41% and 60% respectively. At reduced] injection of 5-15 Ib/MMacf H-PAE'
resulted in removals of 56-84%. The experimemtattost version of H-PA&' performed
similarly at reduced load but showed significartycreased mercury removal at full load (25%
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at 5 Ib/MMacf and 34% at 10 Ib/MMacf), althougtsitould be noted that the injection
temperature was slightly higher during these t3198-827°F). DARCOHg-LH did not
perform as well as H-PA®. Injection of 10 Ib/MMacf DARC®Hg-LH at full load gave
removals in the range of 38-42%. Will County Udiihas two boilers: a “reheat” boiler and a
“superheat” boiler. Testing was performed on thagerheat” boiler which has a hot-side ESP
inlet temperature between 500°F and 700°F deperafirigad. Injection of C-PAEL at rates of
3 and 5 Ib/MMacf resulted in mercury reduction88% and 55%, respectively.

The dramatic effect of load illustrates the impoda of temperature and residence time
on mercury removal with sorbents. These data sidggat under normal operating conditions of
a hot-side ESP, mercury removal by the current gioa of activated carbon sorbents is
limited and cannot achieve 90% removal without iow@ment in existing technology or
development of new technologies.

1.4.4. Sorbent Injection and Fabric Filters

Sorbent injection upstream of a fabric filter geallgrshows high mercury removal
efficiency. The sorbent generally has a long attritiene with the flue gas as sorbent builds up
in the filter cake on the bags. Several demonstrathave been performed at units with FFs
(Table 1-10), either as a primary particulate anrdevice or in a COHPAE configuration (an
EPRI-patented technology) in which the FF is insthtlownstream of another particulate
control device. A COHPAL" baghouse becomes a TOXECO\onfiguration when sorbent
is injected upstream of the baghouse.

Table 1-10. List of sorbent injection demonstratia sites with fabric filters

Plant name Blr | State | Unit Primary boiler fuel Particle | SO, Ctrl NOx Citrl:
ID MW Ctrl Post-
Combustion
E C Gaston 3 AL 272 MSEB FF/HSE - SNCR
Presque Isle 76,9 Ml 270 PRB FF/HSE - --
Big Brown 2 TX 593 TX Lignite/PRB FF/CSH - SNCR
Harrington 3 TX 360 PRB, TX Lignite/PRE FF -- -
Tolk 1 X 568 PRB FF - SCR

MSEB = Medium-sulfur eastern bituminous
PRB = Powder River Basin subbituminous

Harrington Unit 3 and Tolk Unit 1 both fired PRBat@nd had FFs for particulate
control. Seven sorbents were tested at Harringtwhfour were tested at Totk. At Harrington
and Tolk, all brominated carbons tested (B-PAMARCC® Hg-LH, FLUEPAC-MC PLUS,
and C-PACM) performed well and were able to achieve gredian 80% removal at injection
rates of less than 1 Ib/MMacf. The non-carbon dasebents (Amended Silicates and BASF
MS200) did not perform as well at Harrington as¢hébon based sorbents.

Alabama Power E.C. Gaston Unit 3 burned bitumirtned and controlled particulate
matter with a hot-side ESP followed by a COHPR®aghouse. Three non-brominated carbons
from Norit Americas were injected between the hde$€SP and the baghouse: DARTHY,
PAC2B (subbituminous/bituminous blend activatedoa), and DARC® Insul*®> There was
no discernable difference between the various carb®lercury removal increased linearly with
activated carbon injection rate up to 2 Ib/MMactldhen leveled off at about 90% removal.
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Long-term injection of DARCOHg at 1.5 Ib/MMacf resulted in an average rem@iai8%
(mercury removal over the 5-day tests ranged fréf 80 90%). The large range in removal
was probably due to varying coal and operating ttmm.

The TOXECONM configuration was further tested at Luminant’s Bigwn Unit 23°
Big Brown burns a blend of PRB and Texas lignitalso Activated carbon (DARCUTHg or a
proprietary EERC enhanced activated carbon) wasteq at rates of 0.5-6.5 Ib/MMacf. While
injecting DARCC Hg, mercury removal increased rapidly with actgatarbon injection rates
of up to 3 Ib/MMacf (70% removal) and tapered tmaximum removal of 90% with 6.5
Ib/MMacf. The enhanced activated carbon perforimeiter and reached 90% removal with 2
Ib/MMacf. Month-long injection of 1.5 Ib/MMacf emimced activated carbon resulted in an
average removal of 75%.

WE Energies’ Presque Isle Power Plant burns PRBarmhhas a TOXECON
baghouse installed after the hot-side ESPs on éfits DARCCO Hg and DARCO Hg-LH
were injected upstream of the baghot/s®ARCO® Hg-LH (60-95% removal with 0.5-3
Ib/MMacf) slightly outperformed DARCOHg (45-90% removal with 0.5-3 Ib/MMacf).
DARCO"® Hg was also more affected by elevated temperat@fkRCCO° Hg showed a linear
relationship between increasing temperature ancedemg Hg removal (at a given ACI rate, see
Figure 1-27). Removal also decreased with an as&rén time between bag cleaning (at a given
ACI rate and temperature).
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Figure 1-27. Removal of Hg across Presque Isle TBECON™ baghouse via injection of
Darco® Hg sorbent”’
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This technology has been set-up to operate ongaterm basis. The average mercury
removal for 2007 was 90%, achieved using DARG{g or DARCCO Hg-LH. Balance of plant
impacts include smoldering fly ash/PAC in hopperd fugitive dust emissions during transfer
of fly ash/PAC to the ash silo.

Activated carbon injected upstream of a FF caneaehon the order of 90% mercury
removal at plants burning bituminous and subbitwugcoals, with less than 2 Ib/MMacf of
activated carbon. Removal across FFs can be sensittemperature. This level of
performance has not been demonstrated to datgmtelplants. In general, less sorbent is
required for the same level of mercury removal ¢iFaas compared to a cold-side ESP, all other
things being equal.

1.4.5. Sorbent Injection and Spray Dryers

Spray dryers (SDs) are installed in combinatiorhwither a FF or ESP. Full-scale
demonstrations have shown that plants with sprggrdrand firing bituminous coal have high
native mercury capture while units burning subbinous or lignite coals do not. Thus several
sorbent injection demonstrations have been perfora@lants burning PRB or lignite coals
with spray dryers in an effort to improve mercuapture (Table 1-11).

Table 1-11. List of sorbent injection demonstratia sites with spray dryers

Plant name Blr | State | Unit | Primary boiler fuel | Particle SO, NOx Citrl:

ID MW Ctrl Ctrl Post-
Combustion

Laramie River 3 WY 570 PRB CSE SD

Stanton 10 ND 60 ND Lignite FF SD

Antelope Valley 1 ND 435 ND Lignite FF SD

Stanton 10 ND 60 ND Lignite, PRB FF SD

Holcomb 1 KS 349 PRB FF SD -

Hardin 1 MT 116 PRB FF SD SCR

Hawthorn 5A MO 550 PRB FF SD SCR

CSE = Cold-side ESP
PRB = Powder River Basin subbituminous

Stanton Unit 10 burned North Dakota lignite and e@sipped with a spray dryer-fabric
filter (SD-FF). Four carbon-based sorbents westetbat Stanton Unit 10: DARCOHg,
Desorex HOK300S (German lignite-based carbon), &zay & Sutcliffe IAC (iodated carbon
made from coconut shells), and LAC0101 (low-cogtezimental carbon made from North
Dakota lignite)*® No native mercury removal was measured acrosSEREF. The three
untreated carbons (DARCHg, HOK, LAC) performed similarly but removal asmthe SD-
FF was limited to 70% with 6.1 Ib/MMacf. Duringrig-term testing, the average removal with
6.1 Ib/MMacf DARCC Hg was 81%. The treated carbon (IAC) performedtmhetter with
removal greater than 90% at 0.7 Ib/MMacf.

Sunflower Electric’s Holcomb Unit 1 and Missouridda Power Project’s Laramie River
Unit 3 both fired PRB coal and had spray dryers36y control. Laramie River had an ESP for
particulate control while Holcomb had a fabricdilt DARCCO Hg and DARCO Hg-LH were
injected at Laramie River while DARC@®g, Calgon’s 208CP, and DARC®ig-LH were
tested at Holcom® Mercury removal was limited to 55% with 6 Ib/MMd2ARCO Hg at
Laramie River. The brominated DARC®Ig-LH performed much better and reached greater
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than 90% removal with 5 Ib/MMacf. At Holcomb, ttveo non-treated activated carbons
performed similarly. At injection rates of 1.0MWacf upstream of the SD, mercury removal
was 50% to 54%. Mercury removal reached 90% witHiMMacf DARCC Hg. Once again,
DARCO"® Hg-LH performed better and reached greater théf @&inoval with 1 Ib/MMacf.

Brominated carbon injection was tested at Rocky Mau Power’s Hardin Unit 1,
which fired PRB coal and was equipped with an SQRNOx control, an SD for SCrontrol,
and a FF for particulate contr8l. At full load during baseline operation, littletive mercury
removal was seen across the SD-FF and there wasigiaed mercury at the SD inlet or the
stack. With reduced load, as much as 50% remoaalsg&en across the SD-FF corresponding to
50% SD inlet oxidized mercury. Significantly marercury was oxidized across the SCR at
reduced load caused by higher oxygen levels, lo@raperatures, and longer residence time
within the SCR. Two brominated carbons (DARU&y-LH and FLUEPAC-MC PLUS) were
tested at Hardin. For both carbons, 90% mercupyuca was obtained with injection of 1
Ib/MMacf. During long-term testing, between 1.8MiMacf and 2 Ib/MMacf (up to 4 Ib/MMacf
at times) brominated carbon was required to mairi@Po removal.

Activated carbon in conjunction with a spray dryaloric filter is a promising technology
for application on plants that combust subbitumsiooal. This combination can achieve more
than 90% mercury removal at injection rates thatcamparable to those rates used with
brominated carbons and FFs alone, that is, 1-2Nidbf.

1.5. Other Hg Control Technologies

As noted before, activated carbon injection isrttest commercially mature control
technology of those designed specifically to cdntrercury emissions from coal-fired boilers.
Alternate sorbents and technologies are curremitietidevelopment. Most of these are not
ready for commercial deployment, but could becombysthe time power plant owners are
ready to deploy mercury control technologies. €hme, alternate technologies are discussed
briefly.

1.5.1. Pre-Combustion Removal

Western Research Institute (WRI) patented a prebestion mercury removal
technology (Patent No. 5,403,365) in which meraamemoved from coal in a two-stage
thermal pre-treatment procedsThe process also removes some of the coal mejsdnich
increases the heating value of the coal produlettive to the feed coal. This increase in heating
value can be significant if the feedstock is a hgbisture subbituminous or lignite coal. This
removal technology is best suited for plants tlmaloust low-rank coals, because mercury in
these coals is more likely to be found associatihl thve organic matrix and thus easily
volatilized. By contract, the mercury in bitumirsocoals is associated with minerals like pyrite.
In WRI's process, the coal is first heated to reeowisture and then, in a second stage, heated
to a temperature of approximately 860 At this temperature, 60% to 80% of the meraary
subbituminous and lignite coals is volatilized aachoved by an inert sweep gas. The sweep
gas stream containing the evolved mercury is cogasgsed to mercury capture equipment and
the cleaned sweep gas is returned to the pro&=sch-scale testing of seven low-rank coals
demonstrated mercury removals in the range of 3b89%. A pilot-scale unit, which can
handle up to 100 Ib/hr of raw fuel, has been rungithe same coals. It was reported that
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similar levels of mercury removal were achievedhis pilot-scale unit. Costs have not yet been
published for this process.

1.5.2. Fixed Adsorption

Injecting activated carbon (or other sorbents)terea waste stream, a mixture of sorbent
and fly ash, that is enriched in mercury. As désad below, the presence of activated carbon in
fly ash can reduce the economic value of fly asa bg-product. For these reasons, fixed
substrates have been developed and tested foertiwv/al of mercury from flue gas. Fixed
substrates are located downstream of the partecataitrol device and thus preserve the
economic value of the fly ash. Furthermore, fisetistrates could be regenerated and the
mercury could be captured and segregated fromatiged fly ash stream.

Considerable development effort was made in theQdg! process in which gold-
coated structures were used to adsorb mercurpst&iam evaluation of the MerCdpprocess
was carried out at Great River Energy’s Stantoti®tand Southern Company’s Georgia Power
Plant Yate$? The demonstrations used an electroplated laygolofon a stainless steel screen
(substrate). High levels of mercury removals wagmonstrated in some cases. Mercury
adsorption was affected by temperature and by thsepce of acid gases. The captured mercury
could be removed by a thermal treatment and cekkasing a carbon canister or cryogenic trap.
Chemical desorption of the mercury from the goldted substrates could also be used as a
regeneration technology.

Honeycomb substrates containing carbon-based dsriaeme tested in laboratory and
power plant slipstream reactdrs Two power plant slipstream tests demonstrateafiley to
consistently remove 90% of the mercury from bituonis and subbituminous flue gas.
Laboratory-scale experiments with simulated flus gfaowed that mercury adsorption was not
affected by up to 40 ppm S@ the gas.

