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EXECUTIVE SUMMARY

The emissions of mercury and mercury compounds into the atmosphere are of specia significance
because of the Clean Air Act Amendments of 1990 (CAAA). Sections of the CAAA that may require
information on mercury emissions include 112(n)(1)(A, B, C), 112(c)(6), 112(m), 112(0)(1), 112(k), and
129. Thisdocument is designed to assist groups interested in inventorying air emissions of mercury by
providing a compilation of available information on sources and emissions of these substances.

Inthe U.S., mercury is produced primarily as a byproduct of gold mining and as a result of
secondary production (i.e., recycling or mercury recovery from products or by-products); the last mercury
mine was closed in 1990. In 1995, the total U.S. supply of mercury was 911 Mg (1,002 tons), of which
approximately 41 percent resulted from imports. The demand for mercury in the U.S. has decreased sharply
(64 percent) since 1989. In 1995, the U.S. demand was 436 Mg (480 tons) or 48 percent of the supply.

In 1995, seven source categories accounted for the U.S. demand for mercury; the chlor-alkali
industry was the major user. Other major users of mercury were for wiring devices and switches and
production of measurement and control instruments. These three source categories accounted for about
65 percent of the total U.S. demand for mercury; the other four source categories accounted for the remaining
35 percent.

Nationwide mercury emissions were estimated for several source types for the years 1994/1995.
These were the latest years for which adequate information was available for almost all source types. The
total nationwide mercury emissions estimate was 140 Mg (154 tons) from five major source types.
Table ES-1 shows the estimated nationwide emissions by major source types and the percent contribution of
each type to the total emissions. The three specific sources emitting the largest quantities of mercury were
coal combustion, municipal waste combustion, and medical waste combustion.

TABLE ES-1. ESTIMATED NATIONWIDE EMISSIONS

Estimated nationwide emissions,
Major source type Mg (tons) Percent of total emissions
Mercury and mercury compound 0.13(0.149) <01
production
Major uses of mercury 7.3(8.0) 5.2
Combustion sources 123.0 (135.6) 88.0
Miscellaneous manufacturing 8.1(8.9) 5.8
processes
Other miscellaneous sources 1.3(15) 0.9
TOTAL 140 (154) 100

Xi



1.0 PURPOSE OF DOCUMENT

The U. S. Environmental Protection Agency (EPA), State, and local air pollution control agencies are
becoming increasingly aware of the presence of substances in the environment that may be toxic at certain
concentrations. This awareness, in turn, has led to attempts to identify source/receptor relationships for these
substances and to develop control programs to regulate emissions. Typically, however, little information
exists on the magnitude of the emissions of these substances or about the sources that may be emitting them
to the atmosphere.

To assist groups interested in inventorying air emissions of various hazardous chemicals and metals,
EPA is preparing a series of documents such as this that compiles available information on sources and

emissions of these substances. Prior documentsin the series are listed bel ow:

Substance

Acrylonitrile

Carbon Tetrachloride

Chloroform

Ethylene Dichloride

Formaldehyde

Nickel

Chromium

Manganese

Phosgene

Epichlorohydrin

Vinylidene Chloride

Ethylene Oxide

Chlorobenzene

Polychlorinated Biphenyls (PCB's)

Polycyclic Organic Matter (POM)/
Polycyclic Aromatic Hydrocarbons (PAH)

Benzene

Perchloroethylene and Trichloroethylene
Municipa Waste Combustion

Coa and Oil Combustion Sources
1,3-Butadiene

Chromium (Supplement)

Sewage Sludge

Styrene

Cadmium and Cadmium Compounds
Cyanide Compounds

Methylene Chloride

Medical Waste Incinerators
TCDD/TCDF

Toluene

Xylenes
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EPA Publication No.

EPA-450/4-84-007a
EPA-450/4-84-007b
EPA-450/4-84-007¢c
EPA-450/4-84-007d
EPA-450/4-91-012
EPA-450/4-84-007f
EPA-450/4-84-007g
EPA-450/4-84-007h
EPA-450/4-84-007i
EPA-450/4-84-007j
EPA-450/4-84-007k
EPA-450/4-84-007I
EPA-450/4-84-007m
EPA-450/4-84-007n
EPA-450/4-84-007p

EPA-450/4-84-007q

EPA-450/2-89-013
EPA-450/2-89-006

EPA-450/2-89-001
EPA-450/2-89-021

EPA-450/2-89-002
EPA-450/2-90-009
EPA-454/R-93-011
EPA-454/R-93-040
EPA-454/R-93-041
EPA-454/R-93/006
EPA-454/R-93-053
Draft

EPA-454/R-93-047
EPA-454/R-93-048



Methyl Ethyl Ketone EPA-454/R-93-046

Methyl Chloroform EPA-454/R-93-045
Chlorobenzene (Update) EPA-454/R-93-044
Benzene Update Draft
Polycyclic Organic matter (POM) Update Draft
1,3-Butadiene Update EPA-454/R-96-008
Lead Draft
Arsenic Draft

This document deal s specifically with an update of the previous document on emissions of mercury
and mercury compounds (EPA-454/R-93-023); however, the mgjority of the information contained in this
document concerns elemental mercury emissions.

In addition to the information presented in this document, another potential source of emissions data
for mercury and mercury compoundsis the Toxic Chemical Release Inventory (TRI) form required by Section
313 of Title 111 of the 1986 Superfund Amendments and Reauthorization Act (SARA 313). SARA 313
requires owners and operators of facilitiesin certain Standard Industrial Classification Codes that
manufacture, import, process or otherwise use toxic chemicals (as listed in Section 313) to report annually
their releases of these chemicalsto all environmental media. As part of SARA 313, EPA provides public
accessto the annual emissionsdata. The TRI datainclude general facility information, chemical information,
and emissionsdata. Air emissions data are reported as total facility rel ease estimates for fugitive emissions
and point source emissions. No individual process or stack data are provided to EPA under the program.
The TRI requires sources to use stack monitoring data for reporting, if available, but the rule does not require
stack monitoring or other measurement of emissions if data from these activities are unavailable. If
monitoring data are unavailable, emissions are to be quantified based on best estimates of releases to the
environment.

The reader is cautioned that the TRI will not likely provide facility, emissions, and chemical release
data sufficient for conducting detailed exposure modeling and risk assessment studies. In many cases, the
TRI data are based on annual estimates of emissions (i.e., on emission factors, material balance calculations,
and engineering judgment). We recommend the use of TRI datain conjunction with the information provided
in this document to locate potential emitters of mercury and to make preliminary estimates of air emissions
from these facilities.

Mercury isof particular importance as a result of the Clean Air Act Amendments of 1990 (CAAA).
Mercury and mercury compounds are included in the Title I11 list of hazardous air pollutants (HAPs) and will
be subject to standards established under Section 112, including maximum achievable control technology
(MACT). Also, Section 112(c)(6) of the 1990 CAAA mandate that mercury (among others) be subject to
standards that allow for the maximum degree of reduction of emissions. These standards are to be
promulgated no later than 10 years following the date of enactment. In addition to Section 112(c)(b), other
sections of the CAAA that may require data on mercury emissionsinclude the electric utility steam-
generating units, Section 112(n)(1)(A); the National Institute of Environmental Health Sciences (NIEHS)
health effects study, Section 112(n)(1)(B); the mercury report to Congress, Section 112(n)(1)(C); the Great
Waters Program, Section 112(m); the Nationa Academy of Sciences (NAS) risk assessment methodol ogy
study, Section 112(0)(1); the area source program, Section 112(k); and the solid waste combustion program,
Section 129.

The data on mercury emissions are based, whenever possible, on the results of actual test procedures.
Data presented in this document are total mercury emissions and do not differentiate the chemical forms of
the mercury. The sampling and analysis procedures employed for the determination of the mercury
concentrations from various sources are presented in Section 9, Source Test Procedures. These procedures do
not provide data on the speciation of the mercury in the emissions.
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2.0 OVERVIEW OF DOCUMENT CONTENTS

As noted in Section 1, the purpose of this document isto assist Federal, State, and local air pollution
agencies and otherswho are interested in locating potential air emitters of mercury and mercury compounds
and estimating air emissions from these sources. The information summarized in this document should not
be assumed to represent the source configuration or emissions of any particular facility.

This section provides an overview of the contents of this document. It briefly outlines the nature,
extent, and format of the material presented in the remaining sections of this document. As stated in Section
1, this document represents arevision and update of the locating and estimating document on mercury and
mercury compounds published in 1993. In addition to an update of the emission estimates, some sources
were deleted and new sources were added. Previous sections on natural gas combustion and oil shale
retorting were deleted from this document. Mercury emissions estimates from natural gas combustion were
based on a single test report and the accuracy of the datain that report have been questioned. Qil shale
retorting was deleted because it is not conducted in the United States. New sections have been added for
hazardous waste incineration, pulp and paper production, and municipal waste landfills.

Section 3 of this document provides a brief summary of the physical and chemical characteristics of
mercury and mercury compounds and an overview of their production and uses. A chemical usetree
summarizes the quantities of mercury produced by various techniques as well as the relative amounts
consumed by various end uses. To the extent possible, the emissions data are presented for the 1994/1995
time period. This background section may be useful to someone who wants to develop a general perspective
on the nature of the substance and where it is manufactured and used.

Sections 4 to 7 of this document focus on the major industrial source types that emit mercury.
Section 4 discusses the production of mercury and mercury compounds. Section 5 discusses the different
uses of mercury as an industrial feedstock. Section 6 discusses emissions from combustion sources. Section
7 discusses emissions from miscellaneous manufacturing processes, and Section 8 discusses emissions from
miscellaneous fugitive and area sources. For each major industrial source category described, process
descriptions and flow diagrams are given wherever possible, potential emission points are identified, and
available emission factor estimates are presented that show the potential for mercury emissions before and
after controls are employed by industry. Individual companies are named that are reported to be involved
with the production and/or use of mercury based on industry contacts, reference materials, the Toxic Release
Inventory (TRI), and available trade publications.

Section 9 of this document summarizes available procedures for source sampling and analysis of
mercury. Details are not provided nor is any EPA endorsement given or implied for any of these sampling
and analysis procedures. Section 10 providesreferences. Appendix A presents calculations used to derive
the estimated 1994/1995 nationwide mercury emissions. Appendix B presents a summary of the combustion
source test data. Appendix C lists U.S. Portland cement manufacturers. Appendix D presents U.S. crude oil
digtillation capacity. Appendix E presents 1994 U.S. pulp and paper mills.

This document does not contain any discussion of human health or environmental impacts of
mercury, nor doesit include any discussion of ambient air levels or ambient air monitoring techniques.
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Comments on the content or usefulness of this document are welcome, asis any information on
process descriptions, operating practices, control measures, and emissions that would enable EPA to improve
the document. All comments should be sent to:

Leader, Emission Factor and Inventory Group (MD-14)

U. S. Environmental Protection Agency
Research Triangle Park, NC 27711
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3.0 BACKGROUND

3.1 NATURE OF THE POLLUTANT

Mercury, aso called quicksilver, is aheavy, silver-white metal that existsasaliquid at ambient
temperatures. Its chemical symbol, Hg, comes from the Latin word, hydrargyrum, meaning liquid silver.
Mercury and its major ore, cinnabar (HgS), have been known and used for thousands of years. Table 3-1
summarizes the major chemical and physical properties of mercury.!

Mercury metal iswidely distributed in nature at very low concentrations. In uncontaminated soil ,
mercury concentrations range from 30 to 500 parts per hillion (ppb) with an average of about 100 ppb. For
most rocks, the mercury content ranges from 10 to 20,000 ppb. Except where special geologic conditions
prevail or where anthropogenic sources lead to increases, surface fresh waters generally contain less than
0.1 ppb total mercury, and seawater averages 0.1 to 1.2 ppb of mercury.

Metallic mercury can be found in small quantities in some ore deposits; however, it usually occurs as
asulfide. It occurs sometimes as the chloride or the oxide, typically in conjunction with base and precious
metals. Although HgS s by far the predominant mercury mineral in ore deposits, other common
mercury-containing minerals include corderoite (Hg;S,Cl,), livingstonite (HgSb,S;), montroydite (HgO),
terlinguaite (Hg,OCl), calomel (HgCl), and metacinnabar, a black form of cinnabar.

Because metallic mercury has a uniform volume expansion over its entire liquid range and ahigh
surface tension, it is used in barometers, manometers, thermometers, and other measuring devices. Itasois
used extensively in eectrical applications, including batteries, dectrical lamps, and wiring and switching
devices. Itslow electrical resistivity makesit one of the best dectrical conductors among the metals.

In theionic form, mercury existsin one of two oxidation states (or valences): Hg(l), or the
mercurousion, and Hg(ll), or the mercuric ion. Of the two states, the higher oxidation state, Hg(Il), isthe
more stable.

Mercury has atendency to form alloys or amalgams with ailmost all metals except iron, although at
higher temperatures it will even form alloyswith iron. Mercury forms amalgams with vanadium, iron,
niobium, molybdenum, cesium, tantalum, or tungsten to produce metals with good to excellent corrosion
resistance. A mercury-silver amalgam traditionally has been used for teeth fillings.

Mercury is stable at ambient temperatures. It does not react with air, ammonia, carbon dioxide,
nitrous oxide, or oxygen but readily combines with the halogens and sulfur. Mercury will react with any
hydrogen sulfide present in the air and should be kept in covered containers. It is not affected by hydrochloric
acid but is attacked by concentrated sulfuric acid. Mercury can be dissolved in either dilute or concentrated
nitric acid, resulting in the formation of either mercurous [Hg(l)] salts (if the mercury isin excess or no heat
isapplied) or mercuric [Hg(l1)] salts (if excess acid or heat is used).

3.2 OVERVIEW OF PRODUCTION, USE, AND EMISSIONS
3.2.1 Production

Primary production of mercury occurs principally as a byproduct of gold mining. Mercury was
previously mined from mercury oresin Nevada, but that mine closed in 1990. It istill produced in relatively
small quantities as a byproduct from gold oresin Nevada, California, and Utah.2

Secondary production (recycling) of mercury includes the processing of scrapped mercury-containing
products, and industrial waste and scrap. Sales of scrap mercury from U.S. Government



TABLE 3-1. PHYSICAL AND CHEMICAL PROPERTIES OF MERCURY

Property Vaue
Atomic weight 200.59
Crystal system Rhombohedral
CAS registry number 7439-97-6
Atomic number 80
Vaences 1,2
Outer electron configuration 5d106s2
lonization potentials, normal, eV
1st electron 10.43
2nd electron 18.75
3rd electron 34.20
Melting point, °C -38.87
Boiling point, °C 356.9
Latent heat of fusion, Jg (cal/g) 11.80 (2.8)
Latent heat of vaporization, Jg (cal/g) 271.96 (65.0)
Specific heat, Jg (cal/g)
Solid
-75.6°C 0.1335 (0.0319)
-40°C 0.141 (0.0337)
-263.3°C 0.0231 (0.00552)
Liquid
-36.7°C 0.1418 (0.0339)
210°C 0.1335 (0.0319)
Electrical resistivity, Q-cm, at 20°C 95.8x 10°°
Density, g/cm®
at 20°C 13.546
at melting point 14.43
at -38.8°C (solid) 14.193
a0°C 13.595
Thermal conductivity, W/(cm?K) 0.092
Vapor pressure, 25°C 2x10° mm Hg
Solubility in water, 25°C 20-30 pg/L

Source:

Reference 1.
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stockpiles were amajor secondary source of mercury until July 1994 when Congress suspended sales.2
Major sources of recycled mercury are dental amalgams, scrap mercury from instrument and electrical
manufacturers (including fluorescent lamps), wastes and sludges from research laboratories and electrolytic
refining plants, and mercury batteries.!

Table 3-2 presents the 1991 to 1995 supply-and-demand flguresfor mercury. Theinformation
contained in Table 3-2 was obtained from the U.S. Geological Survey.2 Values for secondary production,
industry stocks, and industrial consumption are based on voluntary response to USGS questionnaires. The
values presented are based on limited questionnaire response and USGS estimates. Asshownin Table 3-2,
the total U.S. supply of mercury in 1995 was 911 Mg (1,002 tons). An estimated 59 percent of the total
supply resulted from primary and secondary mercury production processes. Table 3-2 also showsthat of the
total 1995 U.S. mercury supply, approximately 48 percent (436 Mg [480 tons]) was used to meet domestic
demands, while 20 percent met export demands.

The supply-and-demand figures presented in Table 3-2 illustrate a dramatic change in the overall
structure of the industrial demand for mercury inthe U.S. Since 1992, U.S. industrial demand for mercury
has steadily declined from 621 Mg (683 tons) to 436 Mg (480 tons), a decrease of 30 percent. U.S. exports
of mercury have undergone greater decline, falling from 977 Mg (1,075 tons) to 179 Mg (197 tons), a
reduction of over 80 percent. Conversely, imports of mercury have risen from 56 Mg (62 tons) in 1991 to
377 Mg (415 tons) in 1995, an increase of 673 percent. The decline of mercury exports and the sharp
increase in mercury imports are due in large part to the suspension by Congress of sales of mercury from U.S.
Government stockpiles.

3.2.2 End-Use

Table 3- 3 summarizes the end-use pattern for industrial consumption of mercury inthe U.S. in 1991,
1994, and 1995.2 The percentage of the total 1995 mercury supply for industrial consumption that was
consumed by each end-use category is shown in Figure 3-1. The chlor-alkali industry, at 35.3 percent,
accounts for the largest percentage consumption of mercury. Wiring devices and switches manufacture and
measuring and control instruments manufacture represent the second and third largest consumers of mercury
at 19.3 percent and 9.9 percent, respectively. The remaining source categories, as outlined in Table 3-3,
account for approximately 35 percent of total industrial mercury consumption in 1995.2

During the period from 1991 to 1995, the demand picture for mercury has continued to undergo
significant change in the overall demand among industries. The magnitude of these overall changes and the
dramatic change in mercury demand for specific industriesis shown in Table 3-3. The most dramatic change
occurred in the battery manufacturing industry where demand dropped from 78 Mg (86 tons) in 1991, to less
than 0.5 Mg (0.6 tons) in 1995. Other industries showing significant decreases in demand from 1991 levels
were measuring and control instrument manufacture and chlorine production.2

Three industries showed an increase in mercury consumption from 1991 to 1995. The most
significant increase occurred in the wiring devices and switches industry, where demand rose from 25 Mg
(27.5tons) in 1991 to 84 Mg (92.4 tons) in 1995. The dental equipment and suppliesindustry also
underwent a significant increase in mercury demand, rising from 27 Mg (29.7 tons) in 1991 to 32 Mg
(35.2tons) in 1995. The only other industry exhibiting an increase in mercury demand is the electric lighting
industry with a slight increase from 29 Mg (31.9 tons) in 1991 to 30 Mg (33 tons) in 1995. Despite the
increases in these three industries, the net changein total U.S. demand for mercury from 1991 to 1995 isa
decrease of 118 Mg (130 tons) or 21 percent from the 1991 level.

The demand decreases in end-use areas will affect the magnitude of mercury emissionsin the U.S.
and will lead to secondary impacts. One secondary impact on emissions will be in the area of waste disposal,
particularly in municipal and medical waste combustion. In medical waste, used batteries constitute a major
source of mercury emissions during incineration. Mercury usein battery production decreased by over
99 percent from 1991 to 1995. This decrease should be evident in mercury emissions from both medical
waste and municipal waste incineration. In addition, the significant decrease in demand for the measuring and
control instruments industry may also be felt in emissions from municipal wasteincineration. Thisimpact
would occur further in the future than the impact from batteries because of the longer equipment life
expectancy.
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TABLE 3-2. U.S. SUPPLY AND DEMAND FOR MERCURY, 1991 TO 1995
(metric tons, Mg)2

| 1901 | 1002 | 1993 1994 1995

Supply:
No. of producing mines 8 9 9 7 8
Mine production, byproduct 58 64 wp W W
Secondary production:

Industrid 165 176 350 466 534

Government® 215 103
Shipments from NDS 103 267 543 86 0
Imports for consumption 56 92 40 129 377
Total supply® 597 702 933 681 911
Demand:
Industria consumption 554 621 558 483 436
Exports 786 977 389 316 179
Total demand® 1,340 1,598 947 799 615

Source: Reference 2.

8or valuesin U.S. short tons, multiply metric tons (Mg) by 1.1.
= Withheld to avoid disclosing company proprietary data.

d

uncertainty.

“Secondary mercury shipped from U.S. Department of Energy stocks.
Primary mercury shipped from the National Defense Stockpile.
€ From the table|t is obvious that the supply . i do n¢
with J. Plachy (U.S.G.S), heindicated confidencein all figuresin thist
individual consumption figures are based in large part on

ly and demand figures do not

ree. In discussions of this discrepancy

le except industrial consumption. The

.S.G.S. estimates and congtitute the greatest area of

TABLE 3-3. END-USE PATTERN OF MERCURY FOR INDUSTRIAL CONSUMPTION

Mercury demand, Mg?

Industry 1991 1994 1995
Chlorine production 184 135 154
Wiring devices and switches 25 79 84
Measuring and control instruments 70 53 43
Dental equipment and supplies 27 24 32
Electric lighting 29 27 30
Other chemical and allied products? 18 25 ¢
Laboratory uses 10 24 ¢
Batteries 78 6 <05
Paint 6 d d
Other uses® 107 110 93
[ Total demand 554 483 436 |

Source: Reference 2.

8For valuesin U.S. short tons, multiply metric tons (Mg) by 1.1.

BIncludes pharmaceutical uses and miscellaneous catalysts.

“Withheld to avoid disclosing company proprietary data; included in "Other uses."

dNot reported separately.

€I ncludes other electrical and electronic uses, other instruments and related products, and unclassified uses.
For 1995, it also includes "Laboratory uses' and "Other chemical and allied products.”
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3.2.3 Emissions

The source of emissions information used to determine a portion of the source categoriesisthe 1994
Toxic Chemicals Release Inventory System (TRI) form requi red by Section 313 of Title Il of the 1986
Superfund Amendments and Reauthorization Act (SARA 313).3 This section requires owners and operators
of Federal facilities and facilitiesin Standard Industrial Classification (SIC) codes 20-39 that manufacture,
import, process, or otherwise use toxic chemicalsto report their annual air releases of these chemicals. All
facilitiesin these SIC's are not required to report; there are threshol ds concerning the number of full-time
equivalent employees and quantity of the compound used, below which facilities are not required to report
releases. The emissions are to be based on source tests (if available); otherwise, emissions may be based on
emission factors, mass balances, or other approaches. Certain source categories (e.g., combustion sources)
that account for substantial mercury emissions, but which are not reported in TRI, were included in the
estimates presented.

It should be noted that, in selected cases, facilities reported to TRI under multiple SIC codes. Asa
result, it was difficult to assign emissionsto a specific SIC code. In this case, efforts were made to determine
the appropriate SIC codes associated with the emissions. However, if that was not possible, the data were not
used in the analysis. Other reference sources provided additional potentral emission source categories that
may not have been included in TRI.#

Another source of emissions information used to determine annual emissions from severa of the
source categories is information collection requests authorized under Section 114 of the Clean Air Act
Amendments of 1990 (CAAA). These requests for information are distributed primarily for the purpose of
developing or assisting in the devel opment of implementation plans under Section 110, standards of
performance under Section 111, or emission standards under Section 112 of the CAAA. Theserequests are
typicaly in the form of a questionnaire and often request detailed information on air emissions, control
technologies, and related process parameters.

Table 3-4 provides a summary of the estimated 1995 nationwide mercury emissions for those source
types where adequate information was available (i.e., emission factors and production data). Appendix A
presents the data used for each of these estimates, assumptions, and the emission calculations for each
category of these sourcetypes. The estimated emissions were based on emission factors provided in this
document or calculated from source test data and appropriate process information, if available.