More recently, slipstream testing has been caoigddn the MercScreé!i process, in
which a thin bed of granular sorbent is locatethinflue gas downstream of the ESP. Testing
was carried out at Southern Company’s Plant YaidsPant Miller** High levels of mercury
removal were demonstrated. Estimates of the cdste MercScreelY process were
competitive with the use of activated carbon adTOXECON™ baghouse. Future testing is
underway.

1.5.3. Multi-Pollutant Processes

Powerspan developed the Electro-Catalytic Oxidafie@O®) technology, which
removes NOXx, Sg mercury and fine particulate matter, as well @ay metals and other
hazardous air pollutans. The process is installed downstream of a coalifisower plant’s
existing particulate control device. The thregagteocess includes 1) the ECO® Reactor, which
oxidizes pollutants; 2) the absorber vessel, woambls the flue gas, removes S®O,, and
oxidized mercury and concentrates the fertilizepoaduct; and 3) the wet electrostatic
precipitator, which removes acid aerosols, airdgexand fine particulate matter. The ECO®
process produces a marketable fertilizer by-pradBcawerspan has been operating a 50 MW
commercial unit of the ECO® technology at Firstiys R.E. Burger Plant in southeastern
Ohio since February 2004.
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J-Power EnTech developed the Regenerative Activatée Technology (ReACTY.
This is a multi-pollutant control technology forrtool of SOx, NOx, mercury and particulate
matter. There have been a number of industrialpaneer plant installations in Japan, including
J-Power’s (Electric Power Development Co.) Isogd dakehara Power Stations. The process
involves three steps: 1) adsorption, 2) regermraand 3) by-product recovery. The flue gas
contacts a bed of activated coke pellets in anrptiso vessel where the pollutants are removed.
The pellets are regenerated in a separate veReehoval efficiencies have been reported as up
t0 99.9% SO2, 20% to 80% NOX, and greater than 8@¥eury. Although there are no
installations of ReACT in the U.S., Hamon Resedtdittrell has recently entered into a license
agreement with J-Power EnTech to market the ReAgChrtology in North America.

1.6. Coal Combustion Residues (CCRs)

1.6.1. Impact of Hg Control Technologies on CCRs

A possible problem with sorbent injection is itéeet on fly ash. According to the
American Coal Ash Associatidf,approximately 42% of fly ash produced by coaldipower
plants in 2008 (30 million out of 72 million tonsps used in commercial or engineering
applications to avoid land disposal and to geneadtitional revenue for the power plant. Based
on the power plant data in Section 1.1.3, plardasfire low-rank coal and sell their fly ash
represent about 23% of boilers in the U.S., whilge2f plants that fire bituminous coal sell
their fly ash.

The single most important usage category for flyiasas a replacement for Portland
cement in concrete manufacturing (42% of fly asiz6 million out of 30 million tons per
year). Other commercial applications include gtread fill and other construction applications,
raw material for cement (clinker) production, anthimg applications. Many power plants sell
their fly ash for use in concrete or cement marufagy and construction (road fill, soil
stabilization, etc.).

The U.S. EPA recently proposed regulating CCRs utideResource Conservation and
Recovery Act (RCRA) to address the risks from tispasal of CCRE® The U.S. EPA
proposed two a two-pronged approach on June 2D. 2Bitst, the U.S. EPA would list CCRs as
special wastes subject to regulation under sulgfittd RCRA, when they are destined for
disposal in landfills or surface impoundments. ddek; the U.S. EPA would not change the May
2000 Regulatory Determination for beneficially u€&@Rs, which are currently exempt from the
hazardous waste regulations under sec. 3001(b)(8f(RCRA.

Sorbent injection can often make fly ash unsuitéeise in beneficial applications,
specifically if the carbon content is too high framection of carbon-based sorbents. The Foam
Index test is often used to quantify the effecadivated carbon on fly ash destined for concrete
production. In this test, a fly ash sample is rdinath water and a measured amount of a
surfactant, or air-entraining agent (AEA). Theusioin is shaken to see if bubbles form as a
result of the surfactant. More AEA is added arelgblution is shaken again. This is repeated
until bubbles are observed to form. The test ménthe use of AEAS in concrete production to
create small air bubbles in the concrete. The bigface area of activated carbon, if present in
the fly ash, requires the use of more AEA, and ¢his make mixtures of fly ash and PAC
unsuitable for concrete production.
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Segregation of fly ash and carbon is one methqutdserve the value of fly ash. Other
possible solutions to mitigate the effect of sotbejection of fly ash include reducing the
amount of sorbent needed or using “ash-friendlybseats such as C-PA¥ or FLUEPAC-CF
PLUS.

The use of a TOXECON' baghouse downstream of a particulate collectiosicee
allows segregation of fly ash and activated carlasrgiscussed previously. However, the capital
cost of a baghouse is high. A less expensiveisol@ior units with cold-side ESPs is injection of
sorbent mid-field in the ESP, a technology call@XECON II™ (an EPRI patented
technology). The first few fields in the ESP remawmost of the fly ash. There is no sorbent
present in this fly ash, making it suitable to sdlhe last fields collect remaining fly ash and th
sorbent. This technique is only suitable for bwildhat have ESPs with a relatively large specific
collection area (SCA), larger than 40dger 1000 acfm.

TOXECON II'™ was demonstrated at Entergy’s Independence StéeotriE Station
Unit 2, which fired PRB coal and had a cold-sidePE&r particulate contrdf Several lance
designs were used at Independence in an efforatomize sorbent distribution. The coverage
area inside an ESP is at least 10 times largerttieanross-sectional area of the inlet ductwork,
and this creates difficulties in the injection afistribution of the carbon in the flue gas.
Mercury removal of 78% was achieved using 5 Ib/MM2ARCO® Hg-LH.

Reducing the amount of sorbent needed to achigweea level of mercury emissions is
another method of preserving the economic valudgyash. NRG’s Limestone Station burned a
mixture of Texas lignite and PRB subbituminous soalhe fly ash at this plant was sold for
concrete manufacture. Testing carried out in 2809meston& showed that ash generated
during injection of 2 Ib/MMacf DARCOHg-LH carbon was not suitable for sale to the cetec
industry, but ash generated during injection oflB/&MMacf of the same sorbent was acceptable
for sale.

Injecting a finer grind of sorbent has been tested means to increase mass transfer and
reduce the amount of sorbent requiteddn-site milling of the activated carbon injectedhe
TOXECON II™ configuration at Independence achieved 78% remwithlonly 2 Ib/MMacf.

Tests were performed at Independence Unit 2 anddialJnit 2 to investigate the effect of on-
site milling of activated carboft. At Independence, on-site milling also increasedaury
removal from 40% to 75% with 0.5 Ib/MMacf of DARC®Ig-LH injected upstream of the
APH and from 60% to 90% with 1 Ib/MMacf DARC®g-LH injected upstream of the APH.
At Labadie, more than 10 Ib/MMacf FLUEPA®IC PLUS was required to achieve 85%
mercury removal. When the carbon was milled, @nlylb/MMacf was required to achieve
similar mercury removal, which was a 60% reductionarbon usage.

Injection of PAC upstream of the air preheatemisther method to reduce the amount of
sorbent required (see Figure 1-25). Alstom hasatestnated 90% removal with the Mer-Clife
process on PRB-fired units (without FGC) using dtifEn rates of less than 1 Ib/MMa&.

Another possible solution to mitigate the effecsofbent injection of fly ash is to use
“ash-friendly” sorbents such as C-PRtor FLUEPAC-CF PLUS.

Recent testing at the Boardman Plafitcused on DARC®Hg-LH sorbent as compared
to several experimental sorbents designed to be swnpatible with concrete applications. The
plant burned PRB coal and had a cold-side ESP.dBwea activated carbon was injected
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upstream of the ESP. Foam Index Tests of sorlgash mixtures showed that the
experimental sorbents required about one-quartdresdmount as compared to DAREBg-

LH. A “pass” on the Foam Index Test means tha@tineunt of AEA required is below a certain
level, generally set by the buyer of the fly ashdoncrete applications. At moderate levels of
ACI, approximately 2 Ib/MMacf, some of the experimed sorbents mixed with fly ash showed a
Foam Index test result that was similar to thea8 alone or to Portland cement. However,
concrete air stability testing, in which the PA@-sh mixtures were substituted for 20% of the
cement in concrete mixtures, showed that the aitect of the concrete decreased with time.
This could cause difficulties for providers of cogte because the time from initial mixing of
concrete to use is variable. If properties of ceteechange with time because of the presence of
PAC, then this will make it less likely that PACrtaining fly ash will be used for concrete
manufacture.

Injection of FLUEPAC-CF PLUS upstream of the APH at Labadie UAftoduced
removals similar to injection of DARCTHg-LH at the same location indicating no decrease
performance due to the ash-compatible carbon. sastples, collected while injecting
FLUEPAC®-CF PLUS at rates from 1.5 to 2.0 Ib/MMacf, weralgmed using the Foam Index
Test. The samples passed the test and were deseiitalole for concrete, although it was noted
that the ash had a dark color that would probabtybe acceptable for some concrete
applications.

C-PAC™, a product of Albemarle Sorbent Technologies,treen tested at a number of
plants. A recent review of C-PA testing® highlighted results from Crawford Station Unit 7,
a PRB-fired boiler with a cold-side ESP. At anrage injection rate of 4.6 Ib/MMacf, over
80% mercury removal was achieved for a month-loggpd. The resulting fly ash, containing
C-PAC™, was extensively tested for use in concrete. @asethe Foam Index Test, the fly ash
was shown to be usable for concrete productiorstifigeat another PRB-fired unit, Corrette
Station, showed that a C-PA€injection rate of 3 Ib/MMacf resulted in 85% merguemoval
and that the resulting fly ash could be used ircoete manufacture, again based on the Foam
Index Test.

There are several strategies that are currenthgltested to allow sorbent injection for
mercury removal while preserving the economic valiihe fly ash. Several companies are
developing non-carbon, mineral-based sorb&ms These can remove mercury while not
increasing the carbon content of the fly ash ctdigdn the particulate control device. Other
strategies involve using activated carbon for mgrcemoval while making changes to the
sorbent or the process. Segregation of the flyfrash the activated carbon using separate
collection devices or different fields in the ES&Hbeen demonstrated. In configurations in
which fly ash is commingled with activated carbspecialized sorbents have been developed to
minimize the impact of activated carbon on concpetgerties. Another approach is to reduce
the amount of carbon required, either by on-liningj or by injection upstream of the air
preheater.

1.6.2. Environmental Stability of Hg in CCRs

A wide range of mercury concentrations have beanddn fly ash. One refereriGe
summarized several studies, which reported an gedtlg concentration of 527 ng/g, and a
range of 16 to 1530 ng/g. Some uses of fly ashimagtve high-temperature processing that
may increase the potential for release of mercaodyather metals. In cement manufacturing, for
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example, fly ash can be raw feed for producingkeinn cement kilns. Virtually all mercury

will be volatilized when fly ash is used as feedk&tto cement kilns as a result of high operating
temperatures (148@).>° Curing of concrete can also involve temperatorethe order of 8.

In a laboratory simulation experiment, mercury emoiss during steam-curing of concrete were
measured at 0.4 to 5.8 ng of mercury/kg of concrétee study reported that the Hg flux from
exposed concrete surfaces did not exceed merawgslfrom soils (4.2 ng fin?). The study
concluded that less than 0.022% of the total qtyanfiHg present in concrete was released
during the curing process. Therefore greater g8 of the Hg was retained in the concrete
under the conditions testéd.

There has also been concern raised for other pgesgsuch as the production of asphalt.
Using 13 different CCRs, including fly ash contaigiactivated carbon, a laboratory simulation
was conducted on asphalt production at’CZ8 The results suggest that volatilization of
mercury is less than 10% except for one CCR wheselts suggested volatilization of 92% to
100%.

When there is no beneficial use for fly ash, plsced in landfills or ponds, where
mercury (and other trace metals) might be leached lbaboratory studies and field
measurements of solid-gas exchange between flgragifly ash mixed with FGD solid mixtures
have been conductédl. These studies have shown that fly ashes fronmisitous and
subbituminous coals act as a sink for atmospheeicuany, while lignitic fly ash may emit
mercury to the atmosphere. In the field, mercluyds (solid to gas) from both uncovered
landfills and vegetated, topsoil-covered landfidstaining bituminous or mixed subbituminous-
bituminous fly ash were determined to be lower ttienmercury fluxes from the surrounding
soils. Mercury fluxes from a landfill containingsP solids mixed with lignitic fly ash were
estimated to be about four times higher than thesnding soif®

1.7. Costs of Mercury Reduction

1.7.1. Basis for Cost Calculations

Assessing costs of new emission control technodolgges traditionally been a challenging
task. Many factors contribute to this, includingsimess confidentiality concerns, early stage
technology questions (e.g., short vs. long-ternfigperance, expected market penetration,
regulatory uncertainty), vendor vs. user perspestietc. Confidence in cost estimates typically
grows with statistically significant, actual costta. Also, developing “universal” cost estimates
for broad technical and policy decisions represantifferent effort and approach than, for
example, developing a site-specific cost estimatefgiven technology.

Universal technology cost estimates are typicatlyomplished through algorithm-based
analyses, using a combination of assumptions amiriead data and using procedures and tools
such as NETL's cost analyses framewdfRand the U.S. EPA’s CUEC0%tOn the other hand,
site-specific costs can be estimated with moress precision ranging from full-fledged
engineering designs to more general “order-of-magei’ estimates depending on the particular
objectives.

In this section of the report no attempt is madeawduct either of the above types of
analyses. The objective is to provide a summath@imost recent data available with respect to
costs of mercury control technologies. To thaeektthe information in this section is very
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consistent with the earlier technical sectionsia teport, in that it is based on researching and
summarizing recently published data. Specificalys includes algorithm-based cost
information developed by NETY>®°as well as plant survey-based actual costs gathmréne
GAO . These recent studies, conducted in 2007-200%sept a reasonable basis for the
current status of estimates of mercury controls;agtecifically because they included several
key components necessary for such analyses: axisiand performance data from well
monitored and documented test programs, generetigpded cost factors for power plant
economics (e.g., taxes, interest rates, contingsncetrofit assumptions, labor and material
costs, etc.), a consistent “study-level” methodgltgoughout (all these common to the NETL
cost analyses), as well as actual reported casts dommercially operating plants under the
U.S.GAO study/survey. In addition, other speatiists available in the literature are included
as well.

As stated previously, this report addresses desticaiercury control technologies, even
though mercury capture can and does occur in glaaet APCDs (co-benefits). Hence, in this
section, the focus remains on dedicated mercurir@lorosts and not those associated with co-
benefits. For example, the costs of an SCR or WHaEh of which can affect the overall
mercury capture in a plant, are not part of thpore The costs reported in the NETL and the
U.S. GAO studies focus on the mercury control tetbgies described in this report (sorbents,
oxidation catalysts and additives). It is impottemrecognize that the effect of mercury
reduction co-benefits can have a major impact efattual cost of mercury reductions ($/lb Hg
removed). This is similar to the impact of varymgrcury levels in the coal, in that the actual
reductions in pounds, for a given level of conf{ra., percent reduction) are proportionally
higher or lower with the respective higher or lowetial mercury level concentrations. This
real, but potentially misleading, reporting of amhicosts is avoided when costs are presented in
terms of their impact on the plants’ resulting aofs¢lectricity (COE). As such, the NETL
analyses presents costs in both formats — costeofury removed ($/Ib) and 20-year levelized
COE (mills’kwh).

A potentially very large factor affecting mercuryntrol costs is the impact of sorbents
(activated carbon) on the resulting fly ash from fitant. This comes from the fact that many
plants sell their fly ash for beneficial reuse (eapncrete industry) and the addition of the
sorbent may render the fly ash undesirable forriaket. In such cases, the revenue
represented by the sale of fly ash is replacedhbyost of its disposal. Given the potentially
large cost of these scenarios, the NETL studidsdiecanalyses with and without fly ash (or
“by-product”) impacts.

It should be noted that although both NETL costlistsi®®° were based on results from
its Phase Il field test programs, representing masiort-term results, subsequent longer-term
testing (as described in the technical sections&boave for the most part corroborated the
earlier tests, providing additional confidence tin&ise costs remain relevant. Comparisons with
the U.S. GAO commercial plant surveys lend furgredibility to the cost analyses. In addition,
it should be noted that the NETL studies preseverse cost scenarios for various coals,
configurations and levels of mercury control. Ewe sorbent technology (ACI), the analyses
include 50%, 70% and 90% control scenarios fombitwus, subbituminous and lignite coals;
for the oxidation technologies (catalysts and adek, the analyses include subbituminous and
lignite coals and mercury reduction levels of 7386 the catalysts and additive - CapBand
85% for CaBs.
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The U.S. GAO survey provides a much different lefetost detail. Only average cost
and ranges are provided. Further they are notttirinked to the plants identified in the
survey; hence there is no direct opportunity tdyaeathose results in a more detailed manner.
However, using the U.S. power plant informationadié®d in Section 1.1.3, it was possible to
develop nominal costs for comparison with the NEBLimates.

1.7.2. National Energy Technology Laboratory (NETL) CostsSummary for ACI

ACI technology costs are primarily driven by thestcof the sorbent. Hence, quantity
(injection rate, plant size) and quality (type oftsent —treated or untreated) of the sorbent are
the key factors in the total sorbent cost. Sorkests varied between about $0.40/lb and
$1.35/Ib.

Total installed capital costs ranged from abou6&3V to about $9.2/kW reflecting
primarily the wide range of unit sizes in the stiftgm 140 MW to 360 MW). Table 1-12
summarizes the configurations of APCDs and codt fanthe units in the cost study at the 90%
Hg control level.

Table 1-12. Configurations of units in NETL cost sidy and capital cost of ACI for 90%
Hg removal®®

Coal Type Bit Bit/PRB PRB PRB PRB PRB LIG
Size (MW) 172 145 360 240 140 150 220
APCD ESP ESP SD-FF ESP ESP ESP ES
Hg in coal, (Ib/TBtu) 8.23 5.66 10.36 7.17 7.83 55| 8.66
ACI, (Ib/MMacf) 5.34 2.31 1.03 0.55 2.4 3.65 1.64
Capital ($/kW) 8 8.79 3.63 8 9.16 8.5 8

Figure 1-28 and Figure 1-29 summarize mercury cbatists ($/lb Hg) and 20-year

levelized COE (mills/kwh), with and without an ingtan ash (i.e., lost sales of fly ash as a by-
product), for the various units and coal types.cAs be seen in the figures, when the combined

cost of not selling the fly ash and paying fordisposal is factored in to the cost of mercury
control, the cost of control (in $/Ib Hg) and coéelectricity (mills/lkWh) are higher.
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Figure 1-28. Cost of 90% mercury control with andwithout impact of lost sales of fly ash
as a by-product®

These results indicate costs ranging from abou®@0 to $30,000/Ib when by-product
contamination/sales are not a factor and betweeunt&18,000/Ib and $50,000/Ib if ash revenue
is lost. These numbers correspond to 20-yr legdl@OE ranging from about 0.35 mills/kwWh to
2 mills’/kWh (0.035 to 0.2 cents/kWh) without by-gdrat penalty and about 1 mill/lkWh to 3.5
mills/lkWh (0.1 to 0.35 cents/kWh) if by-product iaqis are present.

As already discussed, the cost of sorbent injed¢Bohnology is largely driven by the
cost of sorbent, and the costs are thereby inflegihy the price of the sorbent and especially its
consumption requirements. Figure 1-30 shows tla¢ive impact of capital cost (a), plant size
(b) and sorbent consumption on COE. There isexctrelationship between sorbent

consumption and control cost, while plant size eayoital cost have minor impact on the
ultimate COE.
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Figure 1-29. Incremental cost of electricity (COE¥or 90% mercury control with and
without impact of lost sales of fly ash as a by-pruct®®
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1.7.3. National Energy Technology Laboratory (NETL) Cost Simmary for
Oxidation Technologies

The two types of Hg oxidation technologies (catsysd additives) have different cost
components: catalysts are primarily driven by tiigal capital and re-generation costs, while
additive technology is not capital-intensive, bsitiath the ACI technologies, is driven by
chemical costs. Unlike the analyses above for #&€hnologies, the oxidation technology costs
were estimated based on pilot-scale results ankkdpp a nominal 500 MW plant. Table 1-13
summarizes the major parameters for the unitsarctist study. Figure 1-31 summarizes the
costs of mercury reduction for Hg oxidation teclugiés in $/Ib of mercury removed and 20-
year COE.

Table 1-13. List of key parameters in NETL cost stdy of oxidation technologies combined

with FGD®°
Technology Pd Au Au CaBrp, CaBp, CaBp, CaBp,
Catalyst | Catalyst | Catalyst
Coal type ND Lig TX PRB TX PRB PRB PRB
Lig/PRB Lig/PRB
Hg control (%) 73 73 73 73 73 73 85
APCD ESP, ESP, ESP, ESP, ESP, SCR, SCR,
wFGD wFGD wFGD wFGD wFGD wFGD wFGD
Hg in coal (Ib/TBtu) 10.5 16.98 6 16.98 6 6 6
CaBr, rate (Ib/hr) NA NA NA 294 322 5.9 25
Catalyst volume (f) 4,640 5,890 6,060 NA NA NA NA
Capital ($/kW) 2.69 3.42 3.53 1.56 1.56 1.56 1.56

4.5

m 5/1b

L _—
- | B e
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$/1b (x10,000); COE (mills/kwhr)

Figure 1-31. Cost of mercury reduction using oxidéon technologies combined with FGI°

It can be seen from the graph in Figure 1-31 thaicbsts are comparable to those for
sorbent injection technologies. Specifically, theremental COE in the range of 1.0 to
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1.8 mills/lkWh is about the same as that for the fg&€hnologies shown in Figure 1-29 when by-
product impacts are not included. It should benfeml out that Hg oxidation technologies do not
impact fly ash (or scrubber waste) and are noefoes subject to by-product impact costs as
with ACI technologies. It is also important to edhat the costs for oxidation technologies were
based on lower level of Hg reductions (73% and 88fa) for ACI (90%). Another important
observation is the impact of SCR on the overall Gotis CaBp. The last two bars in Figure
1-31 show the low COE (~1 mill/lkwh) due to the lowgection rate required for CaBr

because of the Hg oxidation impact of the SCR awebe As shown in Table 1-13, capital costs
are low for these technologies. Figure 1-32 bedbaws the key cost components affecting both
catalyst and additive oxidation technologies. therranges of oxidation catalyst volume and
CaBp, injection rates cited in the NETL study, COE iss@lerably higher when an oxidation
catalyst is used to oxidize mercury upstream oeaRGD. From a cost perspective, bromine
injection appears to be advantageous relative iativn catalysts, assuming that the desired
level of Hg oxidation can be obtained.
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& 1
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E ~—cat vol
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S ~f— CaBr2

0 200 400 600 800

Cat Vol (x10) ($/ft3); CaBr2 rate (Ib/hr)

Figure 1-32. Cost of mercury reduction for oxidaton technologies vs. catalyst and
chemical cost§

1.7.4. U.S. Government Accountability Office (GAO) Mercury Control Study

The U.S. GAO study focused on a plant survey/ingsv\process designed to obtain
current performance and cost data from plants ¢ipgrenercury control technologies. The
plants/units included in the survey employed sorlogaction technologies (ACI), but exhibited
different APCD configurations. The majority of thpplications were on units equipped with
ESPs, although several had FFs. Further, there sexeral units with SD-FF configurations,
presumably for compliance with other regulatoryuiegments (e.g., S2 As already stated, the
data presented in the U.S. GAO report were usegliheronjunction with the databases
described in Section 1.1.3. Table 1-14 summatizegnformation obtained from this analysis.
It should be noted that these estimates represeninal values, because no direct comparison
between the U.S. GAO data and individual unitsltiamade. However, the results are very
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consistent with the overall cost estimates in tE N cost studies (capital and COE) and are
further corroborated in that the capital cost fothbACI and FF technologies agree well with the
NETL estimates for ACI, as well as with other ashle cost data for FFS.

Table 1-14. Summary of results from U.S. GAO Hg atrol survey®

Technology | MW range | MW avg. | ACI Capital | FF Capital COE
($/kW) (B/kw) (mills/kWh)
ACI/ESP 80-375 240 11-15 NA 1.2
ACI/FF 75-350 260 10-14 140-200 NA
ACI/SD-FF | 250-790 430 NA 190-210 NA

Additionally, the reported O&M costs (sorbent cdstage from about $1/kW-yr to
$5/kW-yr. This also compares well with the NETLstofor ACI, which ranged from about
$1.2/kW-yr to $9/kW-yr. These results represeat,reommercial operating data and appear to
corroborate with the NETL costs quite well.

One last commercial data point, included in the.. &8O survey, but not identified
individually, is the operation of ACI with FF (TOXEON™) at Presque Isle power plant. The
270 MW project reported a capital cost of $128/kiwd an overall mercury removal cost of
$67,000/Ib HF? These correlate well with the NETL and the U.®.QBestimates.