Thetotal 1995 nationwide mercury emissions estimate was 140 Mg (154 tons) for those source types
identified in Table 3-4. The three specific categories emitting the largest quantitites of mercury were coal
combustion (67.8 Mg [74.6 tons]), municipal waste combustion (26 Mg [29 tons]), and medical waste
combustion (14.5 Mg [16.0 tons]). These three specific categories combined accounted for approximately
78 percent of the total mercury emissions listed in Table 3-4.

Of the five major source types, mercury emissions resulting from combustion categories accounted
for atotal of 123.0 Mg (135.6 tons), or approximately 88 percent of the total estimated emissions. Within
the combustion group, the major contributor to mercury emissions was from the combustion of coal, followed
by municipal waste, and medical waste. Coal combustion accounted for 55 percent of the total emissions
from combustion sources and 48 percent of the total emissions from all source types. The other six
combustion areas, wood, municipal waste, medical waste, hazardous waste, sewage sludge, and oil,
collectively accounted for 45 percent of the total emissions from combustion groups and 39 percent of the
total emissions from all source types.
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TABLE 3-4. ESTIMATED 1994-1995 NATIONWIDE MERCURY EMISSIONS

FOR SELECTED SOURCE CATEGORIES

Mercury emissions

Source type Mg | Tons Bass?
Mercury and mercury compound production
Primary mercury production NA No longer mined
Secondary mercury production 0.13 0.14 Emission factor
Mercury compound production NA No emission factors
Major uses of mercury
Chlorine production 6.5 7.1 1994 TRI report
Battery manufacture 5E-04 6E-04 Emission factor
Electrical uses 04 0.5 Emission factor
Measurement/control instruments 0.4 0.4 Emission factor
Combustion sources
Coa combustion 67.8 74.6 Emission factor/EMF factor
Oil combustion 7.6 8.4 Emission factor
Municipal waste combustion 26 29 Capacity data/lF-factors
Sewage sludge combustion 0.9 0.9 Emission factors
Hazardous waste combustion? 6.3 6.9 EPA/OSW estimates
Medical waste combustion? 145 16.0 Capacity data/lF-factors
Wood combustion® 0.1 0.1 Emission factor
Miscellaneous manufacturing processes
Portland cement production 4.0 4.4 Emission factor
Lime manufacturing 0.1 0.1 Emission factor
Carbon black production 0.3 0.3 Emission factor
Byproduct coke producti ond 0.6 0.7 Emission factor
Primary lead smelting 0.1 0.1 Raw materials
Primary copper smelting 0.06 0.06 Plant data
Petroleum refining NA No emission factor
Municipal solid waste landfills 0.07 0.08 Test data
Geothermal power plants® 13 14 Emission factor
Pulp and paper production 1.6 1.8 Emission factor
Other miscellaneous sources
Mercury catdysts NA No production data
Dental aloys 0.6 0.7 Emission factor
Mobile sources NA No emission factor
Crematories 0.7 0.8 Emission factor
Paint NA No emission factor
TOTAL 140 154

NA = Not applicable.

8See Appendix A for details of the estimation procedure.

Emissions summary year not provided.

CEmissions based on 1980 wood-fired boiler capacity.
dEmissions based on 1991 production capacity.

€Emissions based on 1993 capacity.




4.0 EMISSIONS FROM MERCURY PRODUCTION

In 1995, the total supply of metallic mercury (Hg) in the United States was estimated to be 1,045 Mg
(1,152 tons)2. Of thistotal, approximately 51 percent resulted from secondary production processes
(industrial reclamation); 36 percent was due to imports; about 2 percent was from shipments from the
National Defense Stockpile; and 11 percent was from industry stocks (see Section 3, Figure 3-1). There were
16 facilities in the United States that produced mercury. Of these facilities, eight produced mercury asa
byproduct from gold ore, and eight were secondary mercury production facilities that reclaim mercury.
Mercury emissions occur primarily during the metal production process and during mercury reclamation
processes. |n this section, mercury emissions were estimated only for mercury reclamation; no data were
available for the other source types. For mercury reclamation, the mercury emissions for 1994 were
estimated to be 0.13 Mg (0.14 tons).

This section presents information on the identification of the producers and descriptions of typical
production processes. Process flow diagrams are given as appropriate, and known emission control practices
are presented. Estimates of mercury emissions are provided in the form of emission factors wherever data
were available.

4.1 PRIMARY MERCURY PRODUCTION

Mercury is currently produced in the United States only as a byproduct from the mining of gold ores.
Production from mercury ore had occurred at the McDermitt Mine in McDermitt, Nevada, but the mine
ceased operation in 1990. 1n 1995, eight U.S. gold mines produced metallic mercury as a byproduct;

Table 4-1 presents alist of these mines. Asshown in thetable, six of the minesarein Nevada, oneisin
Cdlifornia, and oneisin Utah. None of the operating gold mines in Alaska produce byproduct mercury. In
1995, the total quantity of mercury recovered at these mines was withheld to avoid disclosing company
proprietary data.2

TABLE 4-1. BYPRODUCT MERCURY-PRODUCING GOLD MINESIN
THE UNITED STATESIN 1995

Mine County and State Operator
Getchdll Humboldt, NV FMC Gold Co.
Carlin Mines Complex Eureka, NV Newmont Gold Co.
Alligator Ridge White Pine, NV Placer Dome U.S.
Enfield Bell Elko, NV Independence Mining Co., Inc.
McLaughlin Napa, CA Homestake Mining Co.
Mercur? Tooele, UT Barrick Mercur Gold Mines, Inc.
Paradise Peak Gabbs, NV FMC Gold Co.
Pinson Mine Humboldt, NV Pinson Mining Co.

Source: Reference 2.
3Mine closed in 1997.

In 1994, 86 Mg (95 tons) of primary mercury were shipped from the National Defense Stockpile).2
Because of a suspension of salesin 1994, there were no sales from the stockpile in 1995.



4.1.1 Process Description

4.1.1.1 Production from Mercury Ores. No process description of the McDermitt Mine operation
will be presented because the existing equipment has been removed from the site, thereby negating any
possibility that the facility could reopen at a future date using the same process and equipment.

4.1.1.2 Byproduct from Gold Ores. Recovery of mercury as a byproduct from gold oresisthe only
remaining ore-based production process; al other processes for mercury production are either reclamation or
government surplus stock. A simplified flow diagram depicting mercury recovery from agold cyanidation
processis shown in Figure 4-1. The flow diagram and process description for mercury recovery from gold
mining is not intended to reflect any specific gold mine operation but to summarize the types of processes and
controls that could be employed. Actual processeswill vary from mine to mine.

Theincoming gold oreis crushed using a series of jaw crushers, cone crushers, and ball mills. If the
incoming ore is an oxide-based ore, no pretreatment is required, and the crushed ore is mixed with water and
sent to the classifier. If the oreis a sulfide-based ore, it must be pretreated using either a fluidized-bed or
multiple hearth pretreatment furnace (roaster) to convert metallic sulfides to metallic oxides.® The exhaust
gas from either of these unitsis sent through wet electrostatic precipitators (ESP's) and, if necessary, through
carbon condensers. The exhaust gas then passes through a scrubber in which SO, is removed by lime prior to
discharging to the atmosphere. If the treated sulfide oreis high in mercury content, the primary mercury
recovery process occurs from the wet ESP's. If the concentration is sufficiently low, no attempt is madeto
recover the mercury for sale. The pretreated ore is mixed with water and sent to the classifier, where the ore
is separated (classified) according to size. Ore piecestoo large to continue in the process are returned to the
crusher operation.

From the classifier, the slurry passes through a concentrator to reduce the water content and thento a
series of agitators containing the cyanide leach solution. From the agitators, the durry isfiltered, the filter
cake is sent to disposal, and the filtrate containing the gold and mercury is transferred to the e ectrowinning
process. If the carbon-in-pulp (CIP) processis used, the cyanide pulp in the agitatorsis treated with activated
carbon to adsorb the gold and mercury. The carbon isfiltered from the agitator tanks and treated with an
alkaline cyanide-alcohol solution to desorb the metals. Thisliquid then istransferred to the electrowinning
tanks. In the electrowinning process, the gold and mercury are electrodeposited onto a stainless steel wool
cathode, which is sent to aretort to remove mercury and other volatile impurities. The stainless steel wool
containing the gold is transferred from the retort to a separate smelting furnace where the gold is melted and
recovered as crude bullion.

The exhaust gas from the retort, containing mercury, SO,, particulate, water vapor, and other volatile
components, passes through condenser tubes where the mercury condenses as aliquid and is collected under
water in the launders. From the launders, the mercury is purified and sent to storage. After passing through
the condenser tubes, the exhaust gas goes through a venturi and impinger tower to remove particulate and
water droplets and then moves through the SO, scrubber prior to discharging to the atmosphere.

Gold ores in open heaps and dumps also can be treated by cyanide leaching. In this process, the gold
oreis placed on aleaching pad and sprayed with the cyanide solution. The solution permeates down through
the ore to a collection system on the pad, and the resulting pregnant solution is sent to a solution pond. From
this pond, the leachate liquors, which contain gold and mercury, are transferred to the gold recovery area
where the liquor isfiltered and sent to the electrowinning process.

4.1.2 Emission Control Measures

Potential sources of mercury emissions from gold processing facilities are at locations where
furnaces, retorts, or other high temperature sources are used in the process and where the mercury is removed
from the launders. The treated gas discharged to the atmosphereis also a source of mercury emissions.
These sources are denoted in Figure 4-1 with asolid circle.

When pretreatment roasting is required, the exhaust gases from the furnace pass through a cycloneto
remove particulate and then move through wet ESP's to remove arsenic, mercury, and some of the SO,,. If the
mercury concentration in the gold ore is high, the ESP's will not remove al of the mercury, and an activated
carbon adsorber bed may be required for additional mercury removal. The gas passes through a
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lime scrubber to remove SO, if the SO, concentration is low, a caustic scrubber may be used.> From the
scrubber, the gasis di scharged through t 2he stack to the atmosphere. Essentially the same emission control
measures are used from the exhaust gas from the retort. After the gas passes through the condenser tubesto
remove the mercury, aventuri and a cyclone are used to remove particulate and water droplets. These
controls are followed by the lime scrubber to remove the SO, prior to discharging the clean gasto the
atmosphere.

4.1.3 Emissions

The major sources of mercury emissions for gold processing facilities are the pretreatment roaster (if
required) and the retort. Other sources of emissions are from the purification process after removal of
mercury from the launders and the stack emissions to the atmosphere. No emissions data have been
published for facilities producing mercury as a byproduct from gold ore. L|m|ted data were published for
emission sources at facilities that produced mercury from the primary ore.® While treatment techniquesto
recover the mercury, after the mercury has been vaporized in aretort or furnace, and the emission sources are
very similar to production from primary ore, the overall production processis considerably different. The
emission factors for production from primary ore should not be used to estimate emissions from gold mining
operations.

4.2 SECONDARY MERCURY PRODUCTION

There are two basic categories of secondary mercury production: recovery of liquid mercury from
dismantled equipment and mercury recovery from scrap products using extractive processes. On an annual
basis, the total quantity of mercury recovered as liquid mercury is much greater than that recovered by
extractive processes. Three areas that have contributed to alarge proportion of the liquid mercury recovery
category are: (1) dismantling of chlorine and caustic soda manufacturing facilities; (2) recovery from
mercury orifice meters used in natural gas pipdines; and (3) recovery from mercury rectifiers and
manometers. In each of these processes, the liquid mercury is drained from the dismantled equipment into
containers and sold on the secondary mercury market. The second category involves the processing of
scrapped mercury-containing products and industrial wastes and sludges using thermal or chemical extractive
processes because the mercury cannot be decanted or poured from the material. One mercury recycler
(Bethlehem Apparatus Company) estimated that this second category accounted for 15 to 20 percent of the
total quantity of mercury reported as recycled from industrial scrap in 1995.

In 1995, an estimated 534 Mg (588 tons) of mercury was recycled from industrial scrap.2 These
totals do not include in-house mercury reclamation at industrial plants using mercury. According to the
USGS, eight major companies were reported to be involved in secondary mercury production using purchased
scrap material (mercury recyclers) in 1995.2 The three dominate companies in this market are Bethlehem
Apparatus Company in Hellertown, Pennsylvania; D. F. Goldsmith in Evanston, Illinois; and Mercury
Refining Company in Albany, New Y ork.

4.2.1 Process Description

The predominant method to recover metallic mercury for recycling from scrap productsis thermal
treatment Figure 4-2 provides a general process diagram for secondary mercury recovery at a battery
plant.® This processis generally representative of the recovery of mercury by thermal treatment of scrap.
Generally, the mercury-containing scrap is reduced in size and is heated in retorts or furnaces at about
538°C (1000°F) to vaporize the mercury. The mercury vapors are condensed by water-cooled condensers
and collected under water.

Vapors from the condenser, which may contain particulate, organic compounds, and possibly other
volatile materials from the scrap, are combined with vapors from the mercury collector line. This combined
vapor stream is passed through an agueous scrubber to remove particulate and acid gases (e.g., HCI, SO,).
From the agueous scrubber, the vapor stream passes through a charcoal filter to remove organic components
prior to discharging into the atmosphere.

The collected mercury is further purified by distillation, collected, and then transferred to thefilling
area. Inthefilling area, special filling devices are used to bottle small quantities, usually 0.464 kg (1 Ib) or
2.3 kg (51b) of distilled mercury. With these filling devices, the mercury flows by gravity through tubing
from aholding tank into the flask until the flask overflows into an overflow bottle.
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The desired amount of mercury is dispensed into the shipping bottle by opening a valve at the bottom of the
flask. The shipping bottle is then immediately capped after the filling and sent to the storage area.®

4.2.2 Emission Control Measures

Information on specific emission control measures is very limited and site specific. If ascrubber is
used, as shown in Figure 4-2, mercury vapor or dropletsin the exhaust gas may be removed by condensation
inthe spray. Thereisno information to indicate that chemical filters would be effective in removing mercury
vapors. No information was found for other control measures that are used in secondary mercury production
processes. Concentrations in the workroom air due to mercury vapor emissions from the hot retort may be
reduced by the following methods. containment, local exhaust ventilation, dilution ventilation, isolation,
and/or personal protective equipment. No information was provided to indicate that these systems are
followed by any type of emission control device. Vapor emissions due to mercury transfer during the
digtillation or filling stages may be reduced by containment, ventilation (local exhaust or ventilation), or
temperature control.

4.2.3 Emissions

During production of mercury from waste materials using an extractive process, emissions may vary
considerably from one type of processto another. Emissions may potentially occur from the following
sources. retort or furnace operations, distillation, and discharge to the atmosphere from the charcoal filters.
The major mercury emission sources are due to condenser exhaust and vapor emissions that occur during
unloading of the retort chamber. These sources are indicated in Figure 4-2 by asolid circle. Mercurg
emissions aso can occur in the filling area when the flask overflows and during the bottling process.

Mercury Refining Company reported results from two emission test studies conducted i in 1994 and
1995 that showed average mercury emissions of 0.85 kg/Mg (1.7 Ib/ton) of mercury recovered.1® |n 1973,
emission factors were estimated to be 20 kg (4Q Ib) per megagram (ton) of mercury processed dueto
uncontrolled emissions over the entire process.®

Mercury emission data were reported in the 1994 TRI only for Mercury Refini ing Company, Inc., in
Albany, New Y ork, and Bethlehem Apparatus Company in Hellertown, Pennsylvania® Mercury Refining
reported plant emissions to the atmosphere of 116 kg (255 Ib) for 1994, and Bethlehem Apparatus reported
plant emissions to the atmosphere of 9 kg (20 Ib) for 1994. The other maj or recycler, D. F. Goldsmith, does
not use extractive processes, their recycling is primarily from purchases of mercury decanted from old
equipment. Mercury emission datawere not available for the other five facilities.

Thetotal mercury emissions were estimated to be 0.13 Mg (0.14 tons) for 1994; see Appendix A for
calculations.

4.3 MERCURY COMPOUNDS PRODUCTION

The production of mercury compounds presents a potential source of release of mercury into the
atmosphere. Table 4-2 lists several producers of inorganic mercury compounds No U.S. producers of
phenylmercury acetate (PMA) or thimerosal (merthiolate) were identified. 11 No facility reported mercury
emissionsin the 1994 TRI.3

TABLE 4-2. MERCURY COMPOUND PRODUCERS

Producer Location Compound(s)

Elf Atochem North America, Inc., Chemical Tulsa, OK HgF,, Hg,F»

Speciaties Division

GFS Chemicals, Inc. Columbus, OH HgBr,, Hgl,, HY(NOy),,
HgSC§4

Johnson Matthey, Inc. Ward Hill, MA Hg,(NOy),

R.S.A Corporation Danbury, CT Ho(SCN),

Source: Reference 11.

4.3.1 Process Description




Numerous inorganic mercury compounds are produced annually in the United States using metallic
mercury as the starting material. The production processes for mercuric chloride and mercuric oxide were
sdlected to serve astypical examples. The production processes for each compound have been studied at
Troy Chemical Corporation.12 A synopsis of these two production processesis provided below; additional
information can be found in Reference 8.

4.3.1.1 Mercuric Chloride and Mercurous Chloride. The production of these two compounds occurs
by the direct reaction of mercury with chlorine gas according to the following equations:

2Hg +Cl, - Hg,Cl,

Figure 4-3 presents a process diagram for the production of mercuric chloride. Elemental mercury
(Stream A) is pumped from a holding tank into a reactor where it reacts with excess chlorine gas (Stream B).
The reaction products (Stream C) are ducted to a precipitation unit where the dry product EgHgCI ) settlesand
israked out. Mercuric chloride (Stream D) is packaged and sealed in drums for shipping.®- Tﬁe exhaust
from the reactor (Stream E) is sent to a caustic scrubber where unreacted mercury is recovered and is then
recycled back (Stream F) to thereactor. A similar processis used to produce mercurous chloride.

4.3.1.2 Mercuric Oxide. Two different processes have been used for mercuric oxide production:
(2) production viamercuric chloride and (2) production via mercuric nitrate intermediates. Both processes
are shown in Figure 4-4.

In production viamercuric chloride, mercury (Stream A) and chlorine in brine solution (Stream B)
are mixed in areactor where mercuric chloride is produced in solution by oxidation of the liquid mercury.
The mercuric chloride (Stream C) is then transferred to a second reactor and an aqueous caustic (NaOH)
solution is added, resulting in theformatlon of mercuric oxide. The mercuric oxide precipitate (Stream D) is
then washed, drled screened, and packaged®.

In the process using the mercuric nitrate intermediate, (also shown in Figure 4-4), mercury
(Stream A) and nitric acid (Stream B) are combined in areactor, resulting in the formation of mercuric nitrate
(HY(NOg),). The mercuric nitrate (Stream C) isthen transferred to a second reactor where mercuric oxide is
preci pltamed by addi Ng an agueous caustic solution (NaOH). The mercuric oxide (Stream D) iswashed, dried,
ground, and packaged.®

4.3.2 Emission Control Measures

No information was found on specific emission control devices to remove or treat the mercury
emissions. Onlg methods designed to reduce the workplace concentrations without subsequent treatment
were presented.® Methods suitable for reducing workroom air concentrations of mercury during the
production of mercury compounds are similar to those described for primary and secondary mercury
processing. Particulate concentrations in the workplace resulting from several process operations (e.g.,
addition of dry chemicalsto reactors, filtration, drying, grinding, and packaging) may be reduced by
containment, exhaust ventilation, dilution ventilation, and personal protective equipment. Mercury vapor
concentrations from mercury transfer to reactors and from the reactors may be reduced by containment.

During mercuric oxide production, grinding and packaging operations are done in an enclosed system
under vacuum, including material transfers. A cyclone dust collector separates fine dust from product-sized
HgO particles, which are channeled to the packaging station. The fine dust is collected and transferred
periodicaly to fiber drums. The vacuum pump discharge also goes through a cyclone dust separator before it
exhausts to the roof. Collected dust is recycled through the grinder.2

4.3.3 Emissions
During the production of these compounds, emissions of mercury vapor and particulate mercury

compounds may occur at the following sources: reactors, driers, filters, grinders, and transfer operations.
These emission sources are indicated in Figures 4-3 and 4-4 by a solid circle.
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Emission factors are not available for production of mercury compounds. No test data for mercury
emissions were found that would permit the cal culation of emission factors.
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5.0 EMISSIONS FROM MAJOR USES OF MERCURY

Emissions from industrial processes that use mercury are discussed in this section. The four
commercial uses discussed in this section are (1) chlorine production using the mercury cell process,
(2) primary battery production, (3) production of electrical lighting, wiring devices, and electrical switches,
and (4) production of measuring and control instruments. A summary of the estimated mercury emissions
from each of these indugtriesis asfollows:

Industry Emissions, Mg (tons)
Chlorine production 6.5(7.1)
Primary battery production 5 E-04 (6 E-04)
Electrical equipment production 0.4 (0.5)

M easurement/control instruments 0.4 (0.5)

This section is divided into four subsections, one devoted to each of the four commercial uses listed
above. Each of the subsections presents a general discussion of the production process and where mercury is
used in the process, descriptions of existing mercury emission control measures, and estimates of mercury
emission factors. Thelevel of detail varies according to the availability of information, particularly for
emissions where data may be incomplete or absent.

5.1 CHLORINE PRODUCTION USING THE MERCURY CELL PROCESS

In 1996, the mercury cell process, WhICh isthe only chlor-alkali process using mercury, accounted for
12.1 percent of al U.S. chlorine production.t® Although most chlor-alkali plants use diaphragm cells, the
mercury cell istill used at 14 facilities. The chlor-alkali industry, however, is gradually moving away from
mercury cell production and toward a membrane cell process because the membrane cell | process does not use
mercury, is 12 to 14 percent more energy efficient, and produces mercury free products Table5-1 pr@ents
the location and capacity of mercury cell chlor- akali production facilities operating in the U.S. in 1996.11

5.1.1 Process Description

The mercury cell process consists of two electrochemical cells, the electrolyzer and the decomposer.
A basic flow diagram for amercury cell chlor-alkali production operation is shown in Figure 5-1.

Saturated (25.5 weight percent) purified sodium or potassium brine (Stream A) flows from the main
brine saturation section, through the inlet end box, and into the electrolyzer cell. The cell isan elongated
trough that isinclined approximately 1° to 2.5° with sides that are typically lined with rubber. The brine
flows between stationary activated titanium anodes suspended from above into the brine; mercury, whichis
the cathode, flows concurrently with the brine over a steel base.

The electrochemical reaction that occurs at the titanium anodes is shown in equation (1); the reaction
at the mercury cathode is shown in equation (2); and the overall reaction is shown in equation (3).

2CI" - CIZJ +2e (@D}
Hg + 2Na" + 2e -~ Na-Hg amalgam 2
Hg +2Na" + 2Cl" - Cl, 1 + NaHg amalgam 3
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TABLE 5-1. 1996 MERCURY CELL CHLOR-ALKALI PRODUCTION FACILITIES

Capacity® . .
o ] 1991 emissions, 1994 emisgions,
Facility? L ocation? 108 Mglyr | 10°tonglyr Ib/yrC Iblyr
Ashta Chemicals, Inc. Ashtabula, OH 36 40 N/A 1,660
Georgia-Pacific West, Inc. Bellingham, WA 82 90 200 1,290
The BFGoodrich Company, BFGoodrich Calvert City, KY 109 120 1,206 842
Specialty Chemicals
Holtrachem Manufacturing Company Reigelwood, NC 48 53 528 1,095
Orrington, ME 76 80 735 582
Occidental Chemical Corporation, Basic Deer Park, TX 347 383 1,290 1,040
Chemicals Group, Electrochemicals Delaware Cla'?/, DE 126 139 532 510
Muscle Shoals, AL 132 146 184 233
Olin Corporation Augusta, GA 102 112 1,540 1,317
Charleston, TN 230 254 1,892 1,509
Pioneer Chlor-Alkali Company, Inc. St. Gabriel, LA 160 176 1,240 N/A
PPG Industries, Inc., Chemicals Group Lake Charles, LA 233 256 1,440 1,230
New Martinsville, WV 70 77 1,085 1,130
Vulcan Materials Company, Vulcan Port Edwards, WI 65 72 1,030 N/A
Chemicals Division
TOTAL 1,816 1,998 12,902 12,438
3Reference 11.

bSRI figures adjusted based on questionnaire responses. References 11, 15-27.
CEmissions data based on responses to Section 114 information collection requests from the following: References 15-27.