1.8. Commercial Experience with Sorbent Injection Techwologies

The penetration of mercury control technologies thie U.S. electric power marketplace
has grown rapidly in the recent past, mostly assalt of various state regulations and initiatives.
The Institute of Clean Air Companies (ICAC) hadected information relative to the current
and projected deployment of mercury contf6lsAt present about 25 units representing about
7,500 MW are using commercial ACI technologiesrfarcury control. In addition, about
55,000 MW of new bookings are reported by ICACgufe 1-33 and Figure 1-34 summarize
these data by state and by coal type, respectively.
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Figure 1-34. Mercury control systems orders bookedly coal rank burned at planf*

NESCAUM has received, courtesy of the New Jersgyaiieent of Environmental
Protection’® Hg emission data from several sites, based ok stating data. Selected data from
this information are summarized in Table 1-15. &Daere selected for sites reporting percent
mercury reduction for the years 2008 to 2009. Jites in the table include dedicated mercury
control technologies (ACI) as well as those whoseaumry reductions are solely attributable to
co-benefits through other installed APCD equipment.
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Table 1-15. Summary of New Jersey stack testercury emissions for 2008 and 2069

Unit/APCD Test Date  Load ACI Hg Reduction
(MW) (Ib/hr) (%)
Mercer 1/SCR-FF-ACI Jun-08 325 603 92
Sep-08 325 607 56
Dec-08 215 98 99
Mercer 2/ FF-ACI Jun-08 260 478 95
Sep-08 324 643 59
Dec-08 317 643 98
Carney’s Point 1/SCR-SD-FF Feb-08 139 NA 98.4
Jun-08 139 NA 96.9
Sep-08 139 NA 97.2
Carney’s Point 2/SCR-SD-FF Feb-08 138 NA 98.5
Jun-08 138 NA 97.1
Sep-08 138 NA 97.4
Logan 1/SCR-SD-FF Mar-08 224 NA 99.9
Jun-08 223 NA 96.2
Sep-08 222 NA 96.5
Nov-08 219 NA 97.8
B L England 2/SNCR-SD-ESP-ACI Mar-08 160 414 96.7
Jun-08 163 337 97.8
Sep-08 167 373 91.2
Nov-08 167 365 99.1
Mar-09 165 209 83.8
Jul-09 169 362 99.5
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Information from the Massachusetts Department afifenmental Protection was also
obtained, including a summary of the 2008-2009 khiseions data from the coal-fired plants in
Massachusetts (Figure 1-35), as well as the foom@pliance reports submitted by two of the
plants in the state: Salem Harffaand Brayton Point’
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Figure 1-35. Summary of Hg emissions from coal-fead power plants in Massachusetts,
2008-2008>°"

The required Hg reductions in Massachusetts aredoais baseline Hg emissions from a
historical 12-month period; hence it is not possiiol infer the performance of the Hg controls
from the available data. It is, however, import@nhote that Salem Harbor does not have
dedicated Hg controls (e.g., reductions are thraggbenefits only), while Brayton Point
employs SD-FF with ACI for multi-pollutant contrml Units 1 and 2, and has an SCR and ESP
in Unit 3. Table 1-16 and Table 1-17 present & ¢hrovided for Salem Harbor and Brayton
Point, respectively.
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Table 1-16. Dominion Energy Salem Harbor Station @09 reported Hg emission®

1/09 2/09 3/09 4/09 5/09 6/09 7/09 8/09 9/09 10/09 11/09 12/09 Total/Average
Net Generation MWwh 51,845 37,354 42,001 34,43( 27,839 22,265 8,29 30,035 351 27,258 30,539 39,231 395,446
-‘Hé‘ Emissions pounds 0.172 0.108 0.095 0.064 0.138 0.084 0.112 0740. 0.011 0.179 0.171 0.251 1.458
> Monthly Rate Ib/GWh 0.0033 0.0029 0.0023 0.0019 0.0049 0.0038 0063 0.0025 0.0321  0.0066 0.005 0.0064 0.0041
Net Generation MWwWh 43,732 41,515 42,820 34,381 20,096 11,887 5,817 16,299 0 12,166 1,588 37,712 268,013
-‘Né' Emissions pounds 0.250 0.254 0.240 0.200 0.15y 0.188 0.081 1630. 0.000 0.132 0.034 0.227 1.877
> Monthly Rate Ib/GWh 0.0057 0.0061 0.0056 0.005 0.0078 0.0116 014m 0.0100 0.0000 0.0109 0.021 0.0060 0.0070
Net Generation MWwWh 101,316 81,851 22,717 54,591 59,828 55,467 ®BB,1 62,525 11,816| 36,874 33,54 81,843 660,572
.*mé Emissions pounds 1.109 0.559 0.035 0.388 0.456 0.427 0.549 6560.| 0.169 0.308 0.236 0.342 5.235
> Monthly Rate Ib/GWh 0.0109 0.0068 0.0015 0.0071 0.0076 0.0977 009 0.0105 0.0143 0.0084 0.007 0.0042 0.0079
Net Generation MWh 196,893 160,720 107,53 123,402 107,763 89,610,314 108,859 12,167 76,300 65,67 158,786 1,288,0
o Emissions pounds 1.532 0.921 0.369 0.652 0.751 0.650 0.742 8930.| 0.180 0.619 0.441 0.820 8.570
‘F\:. Monthly Rate Ib/GWh 0.0078 0.0057 0.0034 0.0053 0.0070 0.0072 0092 0.0082 0.0148  0.008L 0.006 0.00582 0.0067
2 7.29 Allowable Ib/GWh 0.0075 0.0075 0.0075 0.007% 0.0075 0.0075 007& 0.0075 0.0075 0.007% 0.007 0.007
s 12-month Rolling Rate | Ib/GWh 0.0073 0.0071 0.0068 0.006 0.0069 0.0070 oo 0.0067 0.0064 0.0067 0.0066 0.00¢
‘_bE 7.29Allowable % 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85 85
= Removal Rate
12-month removal % 92% 92% 91% 91% 91% 91% 91% 92% 92% 93% 93 93
from baseline
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Table 1-17. Dominion Energy Brayton Point Statior2009 reported Hg emissiorf§

1/09 2/09 3/09 4/09 5/09 6/09 7/09 8/09 9/09 10/09 11/09 12/09 Total/Average
Net Generation MWh 143,058 152,989 39,412 168,096 147,966 164,84%5,255| 141,769 136,30 156,235 170,132 155,78 32422
-‘E Emissions pounds 0.6 0.9 0.2 0.8 0.8 0.6 0.3 0.9 0.1 0.5 05 05 7.1
= Monthly Rate Ib/GWh 0.0042 0.0060 0.0043 0.0048 0.0085 0.0037 0018 0.0061 0.0040 0.0031 0.0029 0.0083 0.0041
Net Generation MWh 176,803 157,947 173,406 169,282 177,239 137/5361,803| 129,959 107,122 152,936 172,305 173,093 9001281
% Emissions pounds 0.7 0.6 0.7 0.8 12 0.8 1.7 2.3 0.4 1.4 1p 11 134
> Monthly Rate Ib/GWh 0.0042 0.0036 0.0041 0.00418 0.0066 0.0055 0102 | 0.0173| 0.0082  0.009(¢ 0.0070 0.0066 0.0070
Net Generation MWh 435,058| 398,332 421,296 349,860 113,389 322,8339,495| 296,013 401,206 424,009 442,176 330,854 274434
% Emissions pounds 3.3 3.5 3.4 3.1 1.5 29 2.7 2.9 3.1 3.7 45 1.3 35.6
> Monthly Rate Ib/GWh 0.0076 0.0089 0.0081 0.0090 0.0132 0.0089 0041 | 0.0084| 0.0076  0.0087 0.0102 0.0040 0.0083
Net Generation Mwh 762,654| 718,106 634,114 687,188 438,544 635,68686,553| 567,741 644,635 733,180 785,362 670,250 943Q16
Emissions pounds 4.7 5.0 4.3 4.8 35 4.2 4.8 5.6 4.9 5% 6. 3.0 56.1
2, Monthly Rate Ib/GWh 0.0061 0.0070 0.0068§ 0.0060 0.0080 0.0066 002 0.0099 0.0070 0.007¢ 0.0079 0.0045 0.0071
- 7.29 Allowable Ib/GWh 0.0075
'fDE 12-month Rolling Ib/GWh 0.0071
; Rate
£ [~ 7.29Allowable % 85%
= Removal Rate
12-month removal % 85% 85%
from baseline
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2. Continuous Mercury Monitoring Technologies

There are two forms of continuous mercury monisgstems (CMMS), devices that
continuously sample mercury emissions and provideasurement of mercury emissions over
time. They are

* Analyzer-based CEMS; and
* Sorbent traps (STs).

Hg CEMS are analyzers that continuously samplesthek gases and provide an
indication of mercury concentration in the stackdhs within minutes of the gas being sampled.
In this respect, the Hg CEMS provide informatioriiie operator about mercury emissions on a
near real-time basis, or at least in a timely fashhat provides emissions data for a particular
hour or day. The total mass emissions rate of nmgris determined by multiplying the
measured concentration of mercury in the flue gaseg the measured flue gas flow rate.

Sorbent traps provide an indication of cumulativereary mass emissions over a period
of time that could be hours, days, or even we&kas is pulled through a set of traps filled with
sorbent that captures mercury. The gas flow regevial through the sorbent is varied at a rate
that is in proportion to the flue gas flow ratedanust be isokinetic if there is significant amount
of particulates in the flue gas. After a periodiofe, the sorbent traps are removed and replaced.
The used sorbent traps are analyzed for total mgréthe mass of mercury trapped can be used
to determine the average mercury emission ratetbeg¢period of time.

This Chapter focuses on methods that are intermtgaefmanent installation and
continuous monitoring of mercury emissions. Fantsaious monitoring and reporting for the
purpose of regulatory compliance there are requergsiimposed that assure the reliability and
accuracy of the measurement. The same technolagidiscussed in this Chapter have been
used for short term test programs spanning hoass,r even weeks. Many of the method
requirements that are discussed in this Chaptéatkanecessary for a method designed for
regulatory compliance purposes would not be necgdisthe same methods were used for a
short-term test.

2.1. Hg CEMS Technology Overview

Currently in the U.S, the two principal suppliefdHy CEMS technology are
ThermoFisher Scientific and Tekran Instrumentsesehtwo suppliers have supplied nearly
every Hg CEMS ordered for power plants. This Cagpherefore, focuses on the technologies
offered by these two companies.

Each company has been working to address the gpele#llenges associated with
measuring mercury in flue gas. Some of these ehgdis include:

* Mercury is present in much smaller concentratitvas ttypical criteria pollutants,
(i.e., concentration measured in parts per trillfensus parts per million).
Although ambient monitors are capable of measunegcury concentrations to
much lower levels than what is experienced in powant flue gases, some of the
particular characteristics of mercury and powenpflie gas — such as
interferences and reactivity — make the concewimadf mercury in power plant
flue gas especially difficult to measure at suck levels.
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* lonic mercury is a reactive material that tendeetact with or adhere to other
materials, and thereby may be lost in sample hagdinless special precautions
are taken.

* Elemental mercury tends to form an amalgam withatsetSo, to avoid loss of
sample, metal surfaces in the sampling system bausbated and temperature
maintained at18(C.

The challenge faced by the Hg CEMS suppliers haa bedesign a monitoring system
that is reliable while also addressing the aboffécdlties unique to mercury measurement in
flue gas.

2.2. Hg CEMS Suppliers

2.2.1. ThermoFisher Scientific Hg CEMS

ThermoFisher Scientific has shipped more than 4§@HMS®® Figure 2-1 shows how
the ThermoFisher Hg CEMS is configured. The keyponents are the Sample Extraction &
Conversion System, the Probe Controller, the Cagdr Atomic Fluorescence (CVAF)
Analyzer, and the Calibration System.

Sample Extraction and Converter

Flue gas is sampled from the stack by the probdasatypically diluted at a 40:1 ratio
with air (or in some cases with nitrogen). Witkine probe is a converter that converts oxidized
mercury, which is mostly in the form of HgCto elemental mercury. Therefore, all of the
mercury sent into the lines to the analyzer isenform of elemental mercury. This makes the
sample somewhat easier to transport and also lpeitsércury in a form that the analyzer is
capable of measuring. The sample line from thé@to the analyzer must be heated to°C20
(248F) in order to ensure that sample integrity is @resd. The probe also provides the means
to convert elemental Hg gas from the calibrataxmlized mercury for the purpose of system
integrity checks.

Probe Controller

The Probe Controller sends signals to the probecthr@rol the oxidized Hg to elemental
Hg converter and the elemental Hg to oxidized Hgveoter, nitrogen supply and other functions
performed within the probe. It also controls prainel sample line temperature.
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Figure 2-1. ThermoFisher Scientific Mercury Freedon Systen?®

CVAF Analyzer

Within the analyzer the sample is continuously mesas using CVAF. In the CVAF
method, free mercury atoms (elemental mercury)daraer gas are excited by an ultraviolet
light source. The excited mercury atoms re-radiag@ absorbed energy (fluoresce). The
fluorescence intensity is related to the amoumhefcury present. The technique is sensitive,
selective, and linear over a wide range of conediotns; however, molecular gases (such as
oxygen and nitrogen) present in the carrier gasicjuéghe fluorescence signal, which reduces
instrument sensitivity.

The analyzer provides a measure of total mercudycannot speciate mercury on its
own. In order to measure mercury speciation, nieisessary to take two measurements — one
with the converter in the probe operating (for tot@rcury) and another with the converter
bypassed and with Hg&temoved from the gas (to arrive at elemental H)e difference
between the amount of total mercury and the amolelemental mercury equals the amount of
oxidized mercury. When used for regulatory purgp€#EMS are not typically operated in
speciating mode, but rather used to measure tagetury only.

The gas in the analyzer is maintained at a vacausappress quenching and improve
sensitivity. Sensitivity of the analyzer's CVAF asarement can be improved roughly five-fold
by using nitrogen as the dilution gas in the priber than air because oxygen has a greater
tendency to quench the atomic fluorescence thaogeh®® Therefore, for low concentration
measurements (less than 2 pd)/mitrogen dilution gas is recommended by the rfecturer.
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The analyzer has digital outputs for various datdqeols. The advantage of digital
output is that, with the high degree of linearikpected from the CVAF analysis method
combined with digital output, good linearity ovebm@ad dynamic range is expected.