TRI emissionsdata. Reference 3.
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Chlorine gas (Stream B), formed at the electrolyzer anode, is collected for further treatment. The
spent brine (Stream C) contains 21-22 weight percent NaCl and is recycled from the electrolyzer to the main
brine saturation section through a dechlorination stage. Sodium forms an amalgam, containing from 0.25 to
0.5 percent sodium, at the electrolyzer cathode. The resulting amalgam flows into the outlet end box at the
end of the electrolyzer. Inthe outlet end box, the amalgam is constantly covered with an aqueous layer to
reduce mercury emissions. The outlet end box also allows removal of athick mercury "butter" that is formed
by impurities. The sodium amalgam (Stream D) flows from the outlet end box into the second cell, the
decomposer.

The decomposer is a short-circuited electrical cell in which the sodium amalgam acts as the anode
and graphite as the cathode in sodium hydroxide solution. Fresh water is added to the decomposer where it
reacts with the sodium amalgam to produce elemental mercury (Stream E), sodium hydroxide (Stream F), and
byproduct hydrogen gas (Stream G). Stream E is then stripped of sodium and the mercury (Stream H) is
recirculated back to the electrolyzer through the inlet end box. Theinlet end box provides a convenient
receptacle on the inlet end of the e ectrolyzer to receive the recycled mercury from the decomposer and keep it
covered with an aqueous layer to reduce mercury emissions.

The caustic soda solution (Stream F) leaving the decomposer at atypical concentration of 50 weight
percent is cooled and filtered. The byproduct hydrogen gas (Stream G) may be vented to the atmosphere,
burned as afuel, or used as a feed material for other processes.®14

5.1.2 Emission Control Measures

Several control techniques are employed to reduce the level of mercury in the hydrogen streams and
in the ventilation stream from the end boxes. The most commonly used techniques are (1) gas stream
cooling, (2) mist eliminators, (3) scrubbers, and (4) adsorption on activated carbon or molecular sieves.
Mercury vapor concentrations in the cell room air are not subject to specific emission control measures but
rather are maintained at acceptable worker exposure levels using good housekeeping practices and equipment
maintenance procedures.

Gas stream cooling may be used as the primary mercury control technique or as a preliminary
removal step to be followed by a more efficient control device. The hydrogen gas stream from the
decomposer exits the decomposer at 93° to 127°C (200° to 260°F) and passesinto a primary cooler. Inthis
indirect cooler, a shell-and-tube heat exchanger, ambient temperature water is used to cool the gas stream to
32° t043°C (90° to 110°F). A knockout container following the cooler is used to collect the mercury. |If
additional mercury removal is desired, the gas stream may be passed through a more efficient cooler or
another device. Direct or indirect coolers using chilled water or brine provide for more efficient mercury
removal by decreasing the temperature of the gas stream to 3° to 13°C (37° to 55°F). If thegas stream is
passed directly through a chilled water or brine solution, the mercury condenses and is collected under water
or brinein lined containers. Mercury in the ventilation air from the end boxes can be removed using either
direct or indirect cooling methods. In situations where the ventilation air from the exit box contains mercuric
chloride particulates, the direct method may be preferred. The direct cooling method not only cools the gas
stream, but also removes the particul ate from the stream. Regardless of the gas stream treated, the water or
brine from direct contact coolers requires water treatment prior to reuse or discharge because of the dissolved
mercury intheliquid.

Mist eliminators can be used to remove mercury droplets, water droplets, or particulate from the
cooled gas streams. The most common type of eliminator used is afiber pad enclosed by screens. With the
fiber pad eliminator, trapped particles are removed by periodic spray washing of the pad and collection and
treatment of the spray solution.

Scrubbers are used to chemically absorb the mercury from both the hydrogen stream and the end box
ventilation streams. The scrubbing solution is either depleted brine from the mercury cell or a sodium
hypochlorite (NaOCI) solution. These solutions are used in either sieve plate scrubbing towers or packed-bed
scrubbers. Mercury vapor and mist react with the sodium chloride or hypochlorite scrubbing solutions to
form water-soluble mercury complexes. If depleted brine is used, the brine solution is transferred from the
scrubber to the mercury cell whereit is mixed with fresh brine and the mercury is recovered by eectrolysisin
the cell.

Sulfur- and iodine-impregnated carbon adsorption systems are commonly used to reduce mercury
levelsin the hydrogen gas and end box streams. This method requires pretreatment of the gas stream by
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primary or secondary cooling followed by mist eliminators to remove about 90 percent of the mercury content
of the gas stream. As the gas stream passes through the carbon adsorber, the mercury vapor isinitialy
adsorbed by the carbon and then reacts with the sulfur or iodine to form the corresponding mercury sulfides
or iodides. Depending upon the purity requirements and final use for the hydrogen gas, several adsorber beds
may be connected in series to reduce the mercury levels to the very low ppb range.

A proprietary molecular sieve adsorbant was used by five facilities to remove mercury from the
hydrogen gas stream until 1984 when the supply of the adsorbant was discontinued by the manufacturer. The
technique used dual adsorption bedsin paralldl such that while one bed was being used for adsorption, the
other was being regenerated. A portion of the purified hydrogen gas from one adsorption bed was diverted,
heated, and used to regenerate the second adsorption bed.?

In addition to the control measures described above, the conversion of mercury cell chlor-alkali
plants to the membrane cell process would eiminate all mercury emissions from thisindustry. As mentioned
earlier, the chlor-alkali industry is gradually moving away from mercury cell production and toward the
membrane cell process.

5.1.3 Emissions

The three primary sources of mercury emissionsto the air are (1) the byproduct hydrogen stream, (2)
end box ventilation air, and (3) cell room ventilation air. Emission sources (1) and (2) are indicated on
Figure 5-1 by solid circles.

The byproduct hydrogen stream from the decomposer is saturated with mercury vapor and may also
contain fine droplets of liquid mercury. The quantity of mercury emitted in the end box ventilation air
depends on the degree of mercury saturation and the volumetric flow rate of the air. The amount of mercury
inthe cell room ventilation air is variable and comes from many sources, including end box sampling,
removal of mercury butter from end boxes, maintenance operations, mercury spills, equipment leaks, cell
failure, and other unusual circumstances.®

Mercury emissions data for end box ventilation wstems and hydrogen gas streams from 21 chlor-
alkali production facilities are included in 21984 EPA report.? The dates of the emission tests included in the
report range from 1973 to 1983. These data should not be applied to current mercury cell operationsin part
because of the variability in the emission datareported. No evaluation of the variability in the datawas
presented in the EPA report. In addition, control techniques at current facilities differ from the techniques
employed during these tests. Even if the general technique (e.g., scrubbing, carbon adsorption) is the same,
improvements in control efficiency have likely been made since these tests were conducted.

The most recent AP-42 section on the chlor-alkali process presents emission factors for emissions of
mercury from mercury cell hydrogen vents and from end boxes.2® These emission factors are based on two
1972 emission test reports. The emission factors were not used to estimate emissions from the chlor-alkali
industry because process operations and control techniques have likely changed considerably since these tests
were conducted. |If available, recent test data and information on control system design and efficiency should
be used to estimate emissions for site-specific mercury cell operations.

Total 1994 mercury emissions for thisindustry are estimated to be 6.5 Mg (7.1 tons); see Appendix
A for details.

5.2 BATTERY MANUFACTURING

Three main types of primary batteries have historically used mercury: (1) mercuric oxide (also
known as mercury-zinc); (2) alkaline; and (3) zinc-carbon (or Leclanché). The mercury served two principal
functions: (1) in the cathode of mercuric oxide batteries and (2) as an inhibitor for corrosion and side
reactionsin zinc-carbon and alkaline batteries. Zinc air, silver oxide, and alkaline manganese button cell
batteries also use very small amounts of mercury to control gassing. Prior to the late 1980's, most primary
batteries and some storage batteries contained mercury in the form of mercuric oxide (HgO), zinc amalgam
(Zn-Hg), mercuric chloride (HgCl,), or mercurous chloride (Hg,Cl,). Since 1989, the use of mercury in
primary batteries has decreased from 250 Mg (275tons) in 19829 to lessthan 0.5 Mg (<0.6 tons) in 1995 (see
Table 3-2). Thetwo major reasons for this decrease were reduction in the production of mercuric oxide
batteries and the discontinued use of mercury as a corrosion inhibitor in alkaline and zinc carbon batteries.
This decrease occurred as aresult of the enactment on May 13, 1996 of the “Mercury-Containing and
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Rechargeable Battery Management Act” (Public Law 104-142). Upon enactment, this law prohibited the sale
of mercuric oxide button cells and alkaline batteries containing mercury as well asthe use of mercury asa
corrosion inhibitor in zinc carbon batteries. Under the law, it also becameillegal to sdll larger mercuric oxide
batteries unless the manufacturer or importer provides purchasers with information on licensed recycling or
disposal facilities. The sale of mercury oxide button cells was disconti nued as early as 1993 and use of
mercury as a corrosion inhibitor in alkaline batteries ceased in 1992-1993.2% Since the only type of battery
that uses mercury to any measurable degree is the mercuric oxide, it isthe only battery discussed in this
section.

Table 5-2 presents the U.S. manufacturers and production sites for mercuric oxide, alkaline
manganese, or zinc-carbon batteriesin 1996. The only facilities that produce mercuric oxide batteries are
AMC, Inc. and Eveready in Bennington, Vermont.

TABLE 5-2. MERCURIC OXIDE, ALKALINE MANGANESE, OR ZINC-CARBON
BATTERY MANUFACTURERSIN 1996

Manufacturer Production site
Alexander Manufacturing Company (AMC, Inc.) Mason City, 1A
Duracdll, USA Cleveland, TN
LaGrange, GA
Lancaster, SC
Lexington, NC
Eagle-Picher Industries, Inc. Colorado Springs, CO
Eveready Battery Company, Inc. Maryville, MO

Fremont, OH (to be closed)
Bennlngton VT
Asheboro, NC (2 plants)

Mutec? Columbus, GA (Corporate offices)
Rayovac Corp. Madison, WI

Fennimore, WI

Portage, WI

Source: References 29 and 33.

M utec is ajoint venture between Eastman K odak and Panasonic.

Mercuric oxide batteries were produced in two sizes. button cellsand larger sizes. Button cells are
small, circular, relatively flat batteries that were used in transistorized equipment, walkie-talki€'s,
photoel ectric exposure devices, hearing aids, electronic watches, cardiac pacemakers, and other items
requiring small batteries. Larger mercuric oxide batteries are produced for a variety of medical, military,
industrial, and other nonhousehold equipment.

5.2.1 Process Description

The basic flow diagram for the manufacture of mercuric oxide batteriesis shown in Figure 5-2. The
mercuric oxide-zinc cells use mercuric oxide (mixed with graphite and manganese dioxide) as the cathode.
The anode is a zinc-mercury amalgam. According to the NEMA, the basic flow diagram in Figure 5-2 was
based on a Rayovac mercuric oxide battery production facility in Portage, Wisconsin, that discontinued
production of this battery type in 1986.3

In the production of the cathodes, mercuric oxide (Stream A), manganesg dioxide (Stream B), and
graphite (Stream C) are manually metered through a hopper to the blending area” The resulting mixture
(Stream D) is sent to a processing unit where it is compacted into tablets by "slugging” (compressionin a
rotary pressing device to a specified density). These tablets are then granulated into uniformly sized
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particles, and then pelletized in arotary press. The pellets are consolidated into small metal cans less than
1.3cm (0.5in.) in diameter.8

For the production of the anodes, elemental mercury (Stream E) and zinc powder (Stream F) are
metered from hoppers or hold tanks into an enclosed blender to produce a zinc-mercury amalgam. The
amalgam (Stream G) is sent to a processing area where it is blended and the anode gel formed.® Highly
controlled process operations are enforced to maintain mercury vapor emissionsto levels within compliance
to State limits.

The completed anodes and cathodes then are sent to the cell manufacturing area. Separators,
electrolyte, and other components are assembled with the anode and cathode to produce the HgO-Zn cell.
Assembly may be automatic or semiautomatic. The assembled cathode, anode, electrolyte, and cover are
sealed with acrimper. Depending on the design, other components may be added. Those additional
components may include an insulator, an absorber, and a barrier.

An integrated mercuric oxide battery plant may also produce HgO and recycled mercury onsite.
Mercuric oxide production is discussed in Section 4 under mercury compound production. Secondary
recovery of mercury at the battery plant is discussed in Section 4 under secondary mercury production.

5.2.2 Emission Control Measures

Baghouses are used to control particulate emissions from the mixing/blending and processing steps
in the production of cathodes. Mercury vapor emissions from the anode processing and cell manufacturing
areas are generally discharged to the atmosphere uncontrolled. Ventilation air in the assembly roomis
recirculated through particulate filters. One plant reported an average of 73 percent mercury vapor removal
efficiency in the cdll assembly room when an air handler system, consisting of a particulate prefilter and a
charcoal filter, was operated using 75 percent recirculating air and 25 percent fresh air.8

In addition to the emission control measures, other methods can be used to reduce potential worker
exposure in the workplace.8 Table 5-3 summarizes the types of methods used in the workplace to reduce
worker exposure to mercury vapor and particulate during battery manufacturing.

TABLE 5-3. METHODS FOR REDUCING WORKER EXPOSURE TO MERCURY
EMISSIONSIN BATTERY MANUFACTURING

Control methods Particulate V apor

Process modification and substitution X2

Containment xa xde
Ventilated enclosure xbce xde
Local exhaust ventilation xabc xde
Temperature control xde
Dilution ventilation xabc xde
|solation xac xde
Mercury removal from air stream xabc

Personal protective equipment Xab

Source: Reference 8.

8Particulate emissions during loading of mixers and blendersin cathode preparation.

BParticul ate emissions from grinding, slugging, and pelletizing in cathode production.

“Particul ate emissions from drying, screening, and pelletizing in anode production.
apor emissions from blending, drying, and pelletizing during anode production.

& apor emission from product components.

Reect materials such as anodes, cathodes, chemical mixes, and cells can be stored under water to
SuUppress mercury vaporization.
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Machinery for grinding, mixing, screening, pelletizing, and/or consolidating can be enclosed with
little or no need for worker access. Two mercuric oxide button cell manufacturersin 1983 were using such
enclosures and glove boxes to reduce worker exposure. Iris ports allowed access to the enclosed equipment.
Exhaust airstreams are generally ducted to abaghouse. These facilities also used ventilated enclosuresto
store completed anodes and cathodes on the cell assembly lines; the exhaust air takeoffs from these
enclosures led to a baghouse.

5.2.3 Emissions

During the manufacture of mercuric oxide batteries, mercury may potentially be emitted from severa
processes as particulate and as vapor emissions. These release points are indicated in Figure 5-2 by a solid
circle. The processes include grinding, mixing, sieving, pelleting, and/or consolidating.

The onIy reported emission factor for a mercuric oxide production facility was for one plant in
Wisconsin.3! This facility used a combination of a baghouse and charcoal filter to treat the exhaust
ventilation air. Annual use of mercury was 36.17 Mg (39.8 tons) and annual emissions were reported as
36.3 kg (80 Ib) of mercury as HgO particles. For this specific facility, the mercury emission factor would be
1.0 kgéMg (2.0 Ib/ton) of mercury used. Thisfacility discontinued production of mercuric oxide batteriesin
1986.

This emission factor should be used with extreme caution for several reasons. The facility ceased
production of mercuric oxide batteries and the emission controls cited in Reference 31 are probably not
applicable to facilities currently producing this type of battery. Although it is not specifically stated in
Reference 31, it is also presumed that the mercury emission quantity was an estimate by the manufacturer
because no reference is made to any emissions testing performed at the facility. Moreover, thisfactor isfor
1 year at one specific site so that extrapolation of this factor to current mercuric oxide battery manufacturing
facilities can lead to erroneous results.

Based on another study, the emission source rates from an integrated mercury button cell plant are
summarized in Table 5-4.° Major emission points were the pelleting and consolidating operations (up to 42
g/d; 0.094 Ib/d) and cell assembly (29 g/d; 0.063 Ib/d). Emission controls were not in place for mercury
vapor emissions from the main plant.

Total 1995 mercury emissions for thisindustry are estimated to be 5 x 104 Mg (6 x 10" tons); see
Appendix A for details.

5.3 ELECTRICAL USES

Mercury is one of the best electrical conductors among the metals and is used in five areas of
electrical apparatus manufacturing: e ectric switches, thermal sensing elements, tungsten bar sintering,
copper fail production, and fluorescent light manufacture.

5.3.1 Electric Switches

The primary use of elemental mercury in electrical apparatus manufacturing isin the production of
silent electric wall switches and electric switches for thermostats. The mercury "buttons' used in wall
switches consist of mercury, metal electrodes (contacts), and an insulator. The thermostat switches are
constructed of a short glass tube with wire contacts sealed in one end of the tube. An outside mechanical
force or gravity activates the switch by causing the mercury to flow from one end of the tube to the other, thus
providing a conduit for ectrical flow.

The National Electrical Manufacturers Association (NEMA) was contacted in 1993 to identify
manufacturers of electric switches that may use mercury in their devices.32 Of the 15 companies identified by
NEMA in 1993, 10 currently use no mercury at their production facilities. General Electric Corporation
stated that thermostats, both with and without mercury, were produced at their Morrison, Illinois, facility.
Honeywell, Inc. produces microswitches that contain mercury at their Freeport, Illinais, facility. The only use
of mercury by Emerson Electric is by its White Rodgers Company that manufactures mercury bulb switches
at aplant in Afton, Missouri and mercury bulb switches, used for thermostats, at a plant in Puerto Rico.2°
No information is available for the two companies shown below.
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TABLE 5-4. EMISSION SOURCE PARAMETERS FOR AN INTEGRATED
MERCURY BUTTON CELL MANUFACTURING FACILITY

Emission rate?
Exit temp., °K, and control
Building/source No. description? o/d Ib/d device
Main Plant
Control Room
1. Blending, slugging, compacting, 6.12 0.0135 297; Baghouse
granulating
2. Slugging, granulating 1.22 0.0027 297; Baghouse
3. Pdleting, consolidating 1.63¢ 0.0036° 295; Baghouse
4. Pelleting, consolidating 42.46 0.0936 297; Baghouse
4a. Pelleting, consolidating 6.53 0.0144 297; Baghouse
5. Blending, compacting, 1.36¢ 0.003°¢ 297; Baghouse
granulating, pelleting,
consolidating
Anode room
6. Amalgam, dewatering 1.82¢ 0.004° 297; Uncontrolled
6a. Vacuum dryer 0.46° 0.001° 297; Uncontrolled
6b. Blending 0.91¢ 0.002¢ 297; Uncontrolled
7. Pdleting, zinc amalgam 4.08° 0.009° 295; Baghouse
Cdll assembly area
8. Assembling cells 28.58 0.0630 295; Baghouse for particulate.
Vapor by recirculating air
through prefilters and charcoal
filters

Source: Reference 9.

o

urce numbers are the same code used by facility.

CEstimated emission rate by facility.
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Company Corporate Headquarters

Ranco, Inc. Plain City, OH
United Technologies Huntington, IN

In 1995, 84 Mg (92 tons) of mercury were used in the production of wiring devices and switches.2

5.3.1.1 Process Description.

5.3.1.1.1 Mercury buttons for wall switches. A process flow diagram for the manufacture of
mercury buttons for wall switchesis shown in Figure 5-3. A metal ring, glass preform, ceramic center, and
center contact are assembled on a semiautomatic loader (Step 1) and fused together in a sealing furnace (Step
2). Each subassembly isthen transferred to a rotating multistation welding machine, located in an isolation
room, where it isfilled with about 3 g (0.11 ounces) of mercury (Step 3). The mercury used to fill the
subassembly is stored in an external container. During the subassembly filling step, the mercury container is
pressurized with helium; this pressurization transfers the mercury from the large storage container to a
smaller holding tank. Mercury isreleased in a controlled manner from the holding tank by using a rotating
slide gate that is synchronized to the welding machine speed. The filled subassembly is placed in the can,
evacuated, and welded shut to form the button (Step 4). The assembled buttons then Ieave the isolation room
and are cleaned (Step 5), zinc plated (Step 6), and assembled with other components (Step 7) to form the
completed wall switches.®

5.3.1.1.2 Thermostat switches. The production process for thermostat switches used for household
heating/air conditioning control and other applications is shown in Figure 5-4. First, metal electrodes
(contacts) areinserted into one end of aglasstube 0.89 to 1.5 cm (0.35t0 0.59 in.) in diameter (Step 1). This
end of the tube is then heated, crimped around the electrodes, and sealed. The apparatus is then cleaned,
transferred to the isolation fill room, and loaded onto the filling machine where the tubes are evacuated (Step
2). At thefilling machine (Step 3), the vacuum in the glass tube is released and mercury is drawn into the
tube. The open end of the mercury-filled tube is then heated, constricted, and sealed (Step 4). Filling of
switch tubes produced in low volume is performed manually using the same sequence of steps. Excess glass
at the seal isdiscarded into abucket of water (Step 5). Thefilled tube leaves the isolation room and fallsinto
atransport container (Step 6). Attachment of wire leads to the el ectrode contacts compl etes the switch
assembly (Step 7).

5.3.1.2 Emission Control Measures. Table 5-5 showstypical emission control methods used in the
mercury switch industry to reduce worker exposure to mercury vapor. The use of isolation rooms and
automated systems for fill operations in the manufacture of mercury buttons has considerably reduced the
manual handling of elemental mercury. For example, arefiner can supply mercury in 363 kg (800 Ib)
stainless steel storage containersthat are individually mounted in steel frames to permit lifting and transport
by forklift. Thiseliminates the need to manually transfer the mercury from 35-kg (76-1b) iron flasks to the
holding tank.

The use of effective gaskets and seals allows containment of mercury in the process streams. Reject
and broken switches are discarded under water to suppress mercury vaporization.

Exhaust ventilation, which is custom designed to fit specific equipment, is often used to reduce
worker exposure to mercury vapor, mercury particulate, or both. For example, a specially designed circular
slot hood may be used to cover thefilling and welding machine. Plastic strip curtains may be suspended from
the hood to help prevent airflow from the hood into the work room.

Temperature control iswidely practiced as one of the most effective measures to reduce mercury
emissions. Reducing the fill room temperature to between 18° and 20°C (64° and 68°F) can be effectivein
lowering mercury emissions. Some industry operations shut down and require personnel evacuation from the
room when temperatures rise above 21°C (70°F).

Dilution ventilation of fill room air, without apparent control, has been practiced at mercury switch
plants. The negative pressure in the fill room prevents escape of mercury vapor into adjacent assembly aress.
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TABLE 5-5. MEASURES TO REDUCE WORKPLACE EXPOSURE TO MERCURY
VAPOR EMISSIONS IN THE ELECTRIC SWITCH INDUSTRY

Sources
Hg purification and Product Spills, breakage,
Control method transfer Hg filling testing rejects
Process modification and X
substitution
Containment X X
Ventilated enclosure X
Local exhaust ventilation X X X X
Temperature control X X X X
Dilution ventilation X X X X
Isolation X

Source: Reference 8.

Examples of technologies for removing mercury from exhaust streams were not found. However,
controls used at other manufacturers of electrical and electronic items may be effective at mercury switch
plants. These controls are discussed in subsequent subsections.®

In 1994, amajor manufacturer of thermostats announced a pilot project to recycle mercury
thermostats. Homeowners and contractors can send unneeded thermostats back to the manufacturer so the
mercury can be removed and recycled. In addition, in 1995, the U.S. EPA announced a"Universal Waste
Rule" (which includes thermostats) that effectively allows for the transpartation of small quantities of
mercury from specific products. This ruling shouid encourage recycling.3® In late 1996, the three major
thermostat manufacturrers, Honeywell, White Rodgers (a subsidiary of Emerson Electric), and General
Electric, agreed to form the Thermostat Recycling Corporation (TRC) to initiate a nationwide mercury switch
wholesaler take-back program utilizing the universal wasterule. The TRC plans to commence operationsin
most of the Great Lake states and Floridain late 1997 or 1998. The TRC will request participation by all
contractors and wholesalersin the target states. Under the plan, HVAC dealers bring used thermostats to
participating wholesalers and place the mercury-containing switch in recycling containers. When the
container isfull, the wholesaler ships the container to a consolidation facility where the mercury bulbs are
removed frorzré the thermostat. The mercury bulbs will be shipped to a mercury recycling facility for mercury
reclamation.

5.3.1.3 Emissions. During the manufacture of electric switches (wall and thermostat), mercury may
be emitted during welding or filling, as aresult of spills or breakage, during product testing, and as a result of
material transfer. The mercury emission sources are indicated in Figures 5-3 and 5-4 by a solid circle.

Table 5-6 lists the three manufacturers of electric switches that reported mercury air emissionsin the
1994 To>§ic Release Inventory (TRI). Total reported emissions from these manufacturers was 6.4 kg (14
pounds).

TABLE 5-6. MANUFACTURERS OF ELECTRIC SWITCHES AND ELECTRONIC
COMPONENTS REPORTING IN THE 1994 TOXIC RELEASE INVENTORY

N _ Total annual air
Facility Location Comments emissions, |b
Durakool, Inc. Elkhart, IN Hg used as an article component 5
Hermaseal Co. Elkhart, IN Hg used as an article component 5
Micro Switch Freeport, IL Hg used as an article component 4
Honeywdl| Div.

Source: Reference 3.
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No mercury emission data have been published for other manufacturers of electrical switches. Inthe
production of either mercury buttons for wall switches or thermostat switches, the principal sources of
mercury emissions occur during filling processes that are conducted in isolated rooms. The isolation rooms
are vented to maintain the room at a dight negative pressure and prevent mercury contamination of adjacent
work areas. No emission data or results of tests are available to develop an estimate of mercury emissions
from the two processes. One 1973 EPA report, however, presents an emission factor for overall electrlcal
apparatus manufacture of 4 kg of mercury emitted for each megagram of mercury used (8 Ib/ton).® This
factor pertains only to emissions generated at the point of manufacture. This emission factor should be used
with caution, however, as it was based on engineering judgment and not on actual test data. In addition,
electrical switch production and the mercury control methods used in the industry have likely changed
considerably since 1973. The emission factor could, therefore, substantially overestimate mercury emissions
from thisindustry and should not be used to estimate current mercury emissions.

Total 1995 mercury emissions for thisindustry are estimated to be 0.4 Mg (0.5 tons); see
Appendix A for details.

5.3.2 Thermal Sensing Elements

In certain temperature-sensing instruments, a bulb and capillary temperature-sensing deviceisan
integral part of the instrument. These devices use the expansion force of mercury asit is heated to activate
the external controls and indicators of the instrument.

5.3.2.1 Process Description. A thermal sensing instrument consists of atemperature-sensing bulb, a
capillary tube, amercury reservoir, and a spring-loaded piston. The bulb is made by cutting metal tubing to
the correct size, welding a plug to one end of the tube, and attaching a coupling piece to the other end. The
capillary tubeis cut to a specified length and welded to the coupling at the open end of the bulb. The other
end of the capillary iswelded to a"head" that houses the mechanical section of the sensor.

The bulb and capillary assembly are filled with mercury by a multistation mercury filling machine
that ishoused in aventilated enclosure. After filling, the sensor istransferred to afinal assembly station
where areturn spring and plunger are set into atemporary housing on the head of the sensor. To complete
the temperature instrument, the sensor is then attached to a controller and/or indicating device.®

5.3.2.2. Emission Control Measures. No information was found on specific emission control
devices or measures to control mercury emissions during the filling process. Although the filling machineis
typicaly in aventilated enclosure, no information is available concerning any subsequent treatment of the
exhaust gas prior to discharge to the atmosphere.

5.3.2.2.1 Emissions No emission factors for mercury emissions from thermal sensing el ement
manufacturing were found in the literature, and no emission test data were available to calculate emission
factors.

5.3.3 Tungsten Bar Sintering

5.3.3.1 Process Description. Tungsten is used as araw material in the manufacture of incandescent
lamp filaments. The manufacturing process starts with tungsten powder pressed into long, thin bars of a
specified weight. These bars are pretreated and then sintered using a high-amperage electrical current.
During the tungsten bar sintering process, mercury is used as a continuous electrical contact. The mercury
contact is contained in pools (mercury cups) located inside the sintering unit.

After the sintering process is completed, the bars are cooled to ambient temperature and the density
of the tungsten barsis determined. Metallic mercury is normally used in these measurements because of its
high specific gravity. To calculate the density of the tungsten bars, the bars are dipped into a pool of
mercury, and the weight of the displaced mercury is determined. When the bars are removed from the
mercury pool, the mercury is brushed off into atray of water that is placed in front of the pool.8

5.3.3.2 Emission Control Measures. No specific information on emission control measures for
sintering tungsten bars was found in the literature.

5.3.3.3 Emissions. Mercury is used only during the actual sintering and the final density
measurements. For this reason, it is assumed that these two operations account for all the mercury emitted
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from the process. No specific data for mercury emissions from the tungsten sintering process were found in
the literature, and no emission test data were available to calculate mercury emission factors.

5.3.4 Copper Foil Production

High purity copper foil, used asalaminatein printed circuit boards, is produced by an
electrodeposition process using mercury as the electrical contact.

5.3.4.1 Process Description. Theinitia step in the foil production processis the dissolution of scrap
copper in sulfuric acid to form copper sulfate. The solution is then fed to the plating operation where the
copper ions are el ectrodeposited on rotating drums as copper metal. Each plating drum is composed of a
concrete cell containing the copper sulfate solution, an anode (Iead), arotating titanium drum (cathode), and a
winding roll. Duringthe electrodepaosition process, a current passes between the lead anode and the rotating
drum cathode. Asthe drum rotates, the copper metal is electrodeposited on the drum surface in the form of a
continuous thin foil sheet.

The plated fail is pedled from the drum and wound on aroll. When the roll reaches a specified size,
it is removed from the plating drum unit and transferred to the treating room where it is specially treated,
annealed, dlit, wrapped, and prepared for shipping.®

Elemental mercury is used as the continuous e ectrical contact between the rotating shaft of the drum
and the elecé[rioal connections. Theliquid mercury is contained in awell located at one end of the rotating
drum shaft.

5.3.4.2 Emission Control Measures. Manufacturing processes that require mercury as an electrical
contact generally use ventilated enclosures for controlling vapor emissions from mercury pools. In copper
foil production, the mercury wells are located in ventilated enclosures, and exhaust gases are directed to a
mercury vapor filter. Another method of controlling emissions from mercury wellsisto reduce the
temperature of mercury inthe well. Generally, mercury wells operate at 82°C (180°F); at this temperature,
mercury has a vapor pressure of 0.10 mmHg. A temperature reduction to 21°C (70°F) decreases the mercury
vapor pressure to 0.0013 mmHg.

5.3.4.3 Emissions. Mercury can be emitted from the drum room and treating room of the copper
plating process. No information was available on mercury release rates to the atmosphere through ventilation
systems. No specific datafor mercury emissions from the production of copper foil were found in the
literature, and no emission test data were available for calculating emission factors.

5.3.5 Fluorescent Lamp Manufacture and Recycling

All fluorescent lamps contain elemental mercury as mercury vapor inside the glass tube. Mercury
has a unique combination of properties that make it the most efficient material for use in fluorescent lamps.
Of the 680 million mercury-containing lamps sold in the U.S. annually, approximately 96 percent are
fluorescent lamps.3* The names and division headquarters of the four fluorescent lamp manufacturersin the
U.S. in 1995 are shown in Table 5-7.

TABLES5-7. U.S. FLUORESCENT LAMP MANUFACTURERS HEADQUARTERS

Company Division Headquarters
DURO-LITE Corp. North Bergen, NJ
General Electric Cleveland, OH
OSRAM Sylvania, Inc. Danvers, MA

Philips Lighting Company Somerset, NJ

Source: References 29 and 33..

In 1995, 30 Mg (33 tons) of mercury were purchased for the manufacture of electric lighting,
including fluorescent, mercury vapor, metal halide, and high-pressure sodium lamps.2 Lamps do not contain
all of the mercury purchased for the manufacture; mercury not retained in the lamps is returned to mercury
recyclersfor purification and reuse. 1n 1994, 15.7 Mg (17.3 tons) of the 27 Mg (30 tons) of mercury were
actually contained in the lamps.34
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There are presently few mercury recycling facilities in the country. Datafrom a 1994 EPA report
indicate that apprOX|mater 600 million fluorescent lamps are disposed each year, with only 2 percent of that
number being recycled.® That trandatesinto approximately 12 million fluorescent lamps recycled annually.
The number of fluorescent lamps recycled has been increasing so the 2 percent figure in the 1994 report may
underestimate the current recycling efforts.

5.3.5.1 Fluorescent Lamp Manufacture.

5.3.5.1.1 Process description. Fluorescent lamp production begins with the preparation of the lamp
tube. Precut glass tubes are washed to remove impurities, dried with hot air, and coated with aliquid
phosphor emulsion that deposits a film on the inside of the lamp tube. Mount assemblies, consisting of a
short length of glass exhaust tube, lead wires, and a cathode wire, are fused to each end of the glass lamp
tube. The glass lamp tube, with attached mount assemblies, is then transferred to the exhaust machine.

On the exhaust machine, the entire glass tube system is exhausted and a small amount (15 to 100 mg
[3.3x 10 t0 2.2 x 10*1b]) of mercury isadded. A few high wattage HID lamps may contain up to 250 mg
of mercury. Over the life of the lamp, some of the mercury combines with the glass, internal metals, and the
emulsion coating on the interior of the lamp tube. Following the addition of mercury, avacuum is drawn
through the glass lamp tube system to remove the air and small quantities of excess mercury. The glass tube
system isthen filled with inert gas and sealed. After the lamp tubes are sealed, metal bases are attached to the
ends of the lamp tube and are cemented in place by heating.

5.3.5.1.2 Emission control measures. No add-on emission control measures were identified for
exhaust or ventilation gases. The only methods identified were those used to reduce worker exposure.
Mercury air concentrations due to handling are usually reduced by containment, local exhaust ventilation,
temperature control, isolation, and/or mercury removal from the air stream. Mercury air levels during the
lamp production steps are reduced by process modifications, containment, ventilated enclosures, local exhaust
ventilation, and temperature control.

The use of mercury-containing fluorescent and other high-efficiency lighting systemsisincreasing
because of the energy efficiency of these systems. However, the mercury content of fluorescent lamps has
decreased by 53 percent between 1989 and 1995 to an average of 22.8 mg of mercury per lamp. Continued
product design changes that further reduce mercury use by the industry could also further reduce mercury
emissions from the industry.

5.3.5.1.3 Emissions. Mercury emissions from fluorescent lamp manufacturing may occur during
mercury handling operations and during lamp production. Handling operations that may result in mercury
vapor emissions include mercury purification, mercury transfer, and parts repair. During lamp production,
mercury may be emitted from the mercury injection operation and from broken lamps, spills, and waste
material.

One 1973 EPA report presents an emission factor for overall eI ectrical apparatus manufacture of
4 kg of mercury emitted for each megagram of mercury used (8 Ib/ton).® Thisfactor pertainsonly to
emissions generated at the point of manufacture. This emission factor should be used with extreme caution,
however, as it was based on engineering judgment and not on actual test data. In addition, electric light
production and the mercury control methods used in the industry have likely changed considerably since
1973. The emission factor may, therefore, substantially overestimate mercury emissions from this industry.

A 1984 emission rate of 10.2 g/d (0.02 Ib/d) was found in the Natlonal A|r Toxics Information
Clearinghouse (NATICH) for a GTE lamp manufacturing facility in Kentucky.36 However, no information
was available on the quantity of mercury used at the facility, the number of units produced, or other data that
would permit a comparison of this emission rate with other facilities. In addition, no data were presented to
allow calculation of an annual quantity.

Only one lamp manufacturing facility (General Electric Company Bucyrus Lamp PIant) reported
mercury emissions in the 1994 TRI; their annual emissions were 0.21 Mg/yr (0.23 tonslyr).3
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5.3.5.2 Huorescent Lamp Recycling.

5.3.5.2.1 Processdescription. The crushing of fluorescent lamps to separate the glass from the
phosphor powder in the lamp is commonly the first step in recycling of mercury; although some companies
use other methods, such as removal of the phosphor powder by air vortex or by flushing with hydrochloric
acid.®® The simplest crushers are essentially single units with a crusher mounted on top of abarrel, usually a
55-gallon drum. This system isused in many industrial facilitiesto crush their fluorescent lamps as a means
to reduce the solid waste volume before disposing the materia in alandfill. In thisversion, lamps are hand-
fed to afeeder chute of variable length and diameter. The lamps pass to the crushing unit, typically
consisting of motor-driven blades, which implode and crush the lamps. From here, the crushed powder drops
into the barrel below the crusher. Some systems include a vacuum system which collects air from beneath the
crusher, preventing mercury laden air from exiting through the feed chute. Materia collected in the vacuum
system first passes through a cyclone separator. This removes glass particles, which drop into the drum. Air
from the cyclone separator contains phosphor powder and some mercury vapor. These are removed by
further control.

After crushing of the lamps, mercury recovery is often the next step in the recycling process. Most
commonly, lamps that are not landfilled undergo retorting or roasting which recovers mercury by distillation.
Different versions exist, but in each, the material is heated to vaporize the mercury and recover it asaliquid.
This can be accomplished in closed vessals (retorts) or in open-hearth furnaces, ovens, or rotary kilns
(roasting). Recovery of the vaporized mercury can be done with condensers and separators or with a venturi
scrubber and decanter, followed by an air pollution control system.

Retorting generally gives higher recovery rates than does roasting, and is also well-suited to wastes
containing volatile forms of mercury. Thus retorting is generally the recovery method of choice for
fluorescent lamps. Typically, the mercury-containing wastes are placed in aretort, and heated for 4 to
20 hoursto atemperature above the boiling point of mercury (357°C [675°F]) but below 550°C (1022°F).
Vaporized material from this processis condensed in the scrubber or condenser, and then recoveredin a
collector or decanter. This recovered mercury may require additional treatment, such as nitric acid bubbling,
to removeimpurities.

5.3.5.2.2 Emission control measures. The simplest fluorescent lamp crushers have no air pollution
control devices. More sophisticated versions of the barrel-mounted crusher utilize a negative air exhaust
system to draw the crushed debris and prevent it from reemerging through the feeder tube. Thedrawn air is
then passed through a high efficiency particulate air (HEPA) filter to remove particul ate matter from the
exhausted flow. Other control techniques include gasketing around the connection between the crusher and
drum, total enclosure, and disposable collection barrels.

One crushing system utilizes a vacuum system which collects air and tube materials from beneath the
crusher, which then passes through a cyclone separator to remove glass particles. From the cyclone, the air
passes through a baghouse, several particulate matter filters and HEPA filters to ensure that all lamp particles
have been removed. The exhaust then passes through activated carbon beds, which trap the mercury vapor.
Theair is then passed through more particulate filters which trap any carbon that may have been carried away
from the activated carbon bed. The air from the containment room (in which the crusher and filters are
located) is blended with the cleaned crusher exhaust air and sent through another series of particul ate filters
and more activated carbon.> No efficiencies of this control system are available.

Another crusher uses a system similar to the one mentioned above. The entire system operates under
negative pressure and the crushed debrisis collected in acyclone. The exhaust continues through areverse jet
baghouse, a HEPA filter, and then through a potassium iodide-impregnated carbon filter. Thisremovesthe
mercury by precipitating it in the form of mercuric iodide (no removal efficiencieswere provided). Theair in
the building that houses the crusher is also under negative pressure and is drawn through the entire filter
system as well %

No information was found describing control devices for mercury recovery systems beyond the
condensers, separators, and venturi scrubbers designed for product recovery.

5.3.5.1.1 Emissions. Mercury emissions from fluorescent lamp recycling may occur from crusher

feed chutes, connections between crushers and receiving barrels, collection barrels themselves, control system
outlets for crushers or retorts, and scrubber system wastewater.
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In many cases, actual emission estimates have not been determined for lamp recycling processes,
rather, occupational exposure estimates have been derived from ambient air measurements taken in the
workplace. Approximations of mercury emissions are available for two fluorescent lamp crushers based on
reported production rates, air flow rates, and typical exhaust characteristics for a carbon adsorber controlling
mercury vapor emlssons35 The emission rates for these two crushers rangefrom 0.14 to 10 mg/min (3.1 x
10" t0'2.2 x 10 Ib/min) and 0.002 to 0.16 mg/lamp (4.4 x 10°° to 35x 107 Ib/lamp). The average
emission factor for the two crushersis 0.071 mg/lamp (1.6 x 107 Ib/lamp). This emission factor should be
used with caution, however, as it was based on engineering judgment and not on actual test data.

Mercury emission test data from a 1994 test are available for one fluorescent bulb crusher. The unit
is an enclosed system vented to a HEPA fabric filter and a carbon adsorber. The average mercury emission
rate for the three test runs was 0.003 g/hr (0.000007 Ib/hr). Using the reported tube processing rate of
3,414 bulbs/hr, amercury emission factor of 0.00088 mg/lamp (1.9 x 1079 Ib/lamp) can be estimated WhICh IS
about two orders of magnitude lower than the average emission factor estimated in the previous paragraph.®

No mercury emission data were available from which to cal culate emission factors for recovery
processes.

5.4 INSTRUMENT MANUFACTURING AND USE (THERMOMETERS)

Mercury is used in many medical and industrial instruments for measurement and control functions
including thermometers; manometers, barometers, and other pressure-sensing devices; gauges, valves, sedls,
and navigational devices. Because mercury has a uniform volume expansion over itsentire liquid range and a
high surface tension, it is extremely useful in the manufacture of awide range of instruments. It isbeyond the
scope of this report to discuss al instruments that use mercury in some measuring or controlling function.
Although there is potentia for mercury emissions from all instruments containing mercury, this section
focuses only on the production of thermometers because they represent the most significant use, and more
information is available on thermometer manufacture than on the manufacture of other instruments.

There are generally two types of clinical thermometers: 95 percent are oral/rectal/baby
thermometers, and 5 percent are basal (ambient air) temperature thermometers. An oral/rectal/baby
thermometer contains approximately 0.61 g (O 022 0z.) of mercury and a basal thermometer contains
approximately 2.25 g (0.079 oz.) of mercury.38

In 1995, 43 Mg (47 tons) of mercury were used in all measuring and control instrument
manufacture.?

5.4.1 Process Description

The manufacture of temperature measurement instruments varies according to the type of bulb or
probe. In addition, the mercury filling procedure varies among different instrument manufacturers. The
production of glass thermometers begins with the cutting of glass tubes (with the appropriate bore size) into
required lengths. Next, either a glass or metal bulb, used to contain the mercury, is attached to one end of the
tube.

The tubes are filled with mercury in an isolated room. A typical mercury filling processis conducted
insideabell jar. Each batch of tubesis set with open ends down into a pan and the pan set under the bell jar,
which islowered and sealed. The tubes are heated to approximately 200°C (390°F), and avacuum is drawn
insidethe bell jar. Mercury is alowed to flow into the pan from either an enclosed mercury addition system
or amanualy filled reservoir. When the vacuum in the jar isreleased, the resultant air pressure forces the
mercury into the bulbs and capillaries. After filling, the pan of tubes is manually removed from the bell jar.
Excess mercury in the bottom of the pan is purified and transferred back to the mercury addition system or
filling reservoir.

Excess mercury in the tube stemsis forced out the open ends by heating the bulb ends of the tubesin
ahot water or il bath. The mercury column is shortened to a specific height by flame-heating the open ends
(burning-off process). The tubes are cut to afinished length just above the mercury column, and the ends of
thetubes are sealed. All of these operations are performed manually at various work stations. A temperature
scaleis etched onto the tube, completing the assembly .82
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5.4.2 Emission Control Measures

Vapor emissions from mercury purification and transfer are typically controlled by containment
procedures, local exhaust ventilation, temperature reduction to reduce the vapor pressure, dilution ventilation,
or isolation of the operation from other work areas. The tube bore size also can be modified to reduce the use
of mercury.

The major source of mercury emissionsin the production of thermometers may be in the mercury
filling step. Several emission control measures have been identified for production processes that require, in
part, filling an apparatus with metallic mercury. In the previous discussion of the electric switch industry,
Table 5-5 presented several control methods that are used by that industry to reduce workplace exposure to
mercury vapor emissions. These controls or combinations of controls are generally applicable to the
production of thermometers.

One of the latter stepsin the production of thermometers involves heating the mercury in ahigh
temperature bath and the subsequent heating of the open ends with a flame (burning-off process). A possible
control scenario for these operations would include an isolation room with local exhaust ventilation and
dilution ventilation, to create a dight negative pressure in the room. This arrangement would prevent escape
of mercury vapor into adjacent assembly or work areas.

Additionally, product substitutions in the marketplace may reduce mercury emissions from
instrument manufacturing and use. One notable example of such a substitution is the replacement of mercury
thermometers with digital devices.

5.4.3 Emissions

Mercury emissions can occur from several sources during the production of thermometers. Many of
the procedures used in thermometer production are performed manually, and as a result, emissions from these
procedures are more difficult to control. The most significant potential sources of emissions are mercury
purification and transfer, mercury filling, and the heating out (burning-off) process. Vapor emissions dueto
mercury spills, broken thermometers, and other accidents may contribute to the level of mercury emissions.

No specific data for mercury emissions from manufacturing thermometers or any other instrument
containing mercury were found in the literature, and no emission test data were available from which to
calculate emission factors. One 1973 EPA report, however, presents an emission factor for overall
instrument manufacture of 9 kg of mercury emitted for each megagram of mercury used (18 Ib/ton).® This
emission factor should be used with extreme caution, however, as it was based on survey responses gathered
in the 1960's and not on actual test data. In addition, instrument production and the mercury control methods
used in instrument production have likely changed considerably since the time of the surveys.

Total 1995 mercury emissions for thisindustry are estimated to be 0.4 Mg (0.5 tons); see
Appendix A for details.
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6.0 EMISSIONS FROM COMBUSTION SOURCES

Mercury is often found as atrace contaminant in fossil fuels or waste materials. When these
materials are combusted, the combination of the elevated temperature of the process and the volatility of
mercury and mercury compounds resultsin mercury being emitted in the combustion gas exhaust stream.
This section addresses mercury and mercury compound emissions from seven stationary source combustion
processes:

- Coal combustion

- Oil combustion

- Wood combustion

- Municipal waste combustion
- Sewage dudge incineration

- Hazardous waste combustion
- Medical waste incineration

These seven processes fall into two general categories. Thefirst three involve fue combustion for energy,
steam, and heat generation, while the last four are primarily waste disposal processes, although some energy
may be recovered from these processes. A summary of the estimated emissions from each of the above
categoriesisasfollows:

Category Emissions, Mg (tons)
Coal combustion 67.8 (74.6)

Qil combustion 7.4(8.1)
Wood combustion 0.1(0.2)
Municipal waste combustion 26 (29)
Sewage dudge incineration 0.86 (0.94)
Hazardous waste combustion 6.3(6.9)
Medical wasteincineration 14.5 (16)

The paragraphs below provide a general introduction to the two combustion categories. As part of
thisintroduction, a summary of nationwide fuel usageis presented in detail. Thisinformation was used to
develop nationwide emissions of mercury for different sectors and fuels.