Calibration Gases and Standards

It is periodically necessary to verify the accuratyhe Hg CEMS using calibration gases
that have known concentrations of both elementdlaidized mercury. As an alternative to
commercial, bottled calibration gases, the Hg CEWEhufacturers have been working with the
U.S. EPA and NIST on traceable methods for theuns¢énts to produce elemental mercury
calibration gases utilizing known relationships fieercury vapor pressufé. The elemental
mercury calibration gas generators for both supplgerate by carefully controlling a sample of
Hg and dilution gas to a specific temperature amdgure that is determined by the desired
vapor pressure. In this manner, the mercury cdrateon of the gas exiting the calibration gas
generator is determined by the mercury vapor presglationship. The calibrator output is
NIST-traceable.

It is important that the Hg CEMS measure all fowhsercury accurately. A system
integrity check is performed to verify the accunateasurement of oxidized mercury. For
system integrity checks it is necessary to havdiped mercury calibration gas provided to the
probe tip where it is drawn through the probe drdugh the converter and to the analyzer. To
do this, the ThermoFisher Hg CEMS adds chloringaéoelemental Hg calibration gas at the
probe in order to convert the elemental mercurgnftbe elemental mercury gas generator to
oxidized mercury. Itis necessary to have a baoftlehlorine gas at the probe for this system
integrity check. The probe has a converter thaveds the oxidized mercury back to elemental
mercury, which is then transported to the analj@emeasurement. So, for system integrity
checks on ThermoFisher's Hg CEMS, elemental mercalipration gas is oxidized with
chlorine, sent through the probe tip, and therottidized mercury is converted back to
elemental mercury before leaving the probe.

2.2.2. Tekran Instruments Hg CEMS

Tekran Instruments has sold roughly 175 Hg CEMpawer plants plus additional
systems sold for the purpose of mercury monitofamgontrol technology test programs, for
research or for other purposes. The Tekran IngnisntHg CEMS, shown schematically in
Figure 2-2 has some similarities and some sigmfid#fferences with the ThermoFisher Hg
CEMS; these will be discussed below.

Sample Extraction

The Tekran probe extracts sample from the stackddates it with air at roughly a 30:1 ratio.
The probe is heated. The portion of the probeithat the gas stream is made of Hasteloy (a
corrosion-resistant metal) coated with a thin qukayer. The probe body is made of coated
stainless steel. The filter is titanium. UnliketThermo Fisher analyzer, which conditions the
sample at the probe, the Tekran sample is setd sgampled form to the sample conditioner,
which is near the analyzer. The sample line froengrobe to the sample conditioner is
maintained at about 180 (356'F) to avoid loss of ionic or elemental mercury tatipg out of
selenium. If selenium were allowed to build ughe sample line, the elemental mercury would
be lost in the line because elemental mercury seaith condensed selenium. If this takes place
after the converter, it will result in a low biaw the total Hg measurement. An unheated line is
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also used in some cases to carry air for the prdle. unheated line does not carry sample or
calibration gas.

INSTRUMENT RACK
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Figure 2-2. Schematic of Tekran Hg CEM®

Sample Conditioner

The sample conditioner converts the oxidized mgrouelemental mercury using a
pyritic converter. Also, acid gases (and selenjummich could induce mercury recombination
reactions and could adversely affect analyzerbiig, are scrubbed out using deionized (DI)
water. The conditioner therefore provides an geistfree stream with elemental mercury and
other gases to the analyzer. The sample conditfan#itates speciation by providing one of
two gas streams to the analyzer: 1) 100% of treedlas mercury after having converted any
ionic mercury to elemental mercury; and 2) a samille the ionic mercury removed so that
only the elemental mercury from the flue gas remai8imilar to the ThermoFisher analyzer,
ionic mercury is determined in the Tekran analymesubtracting the elemental mercury
concentration from the total mercury concentration.
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CVAF Analyzer

Both the ThermoFisher instrument and the Tekramungent use CVAF for analysis.
However, Tekran’s analyzer uses a gold amalgamlteat and concentrate the mercury prior to
analysis. This also permits the mercury to besteased into an inert gas (argon) atmosphere.
The argon gas ensures that fluorescence is nothadrby molecular gases that are present in
the boiler flue gas. The gold amalgam concentnatiethod and the use of inert gas help the
analyzer to provide high sensitivity. The analyzgensumes argon gas; one tank of argon is
expected to last roughly six weeks. Like the Thifiaher analyzer, the Tekran analyzer
produces an output concentration of total merci8geciation is performed in concert with the
sample conditioner.

Calibrators

The Tekran Hg CEMS has two calibrators — one femelntal mercury and another for
ionic mercury. The elementary mercury calibratardpices a gas stream with a known
concentration of elemental mercury in a similar m&ras the ThermoFisher analyzer — by
carefully controlling the temperature and pressidra sample of mercury and dilution gases to
provide a gas with a well-controlled elemental maeyosapor pressure.

Tekran also has an oxidized mercury calibratorcWigienerates a defined mixture of air
and water vapor and mercuric chloride by evapogadicontrolled amount of agueous mercury
chloride solution of known concentration into aefally controlled gas volume, as shown in
Figure 2-3. Because this approach starts withipeemercury in a NIST-traceable aqueous
solution, there is assurance that only oxidizedcomgris produced. Also, because the solution
and the hardware are NIST-traceable, the amounkidized mercury is NIST-traceable. This
method of generating oxidized mercury does requamigsporting the oxidized Hg from the
generator, up a heated umbilical to the probehimugh the probe, and back through a heated
umbilical to the sample conditioner for the systategrity check.

DI Water 1.0pg/ml HgCl,
ng+
Precision Calibration Gas
<«  Micro- ¥
Pumps
Misting Device

\ 4

Mixing Chamber

A

Dry Air Mass Flo
Meter \

Figure 2-3. Simplified diagram of the Tekran Model3315 lonic Mercury Calibrator
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2.2.3. Other suppliers of Hg CEMS

Three other suppliers of Hg CEMS have been idedtifiPS Analytical, Cemtrex and
Ohio Lumex. PS Analytical's Sir Galahad mercuryMIuses an amalgamation method
combined with CVAF, the same general method a3 ékean CEMS. The Cemtrex and Ohio
Lumex CEMS analyze the gas using the method ofiatabsorption spectroscopy (AAS). In
AAS, a light source is scanned at a wavelength esblamental mercury vapor absorbs light.
The amount of light that is absorbed is relatetheoamount of mercury in the light path. This
Chapter focuses on the results achieved so farthétimore widely used ThermoFisher and
Tekran analyzers.

2.3. Approximate Costs of Hg CEMS

ThermoFisher and Tekran confirmed that the ind@dt of an Hg CEMS is typically on
the order of $500,008:."* These costs include:

» Approximately $200,000 for system including staréunal training;
* Another $200,000-$300,000 for site preparation.

Costs will vary somewhat from this $500,000 figuiihe heated umbilical alone is a
significant cost item that might cost anywhere frabout $10,000 for a short stack to over
$100,000 for a very tall stack. Other factors #ifétct cost include the number of Hg CEMS
located at the site, site conditions, and locahate.

Typical annual operating costs are more difficalestimate, because there has been
limited experience with the learning curve asseclatith the use of Hg CEMS and the actual
guality assurance (QA) and reporting requiremerdgsat certain. Midwest Generation
estimates that it takes three times as many latnarshto support the Hg CEMS as traditional
NOx and S@ CEMS/? Using the U.S. EPA’s CEMS cost estimating toore is roughly
$20,000 in annual plant labor charges for a tygicater plant CEMS with NOx, SQopacity,
and flow, and total annual costs including Relatheeuracy Test Audits (RATAS), reporting,
parts and consumables, and other costs of abol@®®B5 The U.S. EPA CEMS cost model
would suggest that Midwest Generation’s annualdabarges have been in the range of about
$60,000 for the Hg CEMS. Due to the learning cumith these instruments, experience to date
should not represent long-term estimates.

According to ThermoFisher, the long-term operatieguirements are expected to
approach those of the dilution CEMS that most pgul@nts currently have installed for NOx
and SQ.” This is consistent with information from Tekrdmat labor costs should ultimately
approach those of the existing NOx and, &EMS; but that total annual costs will be somewhat
higher when including RATAS, reporting, parts amtigumables, NIST traceability and other
costs for a total of about $100,000 or m&rélhese estimates are based upon the Part 75
mercury monitoring requirements of the vacated €k Mercury Rule (CAMR)! The actual
costs of monitoring will depend upon the requiretaa any future monitoring rule.

“on March 15, 2005, EPA issued CAMR to permanerdly and reduce mercury emissions from coal-fired
power plants for the first time ever. Includedhe rule were mercury monitoring and reporting iegaents
under Part 75. Appendix K of Part 75 set forthriercury monitoring and reporting requirementsSorbent
Trap Monitoring Systems. On February 8, 2008,0t@. Circuit vacated EPA'’s rule removing power ié&an
from the Clean Air Act list of sources of hazardairspollutants. At the same time, the Court vad@@AMR.
Because the mercury monitoring and reporting regqouénts were part of CAMR, they too were vacateBA 5
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2.4. Operating Issues of Hg CEMS

Although ambient mercury analyzers have been aiailand operating well for many
years, Hg CEMS for power plant or other combusérghaust gases are new. There are
numerous challenges in accurately and reliably om@ag mercury emissions from power plants
that do not exist for ambient analyzers. Theskide

» Transporting the sample from the stack to the aealwhile preserving sample
integrity;

* Measuring small amounts of mercury in the preseft¢arge amounts of
combustion gases that may interfere with the measeint;

* Measuring mercury that may exist in multiple cheathforms;

» Having the means to verify the accuracy of the mesamsent for the purpose of
assuring that the instrument is providing reliaileasure of emissions
compliance; and

* Doing all of this while having a system that is naduly expensive or difficult to
use under the harsh industrial conditions at a p@fat.

The suppliers of mercury analyzers have made gregress in addressing these issues.
The following sections examine the key issues iredab operation of Hg CEMS, including:

* Reliability;

» Calibration and NIST traceability;

* Measurement bias and bias adjustment factor;

» Accuracy and precision at low concentrations; and

» Availability and data substitution.

Reliability

Because Hg CEMS are fairly new devices, thereasaeable concern regarding the
reliability of the devices for power plant applicats. In some cases product development has
been occurring concurrently with implementatiorHgf CEMS at power plants. As challenges
associated with these applications have been etexaal) design changes have been
implemented to address them. Recognizing thaetbgstems have been under development and
that some of the problems encountered a few yegrsave been addressed, the focus here is on
issues that may continue to have an impact onbiétia

Umbilical Failure

The umbilical is the heated sample line(s) fromghabe to the analyzer or sample
conditioner. It is often several hundred feet lok@ilure of the umbilicals has been a problem.
Dominion Generation stated that 5 of 13 umbili@algts Tekran systems installed in lllinois and

now developing air toxics emissions standards éwrgr plants under the Clean Air Act (section 1t®psistent
with the D.C. Circuit’s opinion regarding CAMR. BRntends to propose air toxics standards for caatt oil-
fired electric generating units by March 10, 20hdl &inalize a rule by November 16, 2011.
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Massachusetts had failé.These failures are mostly due to overheatingdwést Generation
noted similar experiences with the umbilicals efihermoFisher analyzers installed on boilers
in lllinois and Pennsylvania, with 6 of 13 umbilisdailing. Midwest Generation also noted that
there were approximately 50 umbilical failures istty-wide’? This is roughly consistent with
information on umbilical reliability from other soees. Tekran stated that about 10% of
umbilicals have failed, which has led to new desifpr umbilicals with better temperature
control”* This is consistent with information from Dekoromitherm, the primary manufacturer
of these umbilicals for both Hg CEMS suppliers, waported a failure rate of 8.4%.

The causes of umbilical failures have varied. Adogy to Dekoron/Unitherm, about
half of the failures were field repaired; the balamequired replacement. In some cases there
was an installation error, as installers were otuatomed to installations of several hundred to
a thousand feet of this type of heated and instilsaenple line. Failure modes varied from leads
being pulled apart during installation, to shortuits of heaters, and in a small number of cases,
fires. (Again, according to Dekoron/Unitherm, gvene of the cases in which there were fires
was the result of faulty installation, i.e., nognad fault protection despite recommendation by
the manufacturer and requirements of the Natiotedtic Code.) The other causes of the
failures included improper installation, incompletéormation at the time of design, defective
heater elements (that were ultimately replacechbynanufacturer), and lack of individual and
high limit temperature control (a heater controtlesign issue). To address these causes, there
have been design changes to eliminate the fail@@es) education of installers to reduce risk of
damage during installation or failure upon startamd education of all parties involved to
improve specification, design and installationeduce risk of failuré’ In addition, many
facilities have installed redundant umbilicals toypde a backup in the event of an umbilical
failure.

As a result of the improvements made by the varcaunspanies involved in the
manufacture, supply and installation of the umhlBg¢it is anticipated that umbilical failures
should be less troublesome in the future.

System Integrity Tests

System integrity tests exercise the entire samptingditioning, analysis, and calibration
gas generating system. A shortcoming in any ortkeodssociated components will result in a
failed system integrity test. According to Dominj§ this was the most frequently failed quality
assurance (QA) test. Also, unlike the calibratiests, the system integrity test requires use of
oxidized mercury calibration gases, which are naiffecult to assure because oxidized mercury
IS so reactive that it can be lost easily in sanspieams after leaving the calibration gas
generator (such as in the Tekran instrument), ®ctmversion rate of elemental to oxidized Hg
in the probe (in the case of ThermoFisher) mayiffiewt to verify. Dominion recorded 80-150
hours of down time per Hg CEMS in 2008 as a resfufdiled system integrity tesfS.
Dominion has found that it is beneficial to perfotime system integrity test manually to ensure
that a technician can observe the physical promedsdentify problems during the test, which
has proven to be helpful in avoiding false failuoéshe test® This is consistent with the
experience of Midwest Generating, who reported itsdtig CEMS do not have a good record at
passing system integrity tests At this point, it appears that the equipment eisged with the
system integrity tests may not yet be at the pohre the test can be performed in an
automated fashion with high reliability. This afte how the tests can be scheduled because a
technician needs to be available to monitor th&m.
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The difficulty of system integrity tests is closeblated to the development of NIST
traceable oxidized Hg standards, which are exploreck fully in the following section.

Calibration and NIST Traceability

For regulatory compliance purposes, it is importaat emissions monitors provide
measurements with accuracy that can be tracedtbacekifiable NIST standards. This is done
through regular calibration checks of the Hg CEN@&iast gases of a known mercury
concentration.

Elemental Mercury Calibration Standards

Traceability of the elemental mercury measureméetioh Hg CEMS is to be performed
using a calibration gas generator that is certifigdNIST. The U.S. EPA has established interim
traceability protocols for elemental gas generatwotsch provide procedures to: “(1) establish
the quantitative output of elemental Hg generatanst (2) determine the expanded, combined
uncertainty values of the gas standards producetiebglemental Hg generatof8."The
protocol also specifies the maximum allowable utagety for the elemental Hg gas standards.
Elemental mercury is also available as a bottlexj bat the U.S. EPA has not yet established
traceability protocols for gas cylinders.

The NIST certification is achieved through an umderochain of comparison of one
elemental mercury calibration gas generator tolarand eventually to a NIST-verified
standard. An interim traceability protocol hasrbdeveloped to provide for this and was
promulgated by the U.S. EPA on July 1, 269dn this protocol, NIST uses isotope dilution
inductively coupled plasma mass spectrometry (IC®:-&k the fundamental measurement to
certify the NIST Prime elemental mercury calibratgas generator. This NIST Prime
calibration gas generator is used to certify Verfiome calibration gas generators. The Vendor
Prime calibration gas generators are used to gersér calibration gas generators that are sent to
the vendors for certification. In cases whereer gannot send in their calibration gas generator
to the vendor for certification, a Field Referewaedibration gas generator, which is certified
against the Vendor Prime calibration gas generator,be used at the user’s site to certify the
user calibration gas generator. Figure 2-4 shawsthis approach produces an unbroken chain
of measurement comparisons for certification back NIST-verified standard.
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Figure 2-4. General approach for elemental mercurgalibration gas generator
certification

Certification of gas generators is valid for a pdrof time, and each calibration gas
generator needs to be periodically recertifiede TMST Prime gas generator needs to be
periodically recertified against ICP-MS (or anothethod determined by NIST). Vendor Prime
gas generators are periodically sent to NIST foer&ication against the NIST Prime gas
generator, and User and Field Reference gas gereraded to be periodically recertified against
the Vendor Prime gas generators. As a resultwtiidecome a regular requirement for all
companies involved in mercury monitoring.

Oxidized Hg Calibration Gas Standards

The interim oxidized Hg NIST traceability protoaeés promulgated on July 1, 2089.
The interim oxidized Hg gas traceability protocabyades procedures for: “(1) establishing the
NIST traceability and quantitative performance ey komponents of Hggbenerators; (2)
determining the uncertainty contributed by eacthee components; and (3) calculating
certified output concentrations and expanded, coetbuncertainty values for the gas standards
produced by the generatofS."Oxidized mercury must be used for system intggrtitecks.
There are no gas cylinders for oxidized mercurythsawo CEMS manufacturers have
developed different generators for oxidized Hglwraliion gas.

The ThermoFisher Hg CEMS starts with elemental omgrdransports it to the probe,
oxidizes it to HgGl in the probe using chlorine that is added at libzdtion, and sends the
oxidized Hg sample to the probe tip. Certificatafrthe ThermoFisher oxidized mercury
generator is related to the elemental gas genétatbhe combined uncertainty of the HgCl
calibration standards is calculated based on tkertainty of the elemental Hg generator, the
water vapor dilution (if applicable), and the clvhar dilution. In the interim oxidized Hg
protocol, the oxidation efficiency of ThermoFislsgstems is not included in the overall
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combined uncertainty calculation. However, theaappt percent conversion of elemental Hg to
HgClis calculated as part of the periodic QA (data igahssessmentS.

For the Tekran’s oxidized mercury calibrator the¢sian evaporative gas generator,
NIST traceability may be achieved in a differentmar because NIST-traceable solutions are
available and it is possible to verify the preamsad the metering pumps, etc., used in the device.
For a reason that is not clear, comparisons oftyiis of oxidized Hg gas generator (Tekran
3315 or any other evaporative type) against eleahgais generators have shown a fairly
consistent difference of about 8% to 9%, with th&c calibrator always producing a lower
level. Because of the consistency of this diffeegrihis type of oxidized Hg calibration gas
generator can be certified by NIST This approach does not involve an actual measmeto
verify the output concentration, but relies on ¢hébrated, theoretical value.

Measurement Bias and Bias Adjustment Factor

When a measurement device indicates a differemevéilan a reference method (RM)
and that difference is consistent, the differesceegarded as bias. To correct for this difference
and make the reported values consistent with the &4 adjustments (up or down) may be
made. Part 75 requires bias adjustments fogr 80x, and volumetric flow rate monitoring
systems, based on data collected during relatigeracy test audits (RATAS), but Part 60 does
not require such adjustments.

When compliance is achieved under a trading meshgrthe measurements provide the
“currency” used in the allowance market and an sx@e emissions can be made up through
purchase of allowances in the market. Bias adjestsxmay, at the discretion of the regulatory
agency, be required if the RM shows a consistdngier value than the monitor during the
RATA (i.e., the CEMS is biased low) and the diffece is statistically significant. The
regulatory agency may require the subsequent datathe CEMS to be adjusted upward to
agree with the RM; consequently, the reported aomsswill be higher than would otherwise be
indicated by the monitor. Similarly, downward bajustment may be required if the CEMS
consistently reads higher than the RM. Under thiel Rain Program, the U.S. EPA has, since
1993, required bias adjustment of S8O0x, and volumetric flow rate data only in oneedtion
(i.e., upward), to correct for low bias. Howeuengder a compliance mechanism where trading is
not an option, there may be an argument to redpia® adjustments in both directions, rather
than adjusting only for low bias. This is becatsre is no ability to sell excess allowances or
to purchase allowances that are needed. The pitprablem if there is no requirement to
adjust for low bias is that it could open an oppoitly for sources to deliberately adjust their Hg
CEMS to read below the reference method, whileisgamarginally within the percent relative
accuracy requirements when performing a RATA. Toisld result in under-reporting of
emissions’

The issue of bias adjustment was raised in testyrbeifiore the lllinois Pollution Control
Board by representatives of electric generatdrhe lllinois EPA subsequently agreed to
remove bias adjustments from its réfeHowever, for the most part the Illinois powermtare
complying with a percent reduction requirementlteraatively with a technology-based
standard and therefore have been given the optiqunasterly stack tests rather than Hg CEMS.
This is a different situation than would exist with annual mass emission limit where the
argument in favor of bias adjustments is strondes.a result, the argument in favor of bias
adjustments is not as great under lllinois’ rule.
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Accuracy/Precision at Low Concentrations

Accurate and precise mercury measurements are ligamesreasingly important at low
mercury concentrations because some APCDs (or catns of APCDs) are capable of
producing removal efficiencies of mercury that casult in emissions concentrations well below
1.0 ug/m. Furthermore, some states have required 90% i@adey removal of mercury from
flue gases. Accuracy relates to how close the ureagent is to the actual number. Precision
relates to how repeatable a measurement is ata tgvel. Both qualities are desirable.

The CVAF method is capable of measuring mercuryentrations at levels far lower
than what is seen in flue gas, as demonstrated use in ambient monitoring. However, there
is some concern regarding its accuracy and precaitow concentrations when it is used to
analyze flue gas samples that are transporteddhrayprobe, sample line, sample conditioning,
etc. Also, there is concern about the ability @éoify low Hg concentrations against a RM, such
as Ontario Hydro or Method 30B (STs), which mayeéhpworer accuracy and precision at lower
concentrations.

As shown in Figure 2-5, Hg CEMS have demonstratedability to measure mercury
concentrations well below 1.0 pgfmnd to agree with the Ontario Hydro Method (the)RM
measurements within about 0.09 pg/riThe trend shown indicates good precision when
compared against the RM, and an accuracy that relatavely steady offset that is generally
under 0.10 pg/th Figure 2-6, which shows data taken from a steitl a wet scrubber, shows
that good agreement between Hg CEMS and Methodhd8Ealso been achieved at levels well
under 1.0 pg/th

Because the absolute difference between the RMrendg CEMS at low concentrations
may be a significant percentage of the average RIMey this can be an issue of concern when
calculating the percent relative accuracy of théSEand when making bias adjustments (if
such adjustments are required). If, during a RATh& measurements are expected to be well
under 1.0 ug/rh as shown in Figure 2-5 and Figure 2-6, it maylifficult to achieve a
particular relative accuracy (RA) percentage (0% RA). Therefore, an alternative RA
standard, in terms of the absolute difference betvibe RM and CEMs mean values is
sometimes needed. Atthese low concentrationdetie® error band allowed by the alternative
RA specification should be sufficiently large tcsare that well-running instruments will pass
the RATAs, yet not so great as to make it imposdiblifail the test. In the original requirements
under CAMR, the alternative RA specification wasdinT absolute difference. That
specification was based on an initial assumptiab ahow emitting source would have Hg
concentrations of about 5 ug/mAt the time CAMR was published, the U.S. EPAIldmpot
have anticipated the extremely low Hg concentraliémels that have since been observed at
many units equipped with wet scrubbers. For comagans of 1 pg/rhor less, the alternative
RA specification in the vacated CAMR is obviousdp twide; a specification on the order of 0.3
to 0.5 pg/m would appear to be more appropriate.
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follows a wet scrubber or wet stack'

Availability and Data Substitution

Avalilability is a measure of the number of hoursamoperating period that the
monitoring system is providing reliable data, andénerally expressed as a percentage of the
operating hours. Data substitution is sometimgaired for periods in which a monitored
facility is operating, but the emissions monitorsygtem is not providing reliable data (not
available). For example, the Acid Rain Programunesp substitute data to be reported in the
periods of time when the monitoring system is natilable. The monitoring requirements under
the vacated CAMR required the use of missing dalbstgution for Hg concentration. The
substitute data values became increasingly morgereative (i.e., conservatively high) as the
percent monitor data availability (PMA) dropped dhd length of the missing data period
increased. If the PMA ever dropped below 70% ntiaimum potential Hg concentration
would have been reported.
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Even absent trading, due to the variability in nneyemissions, there is an argument for
maintaining high data availability. Mercury em@ss$ are sensitive to many factors that can vary
routinely for a power plant, such as furnace oxy@krough its impact on fly ash carbon), soot
blowing, coal mercury levels and other factors.

Figure 2-7 shows results of a RATA at Nebraska ieutdwer’s Sheldon Unit 2.
Measured mercury concentrations varied by more #hi@ator of two over the period of the
RATA, comparing an Hg CEMS (shown in figure as Hg&jsus sorbent traps as the reference
method (shown as 30B). As a result, data substitwan be inaccurate and periods of lost data
should be minimized.

HgT = Total Mercury from Hg CEMS CEM Ave = average Hg CEMS reading during sorbent trap sapgriod
30B = Sorbent Trap measurement run diff = the difference between CEM Ave and Sorbent Trap
allowed = allowed difference for RATA 9 run mean difference= average difference for nine RATA runs

—_— HoT

2 CEM Ave
30B

= run diff

ug

1 ‘ —_ = allowed
9-run mean diff

N v 9 ™ © © A ® O
9 runs - Mean Diff of 0.1 ug

Figure 2-7. Nebraska Public Power Sheldon 2 RATAasult$®

There are several factors that affect Hg CEMS aladity, including the following:

» Stringency of Regulation — If QA testing requirertseare stringent, then there is
likely to be more down time because failure of a @t will require
troubleshooting.

» Technician Skill Level — This will vary from plat plant. The higher the skill
level of the technicians, the faster they will Indecto restore an instrument to
service in the event of a failure.

* Priority of Preventive Maintenance (PM) Prograns-thle PM program at the
plant a management priority that has adequate ress® If not, then
maintenance in general for all equipment will bempand uptime will suffer.
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» Spare Parts Stocking — If spares are on handngteiment can be restored to
service faster than if parts must be ordered.