In 1994 the total annual nationwide energy consumptioninthe Unlted States was
93.584 x 10 5 megyy joules (MJ) (5 8.789 x 101 British thermal units [Btu]) Of thistotal, about
54.889 x 1012 MJ (52.077 x 10%° Btu) or 59 percent involved consumption of coal, petroleum products, and
natural gas in nontransportation combustion processes. (No data were available on energy consumption for
wood combustion from the U.S. Department of Energy.) Table 6-1 summarizesthe 1994 U.S. distribution of
fossil fuel combustion as afunction of fuel type in the utility, industrial, commercial, and residential sectors.
The paragraphs below provide brief summaries of fuel use patterns; additional details on fuel consumptlon by
sector for each State can be found in " State Energy Data Report, Consumption Estimates, 1994"%°.

Asshown in Table 6-1, at 22.129 x 1012 MJ (20.995 x 101° Btu) per year, the industrial sector isthe

largest consumer of fossil fuels. This sector uses a mixture of natural gas (46 percent), fuel oil (7 percent),
other petroleum fuels (35 percent), and coal (12 percent). The other petroleum fuels that are
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TABLE 6-1. 1994 DISTRIBUTION OF FOSSIL FUEL CONSUMPTION IN THE UNITED STATES

Annual energy consumption, 102 MJ (10° Btu)
Fuel Utilities Industrial Commercia Residential Total
Bituminoug/lignite coal 17.760 2.642 0.076 0.041 20.519
(16.850) (2.507) (0.072) (0.039) (19.468)
Anthracite coal 0.018 - 0.012 0.017 0.047
(0.017) --) (0.011) (0.016) (0.044)
Didtillate ail 0.100 1.169 0.489 0.928 2.686
(0.095) (1.109) (0.464) (0.880) (2.548)
Residual ail 0.893 0.448 0.184 - 1.525
(0.847) (0.425) (0.175) ) (1.447)
Other petroleum fuels 0.027 7.710 0.121 0.485 8.343
(0.026) (7.315) (0.115) (0.460) (7.916)
Natural gas 3.222 10.160 3.139 5.249 21.770
(3.057) (9.639) (2.978) (4.980) (20.654)
Totd 22.020 22.129 4.021 6.719 54.889
(20.892) (20.995) (3.815) (6.375) (52.077)

Source: Reference 39.

used include primarily liquified petroleum gas, asphalt and road oil, and other nonclassified fudls. Again, the
distribution among the three fuel types varies substantially from State to State, with each of the three
contributing significant fractionsin most States. Notable exceptions are Hawaii, which relies almost
exclusively on petroleum fuels; Alaska, which relies primarily on natural gas; and the northeastern States of
Connecticut, New Hampshire, Rhode |dand, and Vermont, which use almost no coal.

The ut|I|ty sector is the second largest fossil fuel energy consumer at the rate of 22.020 x 1012 MJ
(20.892 x 10%° Btu) per year. About 81 percent of this energy was generated from coal combustion, with
bituminous and lignite coal contributing substantially greater quantities than anthracite coal. Infact,
Pennsylvaniaisthe only State in which anthracite coal is used for electric power generation. AIthough most
States rely primarily on coal for power generation, the distribution among fossil fuels varies from State to
State, and several States rely heavily on natural gas and fuel oil for power generation. In California, natural
gas provides about 97 percent of the fossil-fud based electricity production, and no coal is used. In Hawaii,
fud oil isused exclusively, while in Oklahoma and Texas, a mixture of coal and natural gas are used. In
Florida, Louisiana, Massachusetts, and New Y ork, coal, fudl oil, and natural gas each represent a substantial
fraction of the power generation. The States of |daho, Maine, Rhode Island, and Vermont have no coal fired
utilities. Idaho relies exclusively on hydroelectric power, while the New England States use a mixture of fuel
oil, natural gas, nuclear, and hydroel ectric power.

Asshownin Table 6-1, substantially smaller quantities of fossil fuel are used in the commercia and
residential sectors than are used in the utility and industrial sectors. The fuels used are primarily natural gas,
fud oail, and liquified petroleum gas (the "other petroleum fudls' in the residential category). Almost all
States use a mixture of the fuels, but the distributions vary substantially, with some States like Californiaand
Louisianausing primarily natural gas and others like New Hampshire and Vermont using a much greater
fraction of fud oil. One unique case is Pennsylvania where anthracite cod is used in both the residential and
commercial sectors.

Intheindividual sections below, additional information will be presented on the mercury content of
the different fuels and on the relationship between fud type and emissions. However, for any geographic
area, the contribution of energy generation sources to mercury emissions will be a function of the distribution
of fuels used in the different sectors within the area.

The sources within the second combustion category are engaged primarily in waste disposal.
Mercury emissions from these processes are related to the mercury levelsin the waste. The different waste
types are generally characterized with distinct source categories.

Furthermore, these waste disposal practices are not strongly related. Consequently, each of these
categories will be characterized individually within the sections below rather than in ageneral discussion here.
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The seven sections below have a consistent organization. First, the characteristics of the fuel or waste are
described and, in the case of the waste combustion processes, the general source category is also described.
Second, process descriptions are presented and emission points are identified. Third, available emission
control measures are identified and described. Finaly, emission factors are presented. A discussion of the
sampling and analytical methods used to determine the mercury emission levels from combustion sourcesis
presented in Section 9.

6.1 COAL COMBUSTION

As presented in Table 6-1, most coal combustion in the United States occursin the utility and
industrial sectors, with about 87 percent being bituminous and lignite combustion within the utility sector and
about 13 percent being bituminous and lignite combustion in the industrial sector. Consequently, the focus of
the discussion below will be on bituminous and lignite coal combustion in utility and industrial boilers.
However, limited information on anthracite coal combustion will also be presented.

6.1.1 Coa Characteristics

The coal characteristics of greatest interest in evaluating mercury emissions from coal combustion
are coa heating values and coal mercury content. Mercury emissions are a direct function of the mercury
content, while heating values are used to convert emission factors between mass input-based and heat
input-based activi}y levels. This section briefly summarizes the information about coal heating levels and
mercury content.*%41:42 More complete summaries can be found in Reference 40 and detailed analyses of
coal mercury content as afunction of coal type and geographic region can be found in Reference 41 and
Reference 42.

Coal isacomplex combination of organic matter and inorganic ash formed in geologic formations
from successive layers of fallen vegetation and other organic matter. Coal types are broadly classified as
anthracite, bituminous, subbituminous, or lignite, and classification is made by heating values and amounts of
fixed carbon, volatile matter, ash, sulfur, and moisture.*3 Formulas for differentiati ng coals based on these
properties are available** These four coal types are further subdivided into 13 component groups. Table 6-2
summarizes information about the heating values for these component groups.

The heating value of coa varies among coal regions, among mines within aregion, among seams
within amine, and within aseam. The variability isminimal compared to that found with trace metal levels
described below, but it may be important when fuel heat content is used as the activity level measure for
source emission calculations. Data presented in Table 6-3 illustrate the regional variability of coal heat
content. Heat content among coals from several different mines within aregion appears to exhibit greater
variability than either variability within amine or within a seam. For the sample points presented in
Table 6-3, intermine variability averaged 15 percent, intramine variability 7 percent, and intraseam variability
3 percent. Because few combustion sources burn coal from just one seam or one mine, coal heat content
variability may significantly affect emission estimates that are being calculated using emission factors, coal
use data, and coal heat content data, even if the source getsall its coal from the same area of the country.40

To an even greater extent than the heating value, the mercury content of coal varies substantially
among coal types, at different locations in the same mine, and across geographic regions. The most
comprehensive source of information on coal composition isthe United States Geological Survey (USGS)
National Coal Resources Data System (NCRDS). Geochemical and trace element data are stored within the
USCHEM file of NCRDS. Asof October 1982, the file contained information on 7,533 coal samples
representing all U.S. coal provinces. Trace element analysis for about 4,400 coal samples wereincluded in
the data base. This computerized data system was not accessed during the current study due to time and
budgetary constraints and information from USGS that indicated that few data had been added to the system
since 1972; however, asummary of the data presented in Reference 40 was reviewed. The most extensive
source of published trace element data was produced in Reference 42. This report contains data for 799 coal
samples taken from 150 producing mines and includes the most important U.S. coal seams. Data from
Reference 42 was the initial input into the USCHEM file of NCRDS. The information presented here
summarizes the review presented in Reference 40 of the results published in References 41 and 42. Note that
those results are consistent with unpublished analyses conducted by USGS on the data
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TABLE 6-2. COAL HEATING VALUES

Heating value, kJkg (Btu/lb)
Component o
Coal class group Definition Source? Range? Mean?
Anthracite Al Meta-anthracite  |PA,RI 21,580-29,530 25,560
(9,310-12,740) (11,030)
A2 Anthracite CO,PANM 27,700-31,800 30,270
(11,950-13,720) (13,000)
A3 Semianthracite ARPAVA 27,460-31,750 29,800
(11,850-13,700) (12,860)
Bituminous B1 Low volatile ARMD,OK,PA, | 30,640-34,140 32,400
bituminous Wwv (13,220-14,730) (13,980)
B2 Mediumvolatile  [AL,PAVA 31,360-33,170 32,170
bituminous (13,530-14,310) (13,880)
B3 Hig_h volatile AL,COKSKY, | 28,340-35,710 31,170
A bituminous MO,NM,PA, (12,230-14,510) (13,450)
TN, TX,UT,\VA,
WV

B4 High volatile ILLKY,MO,0H, | 26,190-30-480 28,480
B bituminous UT,wWwYy (11,300-13,150) (12,290)

B5 High volatile IL,IN,JA,MI 24,450-27,490 26,030
C bituminous (10,550-11,860) (11,230)

Subbituminous S1 Subbituminous A  |MT,WA 23,940-25,820 24,890
(10,330-11,140) (10,740)

S2 SubbituminousB  [WY 21,650-22,270 21,970

(9,340-9,610) (9,480)

S3 SubbituminousC |CO,WY 19,280-19,890 19,580

(8,320-8,580) (8,450)

Lignite L1 Lignite A ND,TX 16,130-17,030 16,660
(6,960-7,350) (7,190)

L2 LigniteB NA NA NA

Source: Reference 40.

3NA = not available.
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TABLE 6-3. EXAMPLES OF COAL HEAT CONTENT VARIABILITY

Coal heat content, Btu/lb

Percent variation

Variability Coal source Mean Range? about the mean
Eastern U.S. 12.7
12,320 10,750 - 13,891 )
Intermine variability Central U.S. 10.772 9147 - 12.397 15
Western U.S. 17
11,227 9,317 - 13,134
Eastern U.S. 12,950 NA 4.8°
10,008 9,182 - 10,834 8.0
12,000 11,335 - 12,665 55
Intramine variability | cayeg Us, 12,480 NA 5.7¢
10,975 9,667 - 12,284 12.0
Western U.S. 10,351 9,791 - 10,911 54
Eastern U.S. 12,230 NA 3.09
Intraseam variability Centra U.S. 10,709 10,304 - 11,113 37
Western U.S. 11,540 NA 2.5%

Source: Reference 40.
8NA = not available.

bBased on a standard deviation of 624.
®Based on a standard deviation of 708.
dBased on a standard deviation of 371.
®Based on a standard deviation of 291.
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contained in NCRDS as of 1989.%° More information on the sampling and analysis of mercury in coa is
presented in Section 9.

Table 6-4 presents information on the mean concentration of mercury in coal and on the distributions
of mercury concentrations by coal type. Bituminous and anthracite coals have the highest mean mercury
concentrations, 0.21 parts per million by weight (ppmwt) and 0.23 ppmwt, respectively. The standard
deviation of each mean either approaches or exceeds the mean, indicating strong variation in the data.
According to Reference 40 subbituminous coals have the greatest reported range of mercury concentrations
(0.01to 8.0 ppm). Based on conversations with USGS personnel, the means reported in Table 6-4 are
regarded as typical values for in-ground mercury concentration in coalsin the United States.*

TABLE 6-4. MERCURY CONCENTRATION IN COAL BY COAL TYPE

Mercury concentration, ppmwt
Standard
Coal type No. of samples Range Arithmetic mean deviation
Bituminous 3,527 <0.01t03.3 0.21 0.42
Subbituminous 640 0.01t0 8.0 0.10 0.11
Anthracite 52 0.16t00.30 0.23 0.27
Lignite 183 0.03t0 1.0 0.15 0.14

Source: Reference 40.

Other estimates of mercury concentration in coal have been developed. The U. S. EPA, in the Study
of Hazardous Air Pollutant Emissions from Electric Utility Steam Generating Units, used a USGS data base
containing analyses of 3,331 corg and channel samples of coal from the top 50 (1990 and later) economically
feasible coal streamsin the U.S.3346 | ndustry reviewed the USGS data set and, under a separate effort,
screened the data to remove about 600 entries representing coal seams that could not be mined
economically.?’ Because the average mercury concentration of the screened data set was virtually the same as
the mercyry concentration when the full USGS data set was used, EPA elected to use the USGS data set inits
entirety.33 "Other data sets showing concentrations about 50 percent lower than the USGS data set average
are based on significantly lower numbers of samples.4’

The concentration of mercury in coal also varies by geographic region from which the coal is mined.
Based on the "best typical" values for each region, which are footnoted in Table 6-5, coals from the
Appalachian and Gulf Provinces have the highest mean mercury concentration, 0.24 ppmwt for both regions.
Also, based on the best available data, the lowest mean concentration is found in coals from the Alaska region
(0.08 ppmwt). However, note that another study showed substantially higher levels (4.4 ppmwt). That study
also showed that the greatest range of concentration is found in coals from the Alaska region with areported
range of 0.02 to 63 ppmwt The means reported in Table 6-5 may be regarded as typical in-ground
concentrations of mercury in coals from each geographic region.

6.1.2 Process Description

Asshownin Table 6-1, amost all coal combustion occursin utility and industrial boilers. Almost all
of the coal burned is bituminous and subbituminous (95 percent) and lignite (4 percent).*® However, the
processes used for the different coals are comparable. The paragraphs below first describe the boilers used
for bituminous coal combustion. Then, lignite and anthracite combustion are described briefly.

References 48 and 43 offer additional details on these processes.

The two major coal combustion techniques used to fire bituminous and subbituminous coals are
suspension firing and grate firing. Suspension firing is the primary combustion mechanism in pulverized coal
and cyclone systems. Gratefiring is the primary mechanism in underfeed and overfeed stokers. Both
mechanisms are employed in spreader stokers.

Pulverized coal furnaces are used primarily in utility and large industrial boilers. In these systems,
the coal is pulverized in amill to the consistency of talcum power (i.e., at least 70 percent of the particles
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TABLE 6-5. MERCURY CONCENTRATION IN COAL BY REGION

No. of Mercury concentration, ppmwt
Region samples Range Arithmetic mean Standard deviation
Appdachian 2,749 0.24% 0.47
331 <0.01-3.3 0.24P
Interior 592 0. 143 0.14
155 0.01-0.83 0.14 ---
--- 0.01-1.5 0.15 ---
Illinois Basin® 82 0.03-1.6 0.21 0.22
0.16-1.91
Gulf Province 38 0.243 0.19
34 0.03-1.0 0.18 ---
Northern Plains 371 0.112 0.10
490 0.01-3.8 0.11 ---
Rocky Mountains 184 0.092 0.12
124 0.01-1.48 0.06°
--- 0.01-8.0 0.11 ---
Alaska 107 --- O.O%a 0.07
18 0.02-63 4.4 ---

Source: Reference 40.

@ Values from Reference 41 are based on the most comprehensive data set currently available (the NCRDS)
and may be used as typical values for mercury in coal from these regions.

b v alues from Reference 42 are included in the NCRDS. Arithmetic means from the entire NCRDS are more

representative than means from this study, since the NCRDS contains many more coal samples. The

Reference 42 data are included to give an idea of the range of values for mercury content inindividual coal

samples from each region.

¢ Eastern section of Interior Province.

will pass through a 200-mesh sieve). The pulverized coal is generally entrained in primary air and
suspension-fired through the burners to the combustion chamber. Pulverized coal furnaces are classified as
either dry or wet bottom, depending on the ash removal technique. Dry bottom furnaces fire coals with high
ash fusion temperatures, and dry ash removal techniques are used. In wet bottom (slag tap) furnaces, coals
with low ash fusion temperatures are used, and molten ash is drained from the bottom of the furnace.

Cyclone furnaces burn low ash fusion temperature coal crushed to a4-mesh size. The coal isfed
tangentially, with primary air, to ahorizonta cylindrical combustion chamber. Small coal particles are
burned in suspension, while the larger particles are forced against the outer wall. Because of the high
temperatures developed in the relatively small furnace volume, and because of the low fusion temperature of
the coal ash, much of the ash forms aliquid slag that is drained from the bottom of the furnace through aslag
tap opening. Cyclone furnaces are used mostly in utility and large industrial applications.

In spreader stokers, a flipping mechanism throws the coal into the furnace and onto a moving grate.
Combustion occurs partialy in suspension and partially on the grate. Because the entrained particlesin the
furnace exhaust have substantial carbon, fly ash reinjection from mechanical collectorsis commonly used to
improve boiler efficiency. Ashresidueinthefuel bed is deposited in areceiving pit at the end of the grate.

In overfeed stokers, coal isfed onto atraveling or vibrating grate and burns on the fuel bed as it
progresses through the furnace. Ash particlesfall into an ash pit at the rear of the stoker. "Overfeed" applies
because the coal isfed onto the moving grate under an adjustable gate. Conversely, in "underfeed" stokers,
coal isfed upward into the firing zone by mechanical rams of screw conveyers. The coa movesin achannd,
known as aretort, from which it is forced upward, spilling over the top of each side to feed the fuel bed.
Combustion is completed by the time the bed reaches the side dump grates from which the ash is discharged
to shallow pits.

The next most common coal used inthe U.S. islignite. Ligniteisarelatively young coa with
properties intermediate to those of bituminous coal and peat. Because lignite has a high moisture content (35
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to 40 weight percent) and alow wet basis heating value (16,660 kJ/kg [7,190 Btu/lb]), it generally isused as
afue only inareasin which itismined. Ligniteisused mainly for steam/electric production in power plants
and typically isfired in larger pulverized coal-fired or cyclone-fired boilers.

Anthracite coal is ahigh-rank coal with more fixed carbon and less volatile matter than either
bituminous coal or lignite. Because of itslow volatile matter content and dlight clinkering, anthracite is most
commonly fired in medium-sized traveling grate stokers and small hand-fired units. Some anthracite
(occasionally with petroleum coke) is used in pulverized coal-fired boilers, and it may be blended with
bituminous coal. Because of itslow sulfur content (typicaly lessthan 0.8 weight percent) and minimal
smoking tendencies, anthraciteis considered adesirable fuel in areas whereit isreadily available. Inthe
United States, anthracite is mined primarily in northeastern Pennsylvania and consumed mostly in
Pennsylvania and surrounding States. The largest use of anthracite isfor space heating. Lesser amounts are
employed for steam/electric production, typically in underfeed stokers and pulverized coal dry-bottom boilers.

Although small quantities of mercury may be emitted as fugitive particul ate matter from coal storage
and handling operations, the primary source of mercury and mercury compound emissions from coal
combustion is the combustion stack. Because the combustion zone in boilers operates at temperaturesin
excess of 1100°C (2000°F), the mercury in the coal is vaporized and exits the combustion zone asagas. As
the combustion gases pass through the boiler and the air pollution control system, they cool, and some of the
mercury and mercury compounds may condense on the surface of fine particles. The relative fractions of
vapor- and particle-phase mercury in the exhaust stack depend primarily on the temperature of the air
pollution control system, and the amount of residual carbon in the coal fly ash (some of the vaporous mercury
and mercury compounds may adsorb onto carbon at temperatures present in some air pollution control
devices). To date, little information has been obtained on these distributions.

6.1.3 Emission Control Measures

Emission control measures for coal-fired boilers include controls based on combustor design and
operating practices that are directed primarily at nitrogen oxides (NO, ) and particulate matter (PM) control
and add-on air pollution control devices that are designed for acid gas and PM control *® Those measures
that are most likely to affect mercury control are add-on control systems designed for both PM and acid gas
control. The primary types of PM control devices used for coal combustion include multiple cyclones,
electrostatic precipitators, fabric filters (baghouses), and wet scrubbers, while both wet and dry flue gas
desulfurization (FGD) systems are used for sulfur dioxide (SO,). Some measure of PM control isaso
obtained from ash settling in boiler/air heater/economizer dust %oppers, large breeches and chimney bases,
but these mechanisms will not reduce mercury emissions.

Electrostatic precipitators (ESP) are the most common high efficiency control devices used on
pulverized coal and cyclone units. These devices are also being used increasingly on stokers. Generally, PM
collection efficiencies are afunction of the specific collection area(i.e., theratio of the collection plate area
per volumetric flow rate of flue gas through the device). Particulate matter efficiencies of 99.9 weight percent
have been measured with ESP's. Fabric filters have recently seen increased use in both utility and industrial
applications both as a PM control measure and as the collection mechanism in dry FGD systems, generally
achieving about 99.8 percent PM control. Wet scrubbers are also used to control PM emissions, although
their primary useisto control emissions of sulfur oxides. Because, unlike the other PM control devices, wet
scrubbers reduce the gas stream temperature, they may be more effective than the other controlsin removing
condensible PM, such as mercury. The other PM control devices would require some type of acid gas control,
such asaspray dryer.

Mechanical collectors, generally multiple cyclones, are the primary means of control on many stokers
and are sometimes installed upstream of high efficiency control devicesin order to reduce the ash collection
burden. Depending on application and design, multiple cyclone PM efficiencies can vary tremendously.
However, these systems are relatively inefficient for fine particles and are not likely to provide measurable
control of mercury emissions, which are primarily in the vapor and fine particle fractions of the exhaust.

The section on emissions below presents the available data on emission control system performance.
However, in evaluating the potential emissions from afacility or group of facilities, any assumptions about
control system performance, including those based on the data presented herein, should be examined carefully
to assure that they are supported by reliable test data obtained via methods comparabl e to those described in
Section 9. Also, performance estimates must be consistent with the physical and chemical properties of the
compounds being emitted and with the operating characteristics of the systems being evaluated.
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6.1.4 Emissions

Thisrevision of the coal-fired boiler section of the previous mercury L& E document presents
separate sections for utility boilers and commercial/industrial/residential coal-fired boilers.32 Sincethe
previous mercury L& E document was published in 1993, EPA conducted a comprehenswe study to estimate
hazardous air pollutant (HAP) emissions, including mercury, from utility boilers*6 The results of this study
were published in areport covering trace metal, organic HAP and radionuclide emissions; control techniques
from utility boilers; and a comprehensive risk assessment.* Addltlonally, abrief description and
presentation of the results of the study specifically with respect to mercury emissions and controls was
published in the Mercury Study Report to Congress.3® These EPA reports quantified the impact on mercury
emissions from coal-fired utility boilers of both coal cleaning and existing combinations of boilers and
control devices. The reportsincluded data from multiple emission test programs and represent the most
comprehensive mercury emission estimates available for coal-fired utility boilers. Therefore, the approach
described in these documents for coal-fired utility boilers has been adopted for this document. For
commercia/industrial/residential coal f| red boilers, the approach adopted in the previous mercury document
(EPA, 1993) is relatively unchanged.32

In providing comments on the draft of this L& E document, EPRI suggested that EPA use the results
of the EPRI report, Mercury and Other Trace Metals in Coal, to develop mercury emission estimates from
coal combustion% This report presented the results of the analysis of 154 coal samples from full-scale
power plants. These results were also availablein Reference 47. For bituminous coal, an average mercury
concentration of 0.087 ppmis reported, alevel more than 50 percent lower than the 0.21 ppm average
concentration for the USGS data set. EPRI considers the data presented in Reference 49 to be of better
quality than the USGS data set because of the use of more accurate sampling and analytical techniques.®
Additionally, EPRI asserts that the 154 samples are “ coal-as-burned” samples versus those in the USGS data
set that i n%IOude samples from coal seams containing “significant levels of noncombustibles and uneconomic
samples.”

For the purposes of this L& E document, it was important that the mercury emission estimates be
consistent with mercury emission estimates developed by other groups within EPA. Therefore, for agency
consistency, and, as decribed in this section of the L& E document, the mercury emission estimates presented
reflect those devel oped in the Utility HAP study. While EPA does not dispute the validity of the mercury in
coal datain Reference 51, these data were not included in the devel opment of the mercury emission estimates
presented in the Utility HAP study and, therefore, are not included in the mercury emission estimates
presented in this section. However, these data may be included in the revised Utility HAP study that is
expected to be released in early 1998. For now, the estimates presented in section 6.1.4 reflect EPA’s
position on mercury emission estimates from coal combustion.

6.1.4.1 Utility Boilers. The approach used to develop mercury emission estimatesin the Utility
HAP study comprised a two-step process.3232 First, the mercury concentration in the coal was estimated.
Then, using the boiler-specific datain the Utility Data Ingtitute (UDI)/Edison Electric Institute (EEI) Power
Statistics data base (1991 edition), the estimated mercury concentration in the fuel was multiplied by the fuel
feed rate to obtain the total amount of mercury entering each boiler listed in the data base. Second, "emission
modification factors' (EMF's) were devel oped based on test data that represent the level of mercury control
that could be expected across various boiler configurations and control devices. The EMF's developed from
the tested units were applied to all other similar unitsto give mercury emission estimates on a per-unit
basi

The estimates of mercury concentrationsin coal were developed by using a USGS data base of trace
element concentrationsin coal by State of coal origin for 3,331 core and channel samples of coal. These
samples came from 50 coal beds having the highest coal production in the United States. The average
mercury content of each of these beds was cal culated and the location of each bed was matched with a State.
Using the UDI/EEI data base and records of actual coa receipts, the State from which each utility purchased
the mgjority of its coal wasidentified. Then, the mercury content of the coal fired by each utility was
assigned based on the average concentration of mercury calculated for each coal bed.3233

To account for the impact of coal cleaning on mercury concentration in coal, a 21 percent reduction
in mercury concentration was attributed to coal cleaning for those boilers purchasing bituminous coa from
States where coal cleaning is common practice.3433 While approximately 77 percent of the eastern and
midwestern bituminous coals are cleaned, the 21 percent reduction was assumed for all boilers burning
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bituminous coal east of the Mississippi River.>l No coal cleaning reductions were applied to lignite or
subbituminous coals, or bituminous coal when the State of coal origin was west of the Mississippi River.3233

The mercury input to each boiler in the data base was calculated by multiplying the boiler feed rate
by the mercury content in the assigned coal and assessing the 21 percent reduction attributed to coal cleaning,
as appropriate.32:33

Emissions data were available from 51 emission tests conducted by the U.S. EPA, the Electric Power
Research Institute (EPRI), the Department of Energy (DOE), and individual utilities. The EMF'swere
calculated from the emission test data by dividing the amount of mercury exiting either the boiler or control
device by the amount of mercury entering the boiler. Boiler-specific emission estimates were then calculated
by multiplying the cal culated inlet mercury input by the appropriate EMF for each boiler configuration and
control device. The utility emission test data are listed in Section 10 of the Utility HAP study and in
Appendix B of the U.S. EPA Mercury Report to Congress.3® The EMF's for the various boiler
configurations and control devices are shown in Appendix C of the Utility HAP study and in Appendix C of
the U.S. EPA Mercury Report to Congress, 3346

To calculate the mercury emissions from a specific bailer, the following equation was used:

Mercury . Coal
Mercury Boiler ,
. . = content b4 x { cleaning } x [ EMF
emissions . feed rate
in coal factor

For boilers burning bituminous coal when the State of coal origin was east of the Mississippi River, acod
cleaning factor of 0.79 (reflecting a mercury reduction of 21 percent) was applied to the above equation. For
all other boilersin the data base, no coal cleaning reductions were applied, i.e., in the above equation, the coal
cleaning factor for these boilers was equated to one. The results of applying this operation to the boilersin
the data base indicate that the total nationwide mercury emissions from coal-fired utility boilers are
approximately 51 ton/yr or 46.3 Mglyr.33

6.1.4.2 Commercial/Industrial/Residential Boilers. For commercia/industrial/residential boilers, the
data presented above on mercury concentrations in coal and coal heating values were used to develop mass
bal ance-based emission factors.

Theinformation presented in the literature indicates that virtually 100 percent of the mercury
contained in the coal is emitted from the furnace as either avapor or fine PM. Consequently, the coal heating
values presented in Table 6-2 and the coal mercury concentrations presented in Table 6-4 can be used to
develop uncontrolled emission factors for major coal types under the conservative assumption that all
mercury in the coal is emitted. Furthermore, note that the coal composition datain Table 6-4 are based on
in-ground mercury concentrations and that calculated emission factors shown in Table 6-6 are based on the
conservative assumption that as-fired coal contains equivalent concentrations. The emission factors do not
account for coal washing. To account for coal washing, amercury emission reduction of 21 percent can be
applied to the factorsin Table 6-6.

The uncontrolled emission factors listed in Table 6-6 were calculated using the coal heating values
from Table 6-2 and the coal mercury concentrationsin Table 6-4. These calculated emlsson factors were
compared with the latest emission factors for coal combustion published in AP- 425253 |n AP-42, separate
emission factors were devel oped for bituminous/subbituminous and for anthracite coaI combustion based on
avallable em|SS|on test data. For bituminous/subbituminous coal, the AP-42 uncontrolled emission factor is
16 Ib/10%2 Btu and has an E rating. This factor isidentical to the cal culated uncontrolled emission factor for
bituminous coal presented in Table 6-6. For anthracite coal combustion, the AP-42 uncontrolled
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TABLE 6-6. CALCULATED UNCONTROLLED MERCURY EMISSION FACTORS
FOR COAL COMBUSTION

Calculated mercury emission factors
Coal type kg/101%J Ib/1012Btu g/Mg coal 1073 Ib/ton coal
Bituminous? 7.0 16 0.21 0.42
Subbituminous? 45 10 0.10 0.20
Anthracite® 7.6 18 0.23 0.46
Lignited 9.0 21 0.15 0.30

aBas:ed on arithmetic average of the five average heating valuesin Table 6-2.
bBased on arithmetic average of the three average heating valuesin Table 6-2.

“Based on average heating value for coal category A2 in Table 6-2.

dBased on average heating value for coal category L1 in Table 6-2.

emission factor is0.13 x 103 b/ton of coal and also hasan E rating. Thisfactor, while smaller than the
calculated value for anthracite coal (0.46 x 10" Ib/ton of coal) presented in Table 6-6, is of the same order of
magnitude as the calculated value. The AP-42 did not present a separate emission factor for li ignite coa
combustion. The emission factors presented in Table 6-6 are considered to be better factorsto usein
developing nationwide mercury emission estimates than the AP-42 factors for the following reasons. The two
AP-42 emission factors were developed using limited data while the calculated uncontrolled emission factors
represent a significant volume of mercury-concentration-in-coal data. Calculated uncontrolled factors were
developed for each coal type while the AP-42 emission factors were developed only for
bituminous/subbituminous and anthracite coals.

A comprehensive summary of the test data generated prior to 1989 for coal-fired boilers and furnaces
is presented in Reference 40. The datafrom individual teststhat are presented in that report are compiled in
Table B-1 in Appendix B of Reference 54. Table 6-7 summarizes these data as a function of coal type and
control status. Note the wide range of emission factors for each coal type. In addition to the variability in
coal heat content and the uncertainty in mercury sampling and analysis, this range reflects the substantial
variation in coal mercury content and highlights the need to obtain coal-specific mercury datato calculate
emission estimates whenever possible. Also note that the data are combined across industry sector and boiler
type because these parameters are not expected to have a substantial effect on emission factors.

The test data summarized in Table 6-7 from Reference 40, although limited, indicate that essentially
no control of mercury in flue gasis achieved by multiclones, up to 50 percent control is achieved by ESP's,
and limited scrubber data show mercury efficiencies of 50 and 90 percent. Long-term scrubber performance
will depend on the blowdown rate for the scrubber, with efficiency falling if the system approaches
equilibrium. However, according to literature references discussed in Reference 40, these control efficiencies
may be biased high because they are based on data collected using older test methods, which tended to collect
mercury vapor inefficiently. Consequently, these estimates represent upper bounds of efficiencies. More
information on the methods for sampling and analysis of mercury in flue gasis presented in Section 9.

The test data reported in the Utility HAP study comprises data that was collected using more up to
date test methods. This study reported the following mercury control efficienciesfor individual control
devices controlling emissions from coal-fired utility boilers: 0to 59 percent for FGD systems (6 tests);

0 percent control for hot-side ESP's (ESP's |ocated upstream of an FGD unit) (2 tests); zero to 82 percent
control for cold-side ESP's (17 tests); zero to 73 percent control for fabric filters (5 tests); and zero to
55 percent control for spray dryer absorber/fabric filter (SDA/FF) systems (4 tests).

Based on review of the available data, the best estimates for uncontrolled emission factors for typical

coal combustion facilities are those obtained from a mass balance using coal composition data. This
approach was sel ected because the available uncontrolled test data for commercial/industrial/
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TABLE 6-7. MEASURED MERCURY EMISSION FACTORS FOR COAL COMBUSTION

Measured mercury emission factors
No. of kg/10%° J 1b/10% Btu o/Mg coal? 1072 Ib/ton coal®
Coi Contrgl No. of data
ty| statu boilers points Mean Range® Mean Range® Mean Range® Mean Range®
Bd UN 17 34 3.8 0.005-133 8.8 0.011-308 0.11 0.00015-4.0 0.23 0.00029-8.0
Bd MPorMC 9 15 12.9 0.60-77 29.9 1.4-180 0.39 0.018-2.3 0.78 0.036-4.7
Bd ESP or 29 59 34 0.18-9.6 8.0 0.41-22.3 0.10 0.0055-0.29 0.21 0.011-0.58
MP/ESP
Bd EStSF’-Z 1 5 0.086 0.005-0.25 0.20 0.011-0.56 0.0026 0.00015-0.0075 0.0052 0.00029-0.015
age
Bd WS or 5 5 7.9 b.d.-37 18.4 b.d.-86 0.24 b.d.-1.1 0.48 b.d.-2.2
MC/WS
Bd F 1 1 2.0 - 4.6 - 0.060 - 0.12 -
SB® UN 3 5 13.0 0.28-35 30.2 0.64-81 0.29 0.0062-0.78 0.58 0.012-1.5
SiE ESP or 3 5 12 0.16-1.8 2.7 0.37-4.1 0.027 0.0035-0.040 0.052 0.0071-0.078
MP/ESP
SEN WS 2 2 34 2.1-4.7 8.0 49-11 0.075 0.047-0.10 0.15 0.094-0.21
Lf MC 4 4 4.1 1.9-95 9.6 4.4-22 0.068 0.032-0.16 0.14 0.063-0.32
Lf ESP 3 3 0.18 0.099-0.23 0.41 0.23-0.53 0.0030 0.0016-0.0038 0.0059 0.0033-0.0076
AY UN 3 3 2.3 15-3.0 53 3.5-7.0 0.070 0.045-0.091 0.14 0.091-0.18

Source: Reference 40.

‘E‘B = bituminous, SB = subbituminous, L = lignite, A =anthracite. ) ] o

UN = uncontrolled, MP = mechanical precipitation system, MC =multiclone, ESP = electrostatic precipitator, WS =wet scrubber.
cp.d. = below detection limits. ] ’ ]

Based on arithmetic average of the five average heating valuesin Table 6-2.
fBased on arithmetic average of the three average heating valuesin Table 6-2.

Based on average heating value for coal category L1in Table 6-2.
9Based on average heating value for coal category A2in Table 6-2.



residential boilers are of uncertain quality, and the coal concentration data are representative of a much larger
industry segment. Utilizing the available data from Reference 40, and the Utility HAP's study, controlled
emission factors were obtained by applying the following percent removal efficienciesto the uncontrolled
emission factorsin Table 6-6. Zero percent efficiency for mechanical collectors, 0 to 82 percent control for
ESP's, 0 to 60 percent control for wet scrubbers and FGD systems, 0 to 73 percent for fabric filters, and 0 to
55 percent for SDA/FF systems. The resultant best typical emission factors are shown in Table 6-8.

The mercury emission factors presented in Table 6-8 should be viewed as the most realistic
nationwide estimates possible, based on the little data that are available. It should be recognized that thereis
considerable uncertainty in these estimates. The uncertainty in the estimates is due to the wide variability in
mercury concentrations in coal, the variability in coal heat content, and the uncertainty in sampling and
analytical methodologies for detecting mercury. Therefore, these estimates should not be used to determine
emissions from specific coal combustion facilities.

Estimates of the total 1994 nationwide mercury emissions from coal-fired commercial/industrial/
residential boilersare 21.5 Mg (23.6 tons); for additional details, see Appendix A. Thetotal 1994
nationwide mercury emission estimates for coal combustion (utility plus commercial/industrial/residential)
are 67.8 Mg (74.6 tons).

6.2 FUEL OIL COMBUSTION

Asshownin Table 6-1, based on energy consumption estimates by the U.S. Department of Energy,
fud oil use spansthe four sectors of energy users. Distillate fuel il isused in all sectors with the largest use
in the residential (35 percent) and the industrial (43 percent) sectors, but also with amounts used in both the
commercia (18 percent) and utility (4 percent) sectors. Residual oil isused primarily in the industrial
(29 percent) and utility (59 percent) sectors. Because the oil combustion processis hot complex, and control
systems are not widely applied to oil-fired units, the discussion below will focus on fuel characteristics and on
emissions from oil-fired units.3°

6.2.1 Fud Oil Characteristics

The fuel oil characteristics of greatest importance for characterizing mercury emissions from fuel oil
combustion are the heating value and the mercury content of the oil. The heating valueis used for converting
from emission factors with mass- or volume-based activity levels to those with activity levels based on heat
input.

Theterm fudl oil coversavariety of petroleum products, including crude petroleum, lighter
petroleum fractions such as kerosene, and heavier residual fractions |eft after ditillation.*® To provide
standardization and means for comparison, specifications have been established that separate fud oilsinto
various grades. Fuel oils are graded according to specific gravity and viscosity, with No. 1 Grade being the
lightest and No. 6 the heaviest. The heating value of fuel cilsis expressed in terms of kJ/L (Btu/gal) of oil at
16°C (60°F) or kJkg (Btu/lb) of oil. The heating value per gallon increases with specific gravity because
there is more weight per gallon. The heating value per mass of oil variesinversaly with specific gravity
because lighter oil contains more hydrogen. For an uncracked distillate or residua oil, heating value can be
approximated by the following equation:

Btu/lb = 17,660 + (69 x API gravity)
For a cracked distillate, the relationship becomes:
Btu/lb = 17,780 + (54 x API gravity)
Table 6-9 provides an overall summary of the heating values of typical fuel oils used inthe U.S,, and
Table 6-10 shows the variability in fuel oil heating values used in various regions of the country.
Appendix B of Reference 40 provides additional details.

The data base for mercury content in fuel oilsis much more limited than the coal mercury content
database. A number of petroleum industry associations were contacted, but none who responded have
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TABLE 6-8. BEST TYPICAL MERCURY EMISSION FACTORS FOR
COMMERCIAL/INDUSTRIAL/RESIDENTIAL COAL-FIRED BOILERS

Cod

Typical mercury emission factors

type? | Control status? kg/10°J | Ib/10¥Btu | g/Mgcodl 1073 Ib/ton coal

B Uncontrolled 7.0 16 0.21 0.42

B Mechanical collector 7.0 16 0.21 0.42

B ESP 1.3-7.0 2.9-16 0.038-0.21 0.08-0.42

B WS/FGD 0.7-7.0 1.6-16 0.021-0.21 0.042-0.42

B FF 1.9-70 4.3-16 0.012-0.21 0.11-0.42

B SDA/FF 3.2-7.0 7.2-16 0.095-0.21 0.19-0.42
SB Uncontrolled 45 10 0.10 0.20
SB Mechanical collector 45 10 0.10 0.20
SB ESP 0.81-4.5 0.18-10 0.018-0.10 0.036-0.020
SB WS/FGD 0.4-4.5 1-10 0.010-0.10 0.02-0.20
SB FF 1.2-45 2.7-10 0.027-0.10 0.05-0.20
SB SDA/FF 2.0-4.5 45-10 0.045-0.10 0.09-0.20
A Uncontrolled 7.6 18 0.23 0.46

A Mechanical collector 7.6 18 0.23 0.46

A ESP 14-7.6 3.2-18 0.04-0.23 0.08-0.46
A WS/FGD 0.7-7.6 1.8-18 0.023-0.23 0.046-0.46
A FF 2.1-76 4,9-18 0.06-0.23 0.12-0.46
A SDA/FF 3.4-76 8.1-18 0.10-0.23 0.21-0.46

L Uncontrolled 9.0 21 0.15 0.30

L Mechanical collector 9.0 21 0.15 0.30

L ESP 1.6-9.0 3.8-21 0.03-0.15 0.05-0.30

L WS/FGD 0.9-9.0 21-21 0.015-0.15 0.030-0.30

L FF 2.4-9.0 5.7-21 0.04-0.15 0.08-0.30

L SDA/FF 4.1-9.0 9.5-21 0.07-0.15 0.14-0.30

Source: Reference 32.

8B = bituminous, SB = subbituminous, A = anthracite, L = lignite.
PESP = electrostatic precipitator, WS/FGD = wet scrubber or flue gas desul furization system,
FF =filter fabric, and SDA/FF = spray dryer absorber/fabric filter system.
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TABLE 6-9. TYPICAL HEATING VALUES OF FUEL OILS

FUEL OIL GRADES

No. 1 No. 2 No. 4 No. 5 No. 6

Type Ditillate Ditillate Very light Light residual Residual Crude
residual

Color Light Amber Black Black Black
Heating valué®
kJ/L 38,200 40,900 40,700 41,200 41,800 40,000-42,300
(Btu/gal) (137,000) (141,000) (146,000) (148,000) (150,000) (144,000-152,000)
kJkg 45,590-46,030 44,430-45,770 42,370-44,960 41,950-44,080 40,350-43,800 40,700-43,300
(Btu/lb) (19,670-19,860) (19,170-19,750) (18,280-19,400) (18,100-19,020) (17,410-18,900) (17,500-18,600)

Source: Reference 40; and Reference 54.

8 The distillate samples, aswell as the residual samples, analyzed for Btu/gal and Btu/lb heating values are different; therefore, the heating values presented do not

directly correspond to one another.

These crude oil values are based on alimited number of samples from West Coast field sites presented in Reference 55 and may not be representative of the
distribution of crude oils processed in the United States.




TABLE 6-10. TYPICAL FUEL OIL HEATING VALUES FOR SPECIFIC REGIONS

919

Source: Reference 40.

No. 1 fuel oil No. 2 fuel oil No. 4 fuel oil
Heating value, kJL (Btu/gal)
) No. of No. of No. of
Region | samples Range Average samples Range Average samples Range Average
Eastern 33 36,900-37,800 37,400 56 37,100-40,800 38,800 1 40,700
(132,500-135,700) (134,200) (133,100-146,600) (139,500) (146,000)
Southern 13 37,000-37,700 37,400 19 38,000-39,400 38,800 0
(132,900-135,400) (134,300) (136,400-141,500) (139,400)
Central 27 36,900-37,800 37,300 35 37,800-40,800 38,800 2 40,700-41,800 41,200
(132,500-135,700) (134,000) (135,900-146,600) (139,200) (fégf(?(% (148,000)
Rocky 14 37,100-37,600 37,400 17 37,900-39,100 38,700 2 41,800-41,900 41,900
Mountain (133,100-135,100) (134,200) (136,100-140,400) (139,000) (115851(%)) (150,300)
Western 16 36,700-37,900 37,500 18 37,900-39,100 38,700 0
(131,700-136,200) (134,600) (136,100-140,500) (139,000)
No. 5 fuel ail (light) No. 6 fuel oil
Heating value, kJL (Btu/gal)
] No. of No. of
Region | samples Range Average samples Range Average
Eastern 1 41,300 17 40,900-43,900 43,300
(148,400) (147,000-157,600) (151,900)
Southern 0 14 41,900-43,600 42,600
(150,500-156,500) (152,900)
Central 4 41,300-42,200 41,700 10 41,900-44,200 42,600
(148,400-151,500) (149,900) (150,600-158,900) (152,900)
Rocky 2 42,900-43,600 ,200 7 42,300-44,300 43,100
Mountain (153,900-156,500) (155,200) (151,900-159,200) (154,600)
Western 0 12 41,700-45,500 43,000
149,900-163,500) (154,400)




done any research on metals content in fuel oils. No single centralized data base is available, and the
information presented below is based on limited data from individual studies.

Concentrations of mercury in fuel oil depend upon the type of il used. No comprehensive oil
characterization studies have been done, but data in the literature report mercury concentrations in crude oil
ranging from 0.023 to 30 ppmwt, while the range of concentrationsin residua oil is0.007 to 0.17 ppmwt.
Because only a single mean value was found in the literature for mercury concentration in distillate oil, no
conclusions can be drawn about the range of mercury in digtillate oil. Table 6-11 liststypical valuesfor
mercury in oils, which were obtained by taking the average of the mean values found in the literature. The
value for digtillate oil isthe single data point found in the literature and may not be as representative as the
valuesfor residua and crude oils.

TABLE 6-11. MERCURY CONCENTRATION IN OIL BY OIL TYPE

Mercury concentration, ppmwt
Fuel oil type No. of samples Range Typical value
Residual No. 6 - 0.002-0.006 0.0042
Distillate No. 2 - - <0.12°
Crude 46 0.007-30 3.5°

Source: References 40, 50, 56.

aMlidpoint of the range of values.

bAverage of datafrom three sites.

CAverage of 46 data points was 6.86; if the single point value of 23.1 is eliminated, average based on 45
remaining data pointsis 1.75. However, the largest study with 43 data points had an average of
3.2 ppmwt. A compromise value of 3.5 ppmwt was selected as the best typical value.

6.2.2 Process Description

Fuel ails are broadly classified into two major types: distillate and residual. Distillate oils (fuel oil
grade Nos. 1 and 2) are more volatile and less viscous than residual oils, having negligible ash and nitrogen
contents and usually containing lessthan 0.1 weight percent sulfur. No. 4 residual oil is sometimes classified
asadigtillate; No. 6 is sometimes referred to as Bunker C. Being more viscous and less volatile than
digtillate qils, the heavier residual oils (Nos. 5 and 6) must be heated to facilitate handling and proper
atomization. Because residua oils are produced from the residue after lighter fractions (gasoline and
digtillate ils) have been removed from the crude oil, they contain significant quantities of ash, nitrogen, and
sulfur. Small amounts of crude oil are sometimes burned for steam generation for enhanced oil recovery or
for refinery operations.*348

Qil-fired boilers and furnaces are ssimpler and have much less variation in design than the coal -fired
systems described earlier. The primary components of the system are the burner, which atomizes the fuel and
introduces it along with the combustion air into the flame, and the furnace, which provides the residence time
and mixing needed to complete combustion of the fuel. The primary differencein systemsthat fire digtillate
oil and residual ail isthat the residual oil systems must have an oil preheater to reduce the viscosity of the oil
so that it can be atomized properly in the burner. Systemsthat fire distillate oil and residual oil also have
different atomization methods.

The only source of mercury emissions from oil-fired boilers and furnaces is the combustion stack.
Because the entire fuel supply is exposed to high flame temperatures, essentially al of the mercury and
mercury compounds contained in the fud oil will be volatilized and exit the furnace with the combustion
gases. Unless these combustion gases are exposed to low-temperature air pollution control systems and high-
efficiency PM control systems, which typically are not found on oil-fired units, the mercury and mercury
compounds will be exhausted in vapor phase through the combustion stack.
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6.2.3 Emission Control Measures

The three types of control measures applied to oil-fired boilers and furnaces are boiler modifications,
fuel substitution, and flue gas cleaning systems.*%#8 Only fuel substitution and flue gas cleaning systems
may affect mercury emissions. Fuel substitution is used primarily to reduce SO, and NO, emissions.
However, if the substituted fuels have lower mercury concentrations, the subsiltutlon will also reduce mercury
emissions. Because PM emissions from oil-fired units are generally much lower than those from coal-fired
units, high-efficiency PM control systems are generally not employed on oil-fired systems. However, the flue
gas cleaning systemsthat are used on ail-fired units are described briefly below.