According to ThermoFisher, customers that are densiously operating and
maintaining the equipment, even with no currenbrépg requirements, have been able to keep
the instruments operational about 90-98% of the fin

Availability is a concern for new technology. Adiigh few states require reporting of
availability, Massachusetts did request that thed ptants in Massachusetts report availability of
their Hg CEMS. As shown in Table 2-1, the Hg CEMS$he Brayton Point station reported
availability ranging from 88% to 94%. The Mount Tom generating station reported 98%
availability 2

Strictly speaking, the reported availability statis in Table 2-1 for Hg CEMS in
Massachusetts are not subject to the Part 75 srgaints of CAMR because those requirements
were vacated when the CAMR was vacated. Alsoethez some aspects of the original Part 75
CAMR that have since evolved out of technical nsitgsparticularly with regard to the move to
on-site calibration gas generators that will be NtBaceable rather than use of NIST-traceable
compressed gas cylinders. The reported data a@Advested by the Massachusetts
Department of Environmental Protection (DEP) inatlyathe same manner as the U.S. EPA
would have done under a Part 75 requirement be¢hade.S. EPA — who has the capability to
perform Part 75 data QA - lost the authority tofpen data QA when CAMR was vacated.
According to the Massachusetts DERhe Massachusetts requirements under 310 CMReZ.00
al. are otherwise identical to those of the nowatad Part 75 CAMR requirements. The units in
Massachusetts must undergo the same daily cabbreliecks, weekly system integrity checks,
guarterly linearity checks, RATAs, and other requients of the now vacated Part 75, and these
availability statistics and the good quality emiss data being generated are a strong indication
of the industry’s efforts and ability to operate BEMS.

Table 2-1. Availability of Hg CEMS at Dominion Brayton Point power plant in 2008°

Quarter 1 Quarter 2 Quarter 3 Quarter 4 Overall

Operating Hours 1,536 2,076 2,102 2,159 7,873

Out of Service Hours 96 223 87 52 458
Unit 1 Availability, % 93.7 89.3 95.9 97.6 94.2

Year-to-date Availability, % 93.7 91.17 92.89 94.2

Operating Hours 2,184 2,116 1,994 2,208 8,501

Out of Service Hours 140 123 415 346 1,024
Unit 2 Availability, % 93.6 94.2 79.2 84.3 88.0

Year-to-date Availability, % 93.6 93.88 89.23 88.0

Operating Hours 2,170 1,422 1,929 2,072 7,593

Out of Service Hours 359 253 55 104 771
Unit 3 Availability, % 83.5 82.2 97.1 95.0 89.8

Year-to-date Availability, % 83.5 82.96 87.92 89.8

Missing data are normally substituted under a Pagystem because trading programs
rely on knowing the total mass emissions. Underd@where a percent reduction or
implementation of a specific control technologyaguired, it could be argued that data
substitution may not be necessary. On the othedl,ha the case where there is a mass
emissions limit, it could be argued that data stigin should be performed to ensure that mass
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emissions are not under-reported. Also, data gubsh for missing data provides motivation
for maintaining a high availability of the instrunite

2.5. Sorbent Trap Method

2.5.1. Sorbent Trap Method Description

The ST method is an approach to measuring totatumgemissions over a period of
time. The continuous measurement method was asitdsy Appendix K of the Part 75
requirements of the now vacated CAMR. The U.S. Bisthod 30B has replaced Appendix K
and is a reference method that can be used for RABAvell as for monitoring. The ST method
is pictured in Figure 2-8. Gas is drawn througb separate traps concurrently. Two traps are
necessary for the purpose of quality assuranceagraément must be within prescribed levels
or the sample fails QA. The two traps can be llestavithin the same probe or in separate
probes. The mercury traps must also be instafiede probe such that gas is pulled directly into
the traps. The method assumes that there is sighdicant concentration of particulate matter
in the flue gas. A common trap sorbent materiakitsvated carbon impregnated with iodine or
another halogen, such as bromine. For continuaarstoring each trap must have the sorbent
configured into three sections that can be testdddgendently. The first section is for primary
mercury collection. The second section is to ptewan indication of mercury breakthrough. If
there is too much breakthrough, the sample fails @Ae third section is for spike recovery
testing using a spiked mercury sample gas. Amabyisihe third section must show good
recovery of the spiked sample for acceptable resuifter a period of sampling, the traps are
removed and analyzed to measure the total amouneofury in the traps. The mercury found
in the traps divided by the total gas flow over pleeiod of the sampling indicates mercury
concentration in the gas.

The balance of the sampling system includes a omeisemoval system, dry gas flow
pump, and dry gas flow meter (or other equivaleassrflow equipment), and related
instrumentation. The flow meter and associatettungentation (barometer and temperature
indication) must be regularly calibrated to endhi they are reporting the correct volume of
gas. The flow meter must also have a variable tontrol to maintain sample flow rate in
proportion with load.

Because of the QA requirements that could causenple to be rejected, most users
replace traps every four to seven days. This asdhat if a sample is rejected for QA reasons,
only four to seven days of data are [Ust.
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Figure 2-8. Method 30B sorbent trap equipment

The two most widely used approaches to analyziedrtps for mercury are: 1) a wet
digestion method using atomic absorption or fluceese analysis; and 2) thermal release with
atomic absorption analysis. The latter approachbeadone on site with the proper equipment.
However, it has the disadvantage that the sammlessoyed, so that if there is a problem with
the analysis it cannot be checked again.

Sorbent traps can be used as a reference methodteg&MMS or as a CMMS.
Sorbent trap requirements as CMMS were definedu@ddIR as Appendix K. As a reference
method, STs are the U.S. EPA Method 30B. Becduseised as a reference method, Method
30B has different QA requirements than AppendibnKerms of spike recovery, etc., and is
somewhat different in procedure.

2.5.2. Sorbent Trap Accuracy/Precision

The ST method for measuring mercury generally loasl gneasurement accuracy down
to relatively low mercury concentrations well undgug/ni. This can be influenced by sample
time, trap size and other parameters that theasecontrol depending upon their needs. Figure
2-9%2 and Figure 2-1% show results from six different RATA’s from sixfigirent power plants,
in each case (a), (b) and (c) showing resultsdiardoncentrations (under 1 ugynmoderate
concentrations (about 1 pgfmand higher concentrations (over 1 pd/mespectively. Relative
accuracy can be more difficult at the lower con@iins because there appears to be more
variation in concentration on a percent of valusi®at these low levels of mercury. The sorbent
trap CMMS in the figure being compared to a sorlexg reference method (Method 30B)
follow the Appendix K protocol. In these caseshbstrbent trap methods (either Appendix K or
Method 30B) were being drawn at the same time.réfibee, in each case there was a
comparison of total mercury collected in the traper the same period.
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Figure 2-9. RATA results reported by Wright and Stimid®* with (a) concentrations under
1 pg/nT; (b) concentrations near 1 g/ and (c) concentrations over 1 pg/rh
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2.6. Approximate Costs of Sorbent Trap Systems

The initial installed cost of a sorbent trap systemn the order of $150,000. Operating
costs entail roughly $500 to $700 per week forgrapd analysis ($26,000 to $36,000 per
year)®®" The cost of labor for operating the traps comesis to about two people for half a
day per stack every four to seven d&yat $50/hr for labor, that is roughly another $210Go
$36,000 per year.

2.7. Advantages/Disadvantages of Sorbent Traps When Coraped to Hg
CEMS

The advantages of STs versus Hg CEMS are:

» Significantly lower capital cost - The principahashtage of STs over Hg CEMS
is much lower capital cost — about $150,000 veahmit $500,000.

» Simpler system to operate and maintain — Sorbaptdystems are less complex
than Hg CEMS and do not require as sophisticatedtaical staff to support.
However, the personnel involved in STs do needitrgion how to properly
handle the traps to avoid contamination and othaslpms that could introduce
errors.

» Lower concentrations - In principal, STs may beegblmeasure to lower
concentrations than Hg CEMS, but this is very methogy dependent.
Furthermore, Hg CEMS are improving their abilitynhi@asure to low levels such
that any advantage in this respect may be small.

Disadvantages of STs versus Hg CEMS are:

* No real-time, or near real-time data — This isghacipal technical advantage of
Hg CEMS over STs. The information is availablenimutes, which enables the
performance of Hg emission control processes tmbeitored in near real time
and can thereby offer advantages in Hg contrajuié 2-11 shows how Hg
CEMS data and ST data compare at one facility gaipvith a wet scrubber
over a period of 5 days and 30 days, respectiv&l/shown, there was a wide
variation in Hg emissions that was not evidentim $T results, since the latter
were inherently averaged over the trap sample time.

» Higher Labor Costs - This may not have been redlyst since Hg CEMS have
been coming down a fairly steep learning curve cwimeans that owners have
had to dedicate more hours to service and suppantthey ultimately will in the
future. Sorbent traps, on the other hand, willasglsvrequire regular trap
replacement and testing (typically every four teesedays) and the labor
associated with replacing and testing the trapsidikely to drop very much.

* Loss of Data — If there is a problem with a ST skemip may not be discovered
until after the sample is completed, and when Siipdas fail the quality control
tests, the data are lost for the full samplinggmkriFor this reason, ST systems
have quality control procedures in place to mingrtizis risk, and in practice
samples are limited to about four to seven days. Hg CEMS the existence of a
problem that would cause lost data is generallyaegr right away, so that
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corrective action can be immediately taken to mestioe instrument to a fully
functioning state.

* Personnel Safety — STs require that personneladgigo up to the sampling
point to remove and replace sorbent traps. Tleiates an added concern for
personnel safety.

» Speciation — Although only total Hg emissions woliéve been reported under
the vacated Part 75 CAMR requirements, oxidizedahid) elemental Hg do
behave differently in terms of capture and in teahkow they behave once
released to the environment. Therefore, thereébmsngfit with respect to
emissions control and with respect to understandimgronmental impact in
having speciated Hg emissions information. AltHosgeciated Hg measurement
approaches are available using STs, they are wliffic conduct due to the
reactivity of oxidized mercury. Additionally, thers limited experience with
taking speciated ST measurements.

* Process Steps - There can be many people and&tepssary to assure a good
measurement; a mistake at any point in the praoagsl introduce error.

* Hazardous Wastes - Hazardous wastes can be gehfmatethe analysis
methods that need to be disposed of in accordaithegvecedures for handling
and disposing of hazardous materials.

» Trap Analysis - The analysis of the trap (thermedatption or wet chemical
analysis) destroys the sample, so that it can @@hlecked in the event of an
analysis error.
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Figure 2-11. Hg CEMS performance compared with Sdrent Traps™*
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2.8. Availability of Sorbent Traps used as CMMS

Because reporting of Hg monitoring data has not beerequired in many states, there are
limited data on reported availability of the method However, information on short-term
experience (under six months) using Part 75 availaity requirements has shown

availability generally over 90%. Figure 2-12 showsvailability data over several months
for eight different STs. Also, as shown in

Table 2-2, year-long data from Dominion reported/fmssachusetts on its Salem Harbor

Units 1 through 3 CMMS show availability of 89%36% >4

3.2 months

4.7 months 5.1 months

100%

95%

5.1 months

5.4 months

2.6 months

3.2 months

3 months

90%

85%

]

80%

1

Figure 2-12. Sorbent Trap availability reported byWright and Schmid®

Table 2-2. Availability information for Dominion Salem Harbor Units 1, 2, 3 CMMS*

Unit 1 Unit 2 Unit 3

Online operating hours 5,922 6,209 3,620
Monitored hours 5,263 5,587 3,480
Total operating hours of downtime 659 622 140
Availability 89% 90% 96%
Missing data caused by:

Monitor not operated* 269 82 0

Monitor malfunction/maintenance 12 74 129**

Trap QA/QC*** 360 429 0

Trap change out 5 17 3

Monitor calibration 13 12 8

*

*%

Early in the monitoring program the monitigperating parameters (e.g., vacuum, trap floweweat well
enough understood to use as predictive informatiazhange out traps in a timely manner to avoid the
monitor shutting down on its own. Automated alevese not sufficient. The issue has since beeavived.
One recurring maintenance issue caused thie dif this downtime. The issue has since beealved.
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*** |nitially the sorbent traps were not ableg¢ample for longer than three days due to a lospi&e recover. In
June 2008, the design of the traps was improvea,hailowed the duration of the run to increase.
Subsequently, data loss due to trap quality assarfquality control (QA/QC) has been greatly reduced

Strictly speaking, the reported availability statidics in

Table 2-2 for the STs in Massachusetts are noesuhy the Part 75 requirements of the
CAMR because those requirements were vacated WwieeGAMR was vacated. And as
discussed previously, some changes from the oti§ad 75 CAMR protocol have been made
out of technical necessity. In other words, thesnges would have occurred even if CAMR
were still in place. According to the MassachusBEP® the Massachusetts requirements
under 310 CMR 7.00 et al. are otherwise identicghbse of the now vacated Part 75 CAMR
requirements, and these availability statistics tliedgyood quality emissions data being
generated are a strong indication of the induseiferts and ability to use STs for the
continuous monitoring of mercury emissions.

2.9. Approximate Number of Units Installed/In Operation

According to ThermoFisher, over 450 of its Hg CEMStems have been shipped to
date. Of the 450, more than 160 systems werdlledtdirectly by ThermoFisher, and the
balance of the Hg CEMS were installed by CEMS systgegration companies — other
companies that purchase the analyzer from TherrheFand install it at the customer’s site.
Because the manufacturers, ThermoFisher and Tededrgpare parts, provide service, and in
many cases monitor instruments remotely, they simate the number of Hg CEMS in
operation. Of the total 450 Hg CEMS, ThermoFisgsimates that about 375 are actively in
operation in the U.&® About 75 of the ThermoFisher systems are noveett least in part
because some owners do not currently have a negedridor mercury emissions and are
choosing to avoid the cost of operating the systeAtzording to Tekran, of the 175 systems
sold, approximately 140 are in operation and 10@t@mmpleted RATA testing. The balance of
the systems represents later orders that arénstiile process of installation and starftip.

In 2009, NESCAUM surveyed nine states and oneastio the purchase and usage of
Hg CMMS. These data are summarized in Table Bi33hese states, 116 CEMS and 44 ST
systems had been purchased. Most of the CEMS (W&%e) installed and operating, but only a
third of the ST systems were installed and opegatidalf of the states required the collection of
Hg emissions data and information on the availghilf the CMMS.

A CMMS being active does not mean that the compauingporting data. The reason
many companies operate Hg CMMS (even without aectimequirement to operate them or to
report data) is because of the anticipated nedd & in the future and the benefit gained from
the experience of operating them prior to facimggulatory requirement.

With few exceptions, RATA tests and other testhsag system integrity tests have been
performed for the purpose of verifying that thetegss met their contractual performance
requirement rather than an emissions reportingirepent imposed by a regulation. Therefore,
the results of these tests are not publicly avkalabless they were published in a paper or other
forum.
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Table 2-3. NESCAUM 2009 survey of Hg CMMS in ninstates and one city

Data Summary
Number of states surveyed 9
Number of cities surveyed 1
States/city collecting Hg data 5
States collecting monitoring 4
reliability/availability data
Hg CEM Prevalence
CEMS purchased 11p
CEMS installed 99
CEMS operating 84
ST Prevalence
STs purchased an
STs installed 20
STs operating 14
Number of Units Sold per Vendor:
Thermo Fisher Hg CEM$ 34+
Tekran Hg CEMS 9+
Apex STs 5
Frontier Geosciences STs 1
Monitors’ First Year of Use
2006 3
2007 1
2008 41+
2009 28+

2.10.Summary

This Chapter examined the technologies for contisunonitoring of mercury emissions
from power plant stacks, including continuous amaitg, or mercury CEMS and sorbent trap
methods. Both Hg CEMS and STs are currently bapygied to over 700 coal-fired power plant
stacks, with over 600 Hg CEMS and about 100 STs.

The findings of this Chapter with regard to Hg CEM® summarized below:

* Hg CEMS, at roughly $500,000 of capital cost pe Gvith some variation due
to site specifics), are the more costly of the approaches to install, but offer
advantages that are listed below. There has bsgm#icant learning curve with
Hg CEMS, with the technology advancing rapidly amahy of the technical
challenges that existed with the technology orfigva years ago having been
addressed.

* Many issues affecting reliability of Hg CEMS haweeln addressed, and it is
expected that design changes implemented overatefgw years as Hg CEMS
have been installed will improve reliability goifgyward. Although only a small
percentage of Hg CEMS have reported annual emissiata to state agencies,
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the reported availability is 90% or greater. Iheststates, power plant owners
may be operating Hg CEMS in anticipation of reguieats to report such data;
however, official availability statistics have réen made available from these
states. As more state mercury emission rulesdtiket, more data should
become available.

» Accuracy at low mercury levels has improved. Dathcate that Hg CEMS may
offer reliable measurements to well below 1.0 [fgiwhich is important for
situations where Hg emission controls are in place.

* Mercury calibration gas standards (generators)atetraceable to NIST
measurements have been developed. Interim cadibrptotocols have been
established.

The findings of this Chapter with regard to ST noelhare summarized below:

» Sorbent traps, at about $150,000 of capital cassipe (with some variation on
this cost due to site specifics), are a lower ehpist alternative to Hg CEMS.
However, STs require regular replacement and g¢toughly every four to
seven days) of the sorbent traps, which entailgiaddl labor and cost that will
continue at that level.

* Although only 3 of the more than 100 installed $&se reported annual
emissions data to state agencies (Massachusk#skported availability has
been 90% or greater. As more state mercury ennisgies take effect, more
availability data should become available.

« STs appear to offer reliable measurements to vestivib 1.0 pg/m, which is
important for situations where Hg controls are lacp.

* In addition to lower capital cost, STs offer thevatage of requiring less
sophisticated technical support than that neededocCEMS.

* Hg CEMS offer results in minutes, while STs offeformation in days.
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3. Conclusions

3.1. Outlook for Control Technologies

Two general approaches for mercury control haveate, proven capable of effectively
reducing mercury emissions at levels of contrd@¥ or greater on combinations of coal type
and APCDs that represent the majority of coal-fioeders. These approaches involve use of
either existing APCDs or dedicated mercury cortigohnology, primarily powdered activated
carbon injection.

There are cases where the co-benefit of existinG@dalone may be capable of greater
than 90% reduction in mercury, but this is not ensally true even for similar plant/fuel
configurations. The use of oxidation additivesledicated mercury catalysts has been
demonstrated to increase the removal of mercunydty=GD systems, which is the leading
method of obtaining removal of high levels of meycwith existing APCDs.

Powdered activated carbon (PAC) is the most wideBd mercury sorbent, and in the
majority of coal-fired power plants, injection oAE can achieve mercury removal of 90% or
greater. In order for activated carbon to achmweh high levels of removal, special sorbents
have been developed for low-halogen environmeatsrivironments with high concentrations
of SG;, for plants in which fly ash is sold for concret@anufacture, etc. Different methods of
introducing activated carbon into flue gas have &ksen developed, including the Mer-Clite
process and the TOXECON and TOXECON I processes.

The combination of a wet scrubber and an FGD hasdstrated mercury removal in the
range of 70% to 90% on plants burning high-sulfturninous coal. Activated carbon has been
shown to be cost-effective for high levels of meyaemoval at boilers with a cold-side ESP or
baghouse that burn low-sulfur bituminous coal, swinhinous, or lignite coal, as long as the
plant does not use flue gas conditioning with tis°E The U.S. GAOQ, in its report to
Congress® concluded:

While sorbent injection technology has been shawlet effective with all coal types and
on boiler configurations that currently exist atrmthan three-fourths of U.S. coal-fired
power plants, DOE tests show that some plants raaipenable to achieve mercury
reductions of 90% or more with sorbent injectiosteyns alone.

The situations that the U.S. GAO identified asifiglishort of 90% mercury reduction
with sorbent injection alone were: plants burniggite, plants with hot-side ESPs, and plants
with high levels of S@in the flue gas.

Lignite burning coal plants are not a very largeegary, comprising approximately 3%
of the boilers greater than 25 MW in size in th& Borbents are currently under development
specifically for lignite-fired boilers.

Hot-side ESPs are the only particulate control ckewin about 9% of boilers; these
boilers burn both bituminous and subbituminous £o0dlhere have been a limited number of
full-scale demonstrations of activated carbon djpedly designed for hot-side ESPs. Unless
sorbents can be found that are effective at temyresmgreater than about 760the best current
control option for hot-side ESPs would be to idsadhbric filter for use with sorbent injection.
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High levels of S@are produced at plants that burn high-sulfur bitwuas coal (defined
as greater than 1.7 wt% sulfur) or that have an &@Rburn bituminous coal. At present, only
17% of boilers burn high-sulfur bituminous coaBome of the plants that burn high-sulfur
bituminous coal have both an SCR and an FGD, aedtimbination of APCDs might achieve
90% Hg removal. The high-sulfur bituminous plathizt have a cold-side ESP or FF without
both SCR and FGD make up only 11% of the US bgitgrulation. This percentage is expected
to shrink in the next several years as more bitomsrired plants install advanced NOx and,SO
controls. Injection of alkaline sorbents, likertep can be used to reduce;3®the flue gas and
improve the performance of activated carbon. Furttore, new carbon-based mercury sorbents
are being developed that are tolerant of highezlteaf SQ.

The other category of plants that have relativegj lhevels of S@are plants burning
low-sulfur bituminous, subbituminous or lignite t@ath cold-side ESPs that require flue gas
conditioning to meet limits on stack opacity. Appimately 24% of boilers with cold-side ESPs
use flue gas conditioning, which represents 15%@foverall boiler population. As noted
above, S@tolerant sorbents are being developed to addnesgifficulty in achieving 90%
mercury removal in these systems. Trona injedtias been proposed as an alternative toa0
a flue gas conditioning agent and there are otlemative flue gas conditioning agents under
development. Another, but more expensive altereais to install a fabric filter after the ESP
and to inject the sorbent into the fabric filter.

Another consideration in the implementation of\aated carbon injection for mercury
control is the potential loss of revenue for plahts sell their fly ash for concrete manufacture.
Plants that fire low-rank coal and sell their fgharepresent about 23% of boilers in the U.S.,
while 21% of plants that fire bituminous coal gakir fly ash. Forty-two percent of the fly ash
sold in the U.S. goes toward the production of cetec Adding enough activated carbon to
achieve 90% removal can ruin the economic valubefly ash, if the fly ash is sold for
concrete manufacture. The Mer-Cterocess, which requires low activated carbon tigec
rates to achieve high levels of removal, mightwalfor the sale of fly ash. Several sorbent
vendors offer activated carbon that is speciadgtied to allow the fly ash-sorbent mixtures to be
made into acceptable concrete. An alternative segregate the fly ash collection from the
sorbent collection by using the TOXEC®Nor TOXECON 1™ configurations.

Regarding the cost of mercury controls, the dedatiest data-based NETL cost analyses
compared well with the recent U.S. GAO survey-basmesis for sorbent technologies (ACI).
Sorbent-based Hg reduction costs should range bataiout $6000/Ib to $30,000/Ib when by-
product contamination/sales are not a factor attden about $18,000/lb and $50,000/1b if ash
revenue is lost (note that ash revenues/lossegargrgreatly across geographical areas and its
impact can deviate from these values dependingtessgecific market conditions). These
estimates correspond to 20-year levelized COE3H t 2 mills’/kWwh and 1 to 3.5 mills/lkWh
respectively. Capital costs for sorbent injectiechnologies were found to be in the $5/kW to
$15/kW range, while special applications, suchaési¢ filter-based TOXECON', are likely to
cost $120/kW to $150/kW.

Mercury oxidation technologies, catalysts and adest primarily used in wet FGD plants
have lower capital costs, about $1-$2/kW for asgdgiand $2-$4/kW for catalysts. Twenty-year
levelized COE is under 1 mill/kwWh for additives dmetween 1 and 2 mills/kW-hr for catalyst
technologies.
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3.2. Outlook for Measurement Systems

CMMS are currently deployed on a subset of coaldfijpower plants in the U.S. There
are two types of CMMS: 1) CEMS, which measure merauthe gas phase using CVAF or
AAS, and 2) STs, which collect mercury on substeaté then analyze the mercury in the
substrate after collection.

Hg CEMS, at roughly $500,000 of capital cost pe,sire the more costly of the two
approaches to install. Many issues affecting béltg of Hg CEMS have been addressed, and it
is expected that design changes implemented oeegyabt few years as Hg CEMS have been
installed will improve reliability going forward.

Although only 5 of the more than 600 Hg CEMS hasggorted annual emissions data to
state agencies, they have reported availabiligbaiut 90% or greater. In other states power
plant owners may be operating Hg CEMS in anticgoabtf requirements to report such data;
however, official availability statistics have rm#en made available from these states. As more
state mercury emission rules take effect, more slavald become available.

There has been a significant learning curve withGHdMS with the technology
advancing rapidly. Many of the technical challeng®at existed with the technology only a few
years ago have now been addressed. Accuracy ahéwaury levels has improved. Data
indicate that Hg CEMS may offer reliable measuretmémwell below 1.0 pg/fwhich is
important for situations where Hg emission contasks in place. Calibration gas standards and
calibration gas generators that are traceable X Mheasurements have been developed.
Interim calibration protocols have been established

Sorbent traps, at about $150,000 of capital cassipe, are a lower capital cost
alternative to Hg CEMS. However, STs require ragutplacement and testing (roughly, every
four to seven days) of the sorbent traps, whichilnadditional labor and cost that will continue
at that level. Thus, the operating costs of STghirtbe higher than those of Hg CEMS.

Although only 3 of the more than 100 installed $&se reported annual emissions data
to state agencies (Massachusetts), the reportédlality is 90% or greater. As more state
mercury emission rules take effect, more availgbdata should be reported. STs appear to
offer reliable measurements to well below 1.0 fgAvhich is important for situations where Hg
controls are in place. In addition to lower capiiast, STs offer the advantage of requiring less
sophisticated technical support than that needeHdoCEMS.

The choice between Hg CEMS or STs for continuouscarg monitoring will be
influenced by a number of factors that are spetifia particulate plant. Hg CEMS offer results
in minutes, while STs offer information in dayd.information on Hg emissions is desired on a
daily basis in real-time, then a CEMS are a bett@ice. At present, Hg CEMS require more
technical training and sophistication for the opar#éhan STs, although this distinction might
fade as manufacturers of CEMS improve the prodiietings. The level of technical training of
plant personnel is therefore an issue in sele@i@MMS. Sorbent traps are able to measure
mercury with good accuracy to well below 1.0 pg/rif the mercury concentration in the stack
is well below 1.0 pg/h then an ST system is at present a better chdiseHg CEMS vendors
continue to improve the detection limits of thetinments, this distinction might disappear in
the future. Finally, the capital and operatingtsad the two approaches might also influence the
decision for a power plant.
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