Flue gas cleaning equipment generally is employed only on larger oil-fired boilers. Mechanica
collectors, a prevaent type of control device, are primarily useful in controlling PM generated during soot
blowing, during upset conditions, or when avery dirty heavy oil isfired. During these situations, high
efficiency cyclonic collectors can achieve up to 85 percent control of PM, but negligible control of mercury is
expected with mechanical collectors.

Electrostatic precipitators are used on approximately one-third of the oil-fired power plants. Older
ESP's may remove 40 to 60 percent of the PM, but negligible mercury control is expected. Newer ESP's may
be more efficient, but no data are available for oil-fired power plants. Recent test data indicate mercury
control efficiencies for ESP's controlling emissions from oil-fired utility boilers of 42 and 83 percent.
Scrubbing systems have been installed on oil-fired boilers to control both sulfur oxidesand PM. Similar to
systems applied to coal combustion (presented in Reference 40), these systems can achieve PM control
efficiencies of 50 to 90 percent. Because they provide gas cooling, some mercury control may be obtained,
but little data are available on their performance.

6.2.4 Emissions

The only substantive source of mercury emissions from fuel oil combustion operationsis the
combustion gas exhaust stack. Three types of information were used to develop emission factors for oil
combustion. First, the data described above on fud oil heating value and mercury content of fuel oils were
used to develop emission factors by mass balance, assuming conservatively that al mercury fired with the
fud oail is emitted through the stack. Second, the emission factors developed in AP-42 for residual and
distillate oil combustion and in Reference 47 for residual oil combustion were evaluated. Third, rated
emission test data were evaluated and summarized. The paragraphs below first present the results generated
from each of the three sources. Then, the relative merits of the emission factors generated via each of the
procedures are discussed, and the best "typical” emission factors are identified.

The literature on fuel oil combustion suggests that essentially all mercury in the fuel ail is vaporized
in the combustion zone and exhausted as a vapor in the combustion gas stream. Using the assumption that
100 percent of the mercury in fuel oil leaves the boiler or furnace in the exhaust gases, the datain Tables 6-9
and 6-11 were used to calculate uncontrolled emission factors for No. 2 distillate and No. 6 residual oil. Data
presented in Reference 52, which show average crude oil heating values of 42,500 kJkg (18,300 Btu/lb) and
41,300 kJL (148,000 Btu/gal), can be combined with the mercury content datain Table 6-11 to calculate
uncontrolled emission factors for crude oil combustion. The results of these calculations are presented in
Table 6-12.

The calculated emission factorsin Table 6-12 were compared to the available emission factors for
fud oil combustion from AP-42. The AP-42 presents emission factors for No. 2 and No. 6 fuel ails; no
emission factors are developed for crude oil in AP-42. 53 The AP-42 emission factor for residual cil (No. 6)
combustion is based on emission tests from 15 sites conducted from Aprll 1990 through April 1994 The
average emission factor reported for mercury emissionsis 1.13 E-04 Ib/103 gallons(0.73 Ib/1012 Btu). This
emission factor israted C. The comparable calculated emission factor for residual oil in Table 6-12 based on
the mercury content in the oil is 3.3 E-05 Ib/10° gallons (0.21 1b/10%2 Btu).

The AP-42 emission factor for digtillate oil Z&)No. 2) combustion (3.0 1b/10%2 Btu) is actually based on
the average concentration of mercury inresidual oil.** It is not based on any emission test data and is rated E.
Additionally, the residual oil mercury concentration data used to develop this esti mate ae somewhat dated.
The comparable calculated emission factor for distillate oil in Table 6-12 is 6.2 [b/1012
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TABLE 6-12. CALCULATED UNCONTROLLED MERCURY EMISSION FACTORS
FOR FUEL OIL COMBUSTION

Calculated mercury emission factors
gMg | 10°3Ibtton | g/10°L | 1b/10°gal
Fuel oil type kg/10°J | 1b/102Btu | fud ail fud oil fud ail fud oil
Residual No. 62 0.092 0.21 0.004 0.008 0.0039 0.033
Distillate No. 22 2.7 6.2 0.12 0.24 0.10 0.86
Crude? 82 190 35 7.0 3.4 28

aBa%d on typical heating valuesin Table 6-9 and mercury concentrationsin Table 6-11.
bBased on average crude oil heating values in Reference 54 and mercury concentrationsin Table 6-11.

Btu and is based on the average of the mercury concentration measured in distillate oil samples at three sites
as part of the California AB2588 study.°

Reference 40 contains some mercury emission test data for the combustion of residual oil, ditillate
oil, and a 1:1 mixture of residual/crude oil. All of these data were developed from 1979 through 1981 and
were presented in the previous mercury L& E. In an effort to eliminate mercury emission test data collected
using older, less reliable emission test methods, EPA dected to utilize only post-1990 emission test data.
This approach is consistent with the approach utilized in EPA’s Utility HAP Study. Therefore, the emission
test data from Reference 40 are not utilized here; instead, more recent test data are presented.

Table 6-13 presents the results of a series of emission tests for the combustion of residual oil
reported in Reference 47. As part of thistest program, residual oil mercury concentrations were also
measured; these data are also presented in Table 6-13. The data show that the mercury emissions from
residual oil combustion are highly variable and that in most cases, the measured stack emissions are higher
than theinlet fuel levels. Because these data are not normally distributed and appear to be log normal, a
geometric mean was calcul ated to better repreﬂent the range of the data (References 47 and 56). The
geometric mean for these datais 0.46 1b/10%2 Btu. Data are not available for distillate or crude oil
combustion in Reference 47.

In summary, three mercury emission factors are presented for residual oil combustlon the
0.73 1b/10%2 Btu factor from AP-42, 0.46 Ib/lO Btu from EPRI, and 0.21 1b/10% Btu from the EPRI
residual oil analyses. Because the 0.46 Ib/10'2 Btu emission factor s essential ly the midpoint of the range of
the three values, this factor was selected as the best “typical” emission factor for residual oil combustion.
Because there are no emission test data for distillate oil combustion, the mass balance approach was used to
estimate the best “typical” emission factor for distillate oil combustion.

As apart of the previous L& E study, two test reports prepared as a part of the California"Hot
Spots' program were reviewed.>*>’ The emission factors generated from these three reports are summarized
in Table 6-14. Each of the reports contained the data on fuel il characteristics needed to calculate mercury
input rates, so Table 6-14 contains both calculated emission factors based on mercury input levels and
measured emission factors based on stack tests. Because mercury levelsin al of the fuel oilstested were
below detection limits, all calculated emission factors are reported as "less than” values. Note that only one
of the two tests showed mercury levels above the detection limit in the stack. That test showed measured
emissionsto be substantially greater than mercury input to the process, making the results suspect. These
discrepancies may be afunction of the analytical problems that have been reported for mercury methods
applied to combustion sources. These problems are discussed in more detail in Section 9. On balance, these
data provide little information for emission factor development.

The available information on uncontrolled mercury emissions from crude oil combustion is
ambiguous. The Ilmlted test data presented in Table 6-14 show measured factors that range from less than
0.05 to 15 kg/10'° J (<0.12 to 34 1b/10%2 Btu) arange of almost three orders of magnitude. The calculated
emission factor of 84 kg/10® J (190 1b/10%2 Btu), which is based on limited fuel composition
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TABLE 6-13. MERCURY CONCENTRATIONSIN RESIDUAL
OIL AND MERCURY EMISSION FACTORS FROM RESIDUAL COMBUSTION

Unit name Concenaion, pomw | Tactor b0 Bt
117 0.0023 0.60
118 0.0040 0.98
112 0.0060 13

13 <0.040 0.23
103 <0.090 <3.6
106 <0.10 <5.0
107 <0.10 <37
104 <0.10 12
105 <0.10 <4.7
108 <0.10 <32
109 <0.90 18

13 <0.030 0.16
118 0.0040 0.50
112 0.0060 0.24

13 <0.040 <0.066
117 0.0023 0.49

Source: Reference 47.
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TABLE 6-14. MERCURY EMISSION FACTORS FOR CRUDE OIL COMBUSTION
GENERATED FROM CALIFORNIA "HOT SPOTS' TESTS

Calculated mercury emission factord

Measured mercury emission factord

103
Fuel oil Ib/1012 g/Mg fuel Ib/ton g/10°L fuel | 1b/10° gal g/Mg fuel 1073 Ib/ton g/10°L fuel 1b/10° gal
Process type type kg/10'° J Btu ail fuel oil ail fuel oil kg/10 J | ¥/102Btu ail fuel oil ail fuel oil
Pipeline/ Crude <24 <56 <0.10 <0.20 <0.097 <0.81 <0.052 <0.12 <0.0022 <0.0044 <0.0021 <0.018
process heate
Generator® Crude <24 <5.6 <0.10 <0.21 <0.10 <0.83 14.7 341 0.62 12 0.61 5.1

Source: Reference 54; Reference 57.

3Emission factors were based on assumed crude oil heating value of 42,500 kJ/kg (18,300 Btu/Ib) and density of 0.97 kg/L (8.1 Ib/gal).

PMercury detection limit is 0.1 mg/kg.
®Mercury detection limit is0.1 mg/L.




and heating value data, expands the range even further. Because these data are quite sparse and the relative
quality of the data is uncertain, the midpoint of the range was selected as the best "typical" emission factor.

The uncontrolled emission factors for distillate, residual, and crude oil are presented in Table 6-15.
Data are insufficient to develop controlled emission factors for fuel oil combustion. Thereis considerable
uncertainty in these emission factor estimates due to the variability of mercury concentrationsin fuel oil, the
incomplete data base on distillate oil, and the uncertainty in sampling and analysis for detecting mercury.
Therefore, these estimates should not be used to determine emissions from specific oil-fired units.

TABLE 6-15. BEST TYPICAL MERCURY EMISSION FACTORS FOR FUEL
OIL COMBUSTION

Typical mercury emission factors
o/Mg fuel [ 103 Ib/ton fuel ?/103 L | Ib/10° %al fuel
Ol

Fuel ail type kg/10°J | Ib/10'2 Btu all ail uel oil

Residual No. 6 0.20 0.46 0.009 0.017 0.0085 0.071
Distillate No. 2 2.7 6.2 0.12 0.24 0.10 0.86
Crude 41 95 1.7 35 1.7 14

Total 1994 mercury emissions from oil combustion (utility, industrial, and commercial/residential)
are estimated to be 7.6 Mg (8.4 tons); see Appendix A for details.

6.3 WOOD COMBUSTION

Wood and wood wastes are used as fuel in both the industrial and residential sectors. In the
industrial sector, wood waste isfired in industrial boilersto provide process heat, while wood is burned in
fireplaces and wood stovesin the residential sector. Studies have shown that wood and wood wastes may
contain mercury; however, insufficient data are available to estimate the typical mercury content in wood and
wood wastes. The information below includes process descriptions for the three combustion processes
(boilers, fireplaces, and wood stoves), descriptions of the control measures used for wood-fired processes,
and emission factors.

6.3.1 Process Description

6.3.1.1 Industrial Boilers. Wood waste combustion in boilersis confined primarily to those
industries in which wood waste is available as a byproduct. These boilers are used to generate heat energy
and to alleviate potential solid waste disposal problems. In boilers, wood waste is normally burned in the
form of hogged wood, bark, sawdust, shavings, chips, mill regjects, sanderdust, or wood trim. Heating values
for this waste range from about 9,300 to 12,000 kJ/kg (4,000 to 5,000 Btu/Ib) of fuel on awet, as-fired basis.
The moisture content of as-fired wood istypically near 50 weight percent, but may vary from 5to 75
weight percent, depending on the waste type and storage operations. Generaly, bark isthe mgor type of
waste burned in pulp mills; either amixture of wood and bark waste or wood waste alone is burned most
frequently in the lumber, furniture, and plywood industries.®® One National Council of the Paper Industry for
Air and Stream Improvement (NCASI) study found the mercury content of bark waste to range from <0.08 to
0.84 ppmwt

As of 1980, there were about 1,600 wood fired b0|Iers operating in the U.S,, with atotal capacity of
approximately 30.5 gigawatts (GW) (1.04 x 101 Btu/hr).%% No specific dataon the distribution of these
boilers wereidentified, but most are likely to be located where pulp and paper mills or other wood product
plants are located (i.e., in the Southeast, Pacific Northwest, Wisconsin, Michigan, and Maine).

Various bailer firing configurations are used for burning wood waste. One common type of boiler
used in smaller operationsis the Dutch oven. This unit iswidely used because it can burn fuels with very
high moisture content. Fuel isfed into the oven through an opening in the top of arefractory-lined furnace.
The fuel accumulates in a cone-shaped pile on aflat or sloping grate. Combustion is accomplished in two
stages: (1) drying and gasification and (2) combustion of gaseous products. Thefirst stage takes placein the
primary furnace, which is separated from the secondary furnace chamber by a bridge wall. Combustionis
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completed in the secondary chamber before gases enter the boiler section. The large mass of refractory helps
to stabilize combustion rates but also causes a slow response to fluctuating steam demand.>®

In another boiler type, the fuel cell oven, fuel is dropped onto suspended fixed gratesand isfiredin a
pile. Unlike the Dutch oven, the refractory-lined fuel cell aso uses combustion air preheating and positioning
of secondary and tertiary air injection portsto improve boiler efficiency. Because of their overall design and
operating similarities, however, fuel cell and Dutch oven boilers have comparable emission characteristics.®

The most common firing method employed for wood-fired boilers with a steam generation rate
greater than 45,000 kg/hr (100,000 Ib/hr) isthe spreader stoker. With this boiler, wood enters the furnace
through afuel chute and is spread either pneumatically or mechanically across the furnace, where small pieces
of the fuel burn whilein suspension. Simultaneously, larger pieces of fuel are spread in athin, even bed on a
stationary or moving grate. The burning is accomplished in three stagesin asingle chamber: (1) moisture
evaporation; (2) distillation and burning of volatile matter; and (3) burning of fixed carbon. Thistype of
boiler has afast response to load changes, has improved combustion control, and can be operated with
multiple fuels. Natural gas, oil, and/or coal, are often fired in spreader stoker boilers as auxiliary fuels. The
fossil fuels are fired to maintain a constant steam supply when the wood waste moisture content or mass rate
fluctuates and/or to provide more steam than can be generated from the wood waste supply aone. Although
spreader stokers are the most common stokers among larger wood-fired boilers, overfeed and underfeed
stokers are also utilized for smaller units.>

Another boiler type sometimes used for wood combustion is the suspension-fired boiler. This boiler
differs from a spreader stoker in that small-sized fuel (normally lessthan 2 mm [0.08 in.]) is blown into the
boiler and combusted by supporting it in air rather than on fixed grates. Rapid changes in combustion rate
and, therefore, steam generation rate are possible because the finely divided fuel particles burn quickly.>®

A recent innovation in wood firing is the fluidized bed combustion (FBC) boiler. A fluidized bed
consists of inert particles through which air is blown so that the bed behaves as afluid. Wood waste entersin
the space above the bed and burns both in suspension and in the bed. Because of the large thermal mass
represented by the hot inert bed particles, fluidized beds can handle fuels with moisture contents up to near
70 percent (wet basis). Fluidized beds also can handle dirty fuels (up to 30 percent inert material). Wood
fud is pyrolyzed faster in afluidized bed than on a grate due to its immediate contact with hot bed material.
Asaresult, combustion is rapid and results in nearly complete combustion of the organic matter, thereby
minimizing emissions of unburned organic compounds.®®

6.3.1.1 Residential Wood Stoves. Wood stoves are enclosed wood heaters that control burning or
burn time by restricting the amount of air that can be used for combustion. They are commonly used in
residences as space heaters, both as the primary source of residential heat and as a supplement to
conventional heating systems. Based on known variations in construction, combustion, and emission
characteristics, there are five different categories of residential wood burning devices. (1) the conventional
wood stove; (2) the noncatalytic wood stove; (3) the catalytic wood stove; (4) the pellet stove; and (5) the
masonry heater.

The conventional stove category comprisesall stoves without catalytic combustors not included in
the other noncatalytic categories (i.e., noncatalytic and pellet). Conventional stoves do not have any
emissions reduction technology or design features and, in most cases, were manufactured before July 1, 1986.
Stoves 8{ many different airflow designs may be in this category, such as updraft, downdraft, crossdraft, and
Sflow.

Noncatalytic wood stoves are those units that do not employ catalysts but do have emission-reducing
technology or features. Typical noncatalytic design includes baffles and secondary combustion chambers.5

Catalytic stoves are equipped with a ceramic or metal honeycomb device, called a combustor or
converter, that is coated with anoble metal such as platinum or palladium. The catalyst material reduces the
ignition temperature of the unburned volatile organic compounds (VOC's) and carbon monoxide (CO) in the
exhaust gases, thus augmenting their ignition and combustion at normal stove operating temperatures. As
these components of the gases burn, the temperature inside the catalyst increases to a point at which the
ignition of the gases is essentially self-sustaining.%t
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Pellet stoves are those fueled with pellets of sawdust, wood products, and other biomass materials
pressed into manageable shapes and sizes. These stoves have active air flow systems and unique grate design
to accommodate this type of fuel.®

Masonry heaters are large, enclosed chambers made of masonry products or a combination of
masonry products and ceramic materials. Masonry heaters are gaining popularity as a cleaner-burning, heat-
efficient form of primary and supplemental heat, relative to some other types of wood heaters. In amasonry
heater, a complete charge of wood is burned in arelatively short period of time. The use of masonry
materials promotes heat transfer. Thus, radiant heat from the heater warms the surrounding area for many
hours after the fire has burned out.5

6.3.1.2 Residential Fireplaces. Fireplaces are used primarily for aesthetic effects and secondarily as
asupplemental heati ng source in homes and other dwellings. Wood is most commonly used as fud, but coal
and densified wood "logs' also may be burned. The user intermittently adds fuel to the fire by hand.62

Fireplaces can be divided into two broad categories: (1) masonry (generaly brick and/or stone,
assembled on site, and integral to astructure) and (2) prefabricated (usually metal, installed on siteasa
package with appropriate duct work).52

Masonry fireplaces typically have large fixed openings to the fire bed and have dampers above the
combustion areain the chimney to limit room air and heat |osses when the fireplace is not being used. Some
masonry fi rezol aces are designed or retrofitted with doors and louvers to reduce the intake of combustion air
during use.

Prefabricated fireplaces are commonly equipped with louvers and glass doors to reduce the intake of
combustion air, and some are surrounded by ducts through which floor level air is drawn by natural
convection, heated, and returned to the room.%?

All of the systems described above operate at temperatures that are above the boiling point of
mercury and mercury compounds. Conseguently, any mercury contained in the wood fuel will be emitted with
the combustion gases viathe exhaust stack.

6.3.2 Emission Control Measures

Although some wood stoves use emission control measures such as catalysts and secondary
combustion chambers to reduce VOC and CO emissions, these techniques are not expected to affect mercury
emissions. However, wood-fired boilers employ PM control equipment which may provide some reduction.
These systems are described briefly below.

Currently, the four most common control devices used to reduce PM emissions from wood- flred
boilers are mechanical collectors, fabric filters, wet scrubbers, and electrostatic precipitators (ESP's).>8
these controls, only the last two have the potential for significant mercury reduction.

The most widely used wet scrubbers for wood-fired boilers are venturi scrubbers. With gas-side
pressure drops exceeding 4 kilopascals (kPa) (15 inches of water), PM collection gfficiencies of 90 percent or
greater have been reported for venturi scrubbers operating on wood-fired boilers.>® No data were located on
the performance of these systems relative to mercury emissions. However, some control is expected
(probably in the range of 50 to 90 percent) based on results achieved for coal combustion sources.

Fabric filters (i.e., baghouses) and ESP's are employed when PM collection efficiencies above
95 percent are required. Collection efficiencies of 93 to 99.8 percent for PM have been observed for ESP's
operating on wood-fired boilers, but mercury efficiencies are likely to be substantially lower (probably
50 percent or less) based on the performance of ESP'sin controlling mercury from coal combustion
sources.”® The performance of ESP'sin controlling mercury emissions depends on operating temperature and
the amount of carbon in the fly ash.

Fabric filters have had limited applications to wood-fired boilers. The principal drawback to fabric
filtration, as perceived by potential users, is afire danger arising from the collection of combustible
carbonaceous fly ash. Despite potential complications, fabric filters are generally preferred for boilersfiring
sat-laden wood. Thisfuel produces fine PM with a high salt content for which fabric filters can achieve high
collection efficiencies. In two tests of fabric filters operating on salt-laden wood-fired boilers, PM collection
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efficiencies were above 98 percent.?® No data are available on mercury emission reduction for fabric filters,
but results for other combustion sources suggest that efficiencies will be very low.

6.3.3 Emissions

The primary source of mercury emissions from wood combustion processes is the combustion gas
exhaust stack. Very small quantities of mercury also may be emitted with the fugitive PM emissions from
bottom and fly ash handling operations.

The data on mercury emissions from wood combustion are limited. A recent National Council of the
Paper Industry for Air and Stream Improvement (NCASI) report provided arange and Querage emission
factor for boilers without electrostatic precipitators (ESP's) and for boilers with ESP's.%3 The boilers without
ESP'sincluded avariety of control devicesincluding cyclones, multicl ones, and various Wet scrubbers. The
average emission factor reported for boilers without ESP'swas 3.5 x 10 kg/Mg (6.9 x 10 Ib/ton) of dry
wood burned The average emission factor reported for boilerswith ESPswas 1.3 x 10 kg/Mg
(2.6 x 10 Ib/ton) of dry wood burned.

The most recent AP-42 section on wood waste combustion in boilers provided an average
uncontrolled emission factor for mercury emissions based on four emission test reports The AP-42
uncontrol Ied emission factor for mercury emissions from wood waste combustion is 2.6 x 10°% kg/Mg
(5.2 x 10 Ib/ton) of wet, as-fired wood burned.

The NCASI average emission factor reported for wood-fired boilers with ESP's of 1.3 x 10° kg/Mg
(2.6x 10 Ib/ton) of dry wood burned is recommended for estimating mercury emissions from wood waste
combustion in boilers.

For residential wood combustion, only one emission factor was found in the literature.®* This
emission factor is based on one test burning one type of wood (pine) a asingle location. In 1987, the
Department of Energy estimated that 22.5 million households burned approximately 42.6 million cords of
wo0d.%° Given that the density of wood varies greatly by wood species and moisture content, and that the
above emission factor isfrom asingle test, nationwide emissions of mercury from residential wood
combustion were not estimated.

Total 1994 mercury emissions from wood combustion are estimated to be 0.1 Mg (0.1 tons); see
Appendix A for details.

6.4 MUNICIPAL WASTE COMBUSTION

Refuse or municipa solid waste (MSW) consists primarily of household garbage and other
nonhazardous commercial, ingtitutional, and nonmanufacturing industrial solid waste. Municipal waste
combustors (MWC's) are used to reduce the mass and volume of MSW that ultimately must be landfilled. In
fact, MWC' s reduce the volume of MSW by about 90 percent.

In the previous mercury L& E, it was estimated that there were over 160 MWC plantsin operation in
the United States with capacities greater than 36 megagrams per day (M %/d) [40 tons per day (ton/d)] and a
total capacity of approximately 100,000 Mg/d (110,000 ton/d) of MSW.>< A number of MWC plants have
closed since 1991. At the beginning of 1995, over 130 MWC plants with aggregate capacities of greater than
36 Mg/d (40 ton/d) of MSW were operating in the United States. The number of combustion units per
facility ranges from oneto six, with the average being two. Total facility capacity ranges from 36 to 2,700
Mg/d (40to 3, OOO ton/d). Together these plants have atotal capacity of approximately 90,000 Mg/d
(99,000 ton/d)

In addition to the MWC's discussed above, a number of smaler MWC's in the United States have
plant capacities of less than 36 Mg/d (40 ton/d). This population of smaller MWC's comprises avery small
fraction of the nation's total MWC capacity.

Table 6-16 shows the geographic distribution of MWC units and capacities by Statesfor MWC
plants larger than 35 Mg/d. This distribution reflects the MWC's that were operational in 1995.57
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6.4.1 Municipal Solid Waste Characteristics

Municipal solid waste is a heterogeneous mixture of the various materials found in household,
commercial, institutional, and nonmanufacturing industrial wastes. Major constituentsin typical municipal
waste are listed in Table 6-17. 1n 1994, atotal of 145.24 million Mg (159.76 million tons) of municipal solid
waste was discarded in the municipal waste stream. Of thistotal, 74.8 percent was due to materialsin
discarded products and 25.2 percent other waste, such as food wastes and yard trimmings.% Known sources
of mercury in MSW are batteries, discarded el ectrical equipment and wiring, fluorescent bulbs, paint residues,
and plastics. Asof 1989, 644 Mg (709 tons) of mercury were reported to be discarded in the municipal solid
waste stream, and the concentration of mercury in solid waste is reported to be in the range of lessthan 1 to
6 ppm by weight with atypical value of 4 ppm by weight. However, because of changes in mercury
consumption, the quantity of mercury discarded in the municipal solid waste stream has decreased
dramatically since 1989 and is expected to decrease in the future.%:70

The most recent report on mercury discarded in solid municipal waste was a 1992 EPA report based
on 1989 data with projections to the year 2000. One of the most common sources of mercury in this waste
was from the discard of batteries; in 1989, it was estimated that about 88 percent of the total discard of
mercury was from batteries. Of the 88 percent, about 28 percent was from mercuric oxide batteries and the
remainder from alkaline and other batteries.3® According to the Bureau of Mines (now part of USGS)
estimates, 250 Mg (275 tons) of mercury were used in battery productlon in 1989; current USGS estimates
for 1995 are 6 Mg (6.6 tons) and for 1996, less than 0.5 Mg (0.55 tons).2 As discussed in Section 5. 2, only
mercuric oxide button cells and the larger mercuric oxide batteries use mercury to any extent. The proportion
of mercury usage between the button cells and the larger batteriesis not available but essentialy all of the
larger batteries are used in hospital and military applications and, therefore, would generally not be contained
in the municipal solid waste stream Battery discards from hospltal and military applications would be either
recycled or disposed at the facility.3° Hospltal battery discardsincinerated at the facility would be a
component of the medical waste combustlon estimates.

6.4.2 Process Description

The three principal MWC classes are mass burn, refuse-derived fuel (RDF), and modular
combustors. The paragraphs below briefly describe some of the key design and operating characteristics of
these different combustor types.

In mass burn units, the MSW is combusted without any preprocessing other than removal of items
too large to go through the feed system. In atypical mass burn combustor, unprocessed waste (after removal
of bulky, noncombustible items) is delivered by an overhead crane to afeed hopper. From the feed hopper,
refuse is fed into the combustion chamber on a moving grate. Combustion air in excess of stoichiometric
amounts is supplied below (underfire air) and above (overfire air) the grate. Mass burn combustors are
usually erected at the site (as opposed to being prefabricated at another location) and range in size from 46 to
900 Mg/day (50 to 1,000 tong/d) of MSW throughput per unit. The mass burn combustor category can be
divided into mass burn refractory wall (MB/REF), mass burn/waterwall (MB/WW), and mass burn/rotary
waterwall (MB/RC) designs. The two most common, MB/WW and MB/REF, are described below.

The MB/WW design represents the predominant technology in the existing population of large
MWC's, and it is expected that the majority of new unitswill be MB/WW designs. In MB/WW units, the
combustor walls are constructed of metal tubes that contain pressurized water and recover radiant energy
from the combustion chamber. Trucks deliver MSW to alarge pit, where the waste is mixed and bulky items
areremoved. After removal of large, bulky items and noncombustibles, unprocessed waste is delivered by an
overhead crane to afeed hopper that conveys the waste into the combustion chamber. Nearly all modern
MB/WW facilities utilize reciprocating grates or roller grates to move the waste through the combustion
chamber. The gratestypically include two or three separate sections where designated
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TABLE 6-16. SUMMARY OF GEOGRAPHICAL DISTRIBUTION
OF MWC FACILITIES LARGER THAN 35 Mg/d

Percentage of total MWC
No. of MWC State MWC capacity cepamtymthe United
State facilities Mg/d (ton/d)
AK 2 109 (120) <0.5
AL 1 627 (690) 0.67
AR 4 257 (283) 0.28
CA 3 2,324 (2,560) 25
CT 6 5,489 (6,045) 5.9
FL 13 15,480 (17,048) 17
GA 1 454 (500) 0.49
HI 1 1,961 (2,160) 21
ID 1 45 (50) 0.05
IL 1 1,453 (1,600) 16
IN 1 2,145 (2,362) 23
MA 9 9,770 (10,760) 11
MD 4 4,821 (5,310) 5.2
ME 4 1,816 (2,000) 2.0
Ml 5 4,744 (5,225) 51
MN 12 4,633 (5,102) 5.0
MS 1 136 (150) <0.5
MT 1 65 (72) <0.5
NC 3 657 (724) 0.71
NH 3 755 (832) 0.81
NJ 6 5,286 (5,822) 57
NY 12 9,584 (10,555) 10
OH 2 545 (600) 0.59
OK 2 1,117 (1,230) 12
OR 2 613 (675) 0.66
PA 7 7,901 (8,702) 85
SC 2 790 (870) 0.85
TN 2 1,135 (1,250) 12
X 3 177 (195) 0.19
uT 1 363 (400) 0.39
VA 6 5,743 (6,325) 6.2
WA 4 1,251 (1,378) 14
Wi 4 755 (831) 0.81
Totd 1292 93,000 (102,400) 100

“Thereare atota of 129 MV

305 units.

Source: Reference 67.
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TABLE 6-17. COMPOSITION OF DISPOSED

RESIDENTIAL AND COMMERCIAL
WASTE (WEIGHT PERCENT)

Component Y ear, 1994
Paper and Paperboard 32.9
Y ard Wastes 14.8
Food Wastes 8.5
Glass 6.4
Metals 6.3
Plastics 11.8
Wood 8.2
Textiles 3.6
Rubber and Leather 3.7
Miscellaneous _ 3.8
Totals 100.0

Source: Reference 68.

stages in the combustion process occur. On theinitial grate section, referred to as the drying grate, the
moisture content of the waste is reduced prior to ignition. In the second grate section, the burning grate, the
majority of active burning takes place. The third grate section, referred to as the burnout or finishing grate, is
where remaining combustiblesin the waste are burned. Bottom ash is discharged from the finishing grate
into awater-filled ash quench pit or ram discharger. From there, the moist ash is discharged to a conveyor
system and transported to an ash loading area or storage area prior to disposal. Because the waste bed is
exposed to fairly uniform high combustion temperatures, mercury and mercury compounds will be exhausted
as vapors with the combustion gases.

The MB/REF combustors are older facilities that comprise several designs. Thistype of combustor
is continuously fed and operates in an excess air mode with both underfire and overfire air provided. The
waste is moved on atraveling grate and is not mixed as it advances through the combustor. Asaresult, waste
burnout or complete combustion is inhibited by fuel bed thickness, and there is considerable potential for
unburned waste to be discharged into the bottom ash pit. Rocking and reciprocating grate systems mix and
aerate the waste bed as it advances through the combustion chamber, thereby improving contact between the
waste and combustion air and increasing the burnout of combustibles. The system generally discharges the
ash at the end of the gratesto awater quench pit for collection and disposal in alandfill. The MB/REF
combustors have arefractory-lined combustion chamber and operate at relatively high excess air ratesto
prevent excessive temperatures, which can result in refractory damage, slagging, fouling, and corrosion
problems.

Because of their operating characteristics, the tracking grate systems may have cool ash pocketsin
which mercury and mercury compounds are not exposed to high temperature and are thereby retained in the
ash, rather than being exhausted with the combustion gas stream. Consequently, mercury and mercury
compounds may be emitted as fugitive emissions from ash handling. However, the combustion stack isthe
primary source of mercury emissions. In the rocking and reciprocating grate systems, essentially all mercury
will be exhausted with the combustion gas.

Refuse-derived fuel combustors burn MSW that has been processed to varying degrees, from simple
removal of bulky and noncombustible items accompanied by shredding, to extensive processing to produce a
finely divided fuel suitable for co-firing in pulverized coal-fired boilers. Processing MSW to RDF generally
raises the heating value of the waste because many of the noncombustible items are removed.

A set of standards for classifying RDF types has been established by the American Society for
Testing and Materials (ASTM). Thetype of RDF used is dependent on the boiler design. Boilersthat are
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designed to burn RDF as the primary fuel usually utilize spreader stokers and fire fluff RDF in a semi-
suspension mode. This mode of feeding is accomplished by using an air swept distributor, which allows a
portion of the feed to burn in suspension and the remainder to be burned out after falling on a horizontal
traveling grate. The number of RDF distributorsin a single unit varies directly with unit capacity. The
distributors are normally adjustable so that the trajectory of the waste feed can be varied. Because the
traveling grate moves from the rear to the front of the furnace, distributor settings are adjusted so that most of
the waste lands on the rear two-thirds of the grate to allow more time for combustion to be completed on the
grate. Bottom ash drops into awater-filled quench chamber. Underfire air is normally preheated and
introduced beneath the grate by asingle plenum. Overfire air isinjected through rows of high pressure
nozzles, providing a zone for mixing and completion of the combustion process. Because essentially all of
the waste is exposed to high combustion temperatures on the grate, most of the mercury in the RDF will be
discharged with the combustion gas exhaust.

In afluidized-bed combustor (FBC), fluff or pelletized RDF is combusted in a turbulent bed of
noncombustible material, such as limestone, sand, or silica. Inits simplest form, the FBC consists of a
combustor vessdl equipped with a gas distribution plate and an underfire air windbox at the bottom. The
combustion bed overlies the gas distribution plate. The RDF may beinjected into or above the bed through
portsin the combustor wall. The combustor bed is suspended or "fluidized" through the introduction of
underfire air at ahigh pressure and flow rate. Overfire air is used to complete the combustion process.

Good mixing isinherent in the FBC design. Fluidized-bed combustors have uniform gas
temperatures and mass compositions in both the bed and in the upper region of the combustor. This
uniformity allows the FBC'sto operate at lower excess air and temperature levels than conventional
combustion systems. Waste-fired FBC's typically operate at excess air levels between 30 and 100 percent
and at bed temperatures around 815°C (1500°F). At thistemperature, most mercury and mercury
compounds will be volatilized and exhausted with the combustion gas stream as a vapor.

In terms of number of facilities, modular starved-(or controlled-) air (MOD/SA) combustors
represent a noteable segment of the existing MWC population. However, because of their small sizes, they
account for only a small percentage of the total capacity. The basic design of aMOD/SA combustor consists
of two separate combustion chambers, referred to asthe "primary” and "secondary” chambers. Wasteis
batch-fed intermittently to the primary chamber by a hydraulically activated ram. The charging bin isfilled
by afront-end loader or by other mechanical systems. Waste is fed automatically on a set frequency, with
generaly 6 to 10 minutes between charges.

Waste is moved through the primary combustion chamber by either hydraulic transfer rams or
reciprocating grates. Combustors using transfer rams have individual hearths upon which combustion takes
place. Grate systems generally include two separate grate sections. In either case, waste retention timesin
the primary chamber are lengthy, lasting up to 12 hours. Bottom ash is usually discharged to awet quench

pit.

The quantity of air introduced in the primary chamber defines the rate at which waste burns.
Combustion air is introduced in the primary chamber at substoichiometric levels, resultingin afluegasrichin
unburned hydrocarbons. The combustion air flow rate to the primary chamber is controlled to maintain an
exhaust gas temperature set point [generally 650° to 980°C (1200° to 1800°F)], which corresponds to about
40 to 60 percent theoretical air. Asthe hot, fuel-rich flue gases flow to the secondary chamber, they are
mixed with excess air to complete the burning process. Because the temperature of the exhaust gases from
the primary chamber is above the autoignition point, completing combustion is simply a matter of introducing
air to the fud-rich gases. The amount of air added to the secondary chamber is controlled to maintain a
desired flue gas exit temperature, typically 980° to 1200° (1800° to 2200°F). At these primary chamber and
secondary chamber temperatures, essentialy all of the mercury contained in the waste is expected to be
emitted as a vapor from the secondary chamber with the combustion gas stream.

6.4.3 Emission Control Measures

Mercury emissions from MWC units are controlled to alimited extent by adsorbing the mercury
vapors from the combustion chamber onto the acid gas sorbent material and then removing the particle-phase
mercury with a high-efficiency PM control device. The PM control devices most frequently used in the
United States are ESP's and fabric filters. To achieve this mercury control reducing flue gas temperature at
the inlet to the control device to 175°C (350°F) or lessis beneficial.” Typlcally newer MWC systems use a
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combination of gas cooling and duct sorbent injection (DSI) or spray dryer (SD) systems upstream of the PM
device to reduce temperatures and provide a mechanism for acid gas control.

The information contained in Reference 74 suggests that these combined acid gas/PM systems can
achieve improved mercury control by injecting activated carbon or modified activated carbon into the flue gas
upstream from the DSI or SD unit. With activated carbon injection, mercury control isincreased to
90 percent. The paragraphs below briefly describe the DSI and SD processes. Because the ESP's and FF's
used on MWC's are comparabl e to those used on other combustion systems, they are not described.

Spray drying in combination with either fabric filtration or an ESP is the most frequently used acid
gas control technology for MWC'sin the United States. Spray dryer/fabric filter systems are more common
than SD/ESP systems and are used most on new, large MWC's. In the spray drying process, limeisdurried
and then injected into the SD through either rotary atomizer or dual-fluid nozzles. The key design and
operating parameters that significantly affect SD acid gas performance are the SD's outl et temperature and
lime-to-acid gas stoichiometric ratio. The SD outlet temperature, which affects mercury removal, is
controlled by the amount of water in the lime slurry.”2

With DS, powdered sorbent is pneumatically injected into either a separate reaction vessel or a
section of flue gas duct located downstream of the combustor economizer. Alkali in the sorbent (generally
calcium) reacts with HCI and SO, to form alkali salts (e.g., calcium chloride [CaCl,] and calcium sulfite
[CaSOs]). Some unitsalso use humldlflcatlon or other temperature control measures upstream from the
CO||eC7'[I2 on device. Reaction products, fly ash, and unreacted sorbent are collected with either an ESP or fabric
filter.

Recent test programs using activated carbon injection have been conducted in the United States.
Recent test results have shown mercury removal efficiencies from 90 percent to over 95 percent with
activated carbon injection.?” Other test results show mercury reductions ranging from 50 to over 95 percent,
depending on the carbon feed rate, with typical outlet Hg concentrations of less than 50 p.g/dscm.®7:7274 As
aresult of the emission standards devel oped for municipa waste combustors under section 129 of the Clean
Air Act Amendments, new (subpart Eb) and existing (subpart Ch), MWC'swill typically operate with spray
dryer/fabric filter systems with activated carbon injection.

6.4.4 Emissions

The primary source of mercury emissions from municipal waste combustors is the combustion gas
exhaust stack. However, small amounts of mercury may be emitted as part of the fugitive PM emissions from
fly ash handling, particularly if highly efficient dry control systems are used.

A recent EPA report documenting 1995 estimates of the mercury emissions from municipal waste
combustors indicates that mercury emissions from MWC's decreased by 48 percent between 1990 and
1995.57 Estimated 1990 mercury emissions were 49 Mg (54 tons) and for 1995, emissions are estimated to
be 26 Mg (29 tons). This decrease in mercury emissionsiis attributed to retrofits of air pollution controls on
some MWC's, retirement of several existing MWC's, and significant reductions in uncontrolled mercury
emissions due to decreased levels of mercury in consumer products such as batteries. The inventory of
MW(C's used to develop the 1995 estimates of mercury emissionsis presented in Appendix B. Relative to the
1990 nationwide emissions of mercury from MWC's, a 92 percent reduction in mercury levels (to 4.0 Mg or
4.4 tons) is projected by about 2000 as aresult of the section 129 emission standards (subpart Eb) and
guidelines (subpart Cb) for MWC's.%’

A recent study conducted to update the municipal waste combustor section of AP-42 provided a
comprehensive review of the available MWC mercury emission data. The study found that most of the test
reports contained insufficient process data to generate emission factors. The authors of the municipa waste
combustion section of AP-42 concluded that the development of emission factors for MWC's, using only the
test reports which estimated feed rates, would eliminate data from so many facilities that the values derived
were not likely to be representative of the entire MWC population. In addition, the subjective nature of the
refuse feed rates called into question the validity of the limited data. Consequently, emission factors were
developed using the F-factor, which is the ratio of the gas volume of the products of combustion (e.g., flue
gas volume) to the heating value of the fuel. This approach, presented in EPA Method 19, requires an
F- factor and an estimate of the fuel heating value. For MWC's, the F-factor is 0.257 dscm/MJ (9,570
dscf/106 Btu) (at O percent O,) of MSW fired. For all combustor types, except RDF combustors, a heating
value of 10,500 kJ/kg (4,500 %tu/ Ib) refuse was assumed. For RDF combustor units, the processed refuse
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has a higher heating value, and a heating value of 12,800 kJkg (5,500 Btu/Ib) was assumed. Overal, these
data are representative of average values for MWC's.”2 While this procedure does provide good average
emission factors that represent an industry cross section, the assumed F-factor and waste heating values
above may not be appropriate for specific facilities.

As mentioned earlier, the concentration of mercury in consumer products has declined since 1989.
As aresult, the concentration of mercury in municipal solid has declined. The same methodology used to
develop the AP-42 emission factors was applied to the average mercury concentrations presented in
Reference 67. These average mercury concentrations and the resultant average emission factors are presented
in Table 6-18. While the procedure used to develop the emission factors presented in Table 6-18 does
provide good average emission factors that represent the industry cross section, the assumed F-factors and
waste heating val ues above may not be appropriate for specific facilities.

TABLE 6-18. AVERAGE EMISSION FACTORS FOR MUNICIPAL WASTE COMBUSTORS

Mercury Average emission factors
concentration -

Combustor type ug/dscm @ 7% O, o/Mg waste 10 Ib/ton waste
Non-RDF without AG control 340 1.4 2.8
Non-RDF with AG control 205 0.83 1.7
Non-RDF with AG control and carbon 19 0.077 0.15
RDF without AG control 260 1.3 2.6
RDF with AG control 35 0.17 0.34

AG = acid gas control (includes SD, DSI/FF, SD/ESP, DSI/ESP, SD/FF, and SD/ESP
configurations)

Non-RDF = Combustors that burn MSW (e.g, MB/WW, MB/RW, MOD/EA, MOD/SA)
RDF = Combustors that burn refused derived fuel

Total 1995 mercury emissions from municipal waste combustion are estimated to be 26 Mg (29 tons); see
Appendix A for details.

6.5 SEWAGE SLUDGE INCINERATORS

Currently, there are 166 active sewage sludge incinerators (SSI's) in the United States using one of
three technologies. multiple hearth, fluidized-bed, and dectric infrared. Over 80 percent of the identified,
operating SSI's are multiple hearth units. About 15 percent of the SSI's are fluidized-bed combustors;

3 percent are electric infrared; and the remainder cofire sewage sludge with municipal solid waste.”

Most sewage sludge incineration facilities are located in the eastern United States, but a substantial
number are also located on the West Coast. New Y ork has the largest number of SSI facilities with 33,
followed by Pennsylvaniaand Michigan with 21 and 19, respectlvely About 785,000 Mg (865,000 tons) of
sawage sludge on adry basis are estimated to be inci inerated annual ly.76

The most recent data on the mercury content of sewage sludge obtained from the 1988 Nati onaI
Sewage Sludge Survey show a mean mercury concentration of 5.2 ppmwt (parts per million by wei ight).”’
Earlier data obtained in the mid 1970's indicate that mercury concentrations in munici Bal sewage sludge range
from 0.1 to 89 ppmwt with a mean value of 7 ppmwt and amedian value of 4 ppmwt.” Other early data
collected by EPA from 42 municipal sewage treatment plants in the early 1970's showed arange of 0.6 to
43 ppmwt, with amean value of 4.9 ppmwt on adry solids basi s.’® The potential for the formation of
volatile organomercury compounds during the waste treatment process was considered. Accordin to two
sources, no test data are available for emissions of organomercury compounds from this source.”#%9 These
sources expect any level of formation would be very low.

The sections below provide SSI process descriptions, adiscussion of control measures, and a
summary of mercury emission factors.
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6.5.1 Process Description

Figure 6-1 presents a simplified diagram of the sewage sludge incineration process, which involves
two primary steps. Thefirst step in the process of sewage sludge incineration is the dewatering of the sludge.
Sludge is generally dewatered until it is about 20 to 35 percent solids. Systems using Thermal Conditioning
Processes regularly obtain dewatered sludge that contains in excess of 40 percent solids. When it is more
than 25 percent solids, the sludge will usually burn without auxiliary fuel. After dewatering, the udgeis
sent to the incinerator, and thermal oxidation occurs. The unburned residua ash isremoved from the
incinerator, usually on a continuous basis, and is disposed in alandfill or reused (i.e., bricks, concrete,
asphalt, etc.). A portion of the noncombustible waste, as well as unburned volatile organic compounds, is
carried out of the combustor through entrainment in the exhaust gas stream. Air pollution control devices,
primarily wet scrubbers, are used to remove the entrained pollutants from the exhaust gas stream. The gas
stream is then exhausted, and the collected pollutants are sent back to the head of the wastewater treatment
plant in the scrubber effluent. Asshown in Figure 6-1, the primary source of mercury emissions from the SS|
process is the combustion stack. Some fugitive emissions may be generated from ash handling, but the
guantities are expected to be small. Because mercury and mercury compounds are relatively volatile, most
mercury will leave the combustion chamber in the exhaust gas; concentrationsin the ash residue are expected
to be negligible.

The paragraphs below briefly describe the three primary SSI processes used in the United States.”

The basic multiple hearth furnaceis cylindrical in shape and is oriented vertically. The outer shell is
constructed of stedl, lined with refractory, and surrounds a series of horizontal refractory hearths. A hollow
cast iron rotating shaft runs through the center of the hearths. Attached to the central shaft are the rabble
arms with teeth shaped to rake the dudge in a spiral motion, aternating in direction from the outside in, then
inside out, between hearths. Typically, the upper and lower hearths are fitted with four rabble arms, and the
middle hearths are fitted with two. Cooling air for the center shaft and rabble arms is introduced into the
shaft by afan located at its base. Burnersthat provide auxiliary heat are located in the sidewalls of the
hearths.

In the majority of multiple hearth incinerators, dewatered sludgeis fed directly onto the top hearth.
For anumber of incinerators, the dudge is fed directly to alower hearth. Typically, the rabble arms move the
sludge through the incinerator as the motion of the rabble arms rakes the sludge toward the center shaft,
where it drops through holes located at the center of the hearth. This processis repeated in all of the
subsequent hearths, with the sludge moving in opposite directions in adjacent hearths. The effect of the
rabble motion isto break up solid material to allow better surface contact with heat and oxygen.

Ambient air isfirst ducted through the central shaft and its associated rabble arms. The center shaft
cooling air exhaust is either sent back to alower hearth or it is piped to the incinerator’ s exhaust stack for
“plume suppression”. The combustion air flows upward through the drop holes in the hearths, countercurrent
to the flow of the dludge, before being exhausted from the top hearth.

Multiple hearth furnaces can be divided into three zones. The upper hearths comprise the drying
zone where most of the moisture in the dudge is evaporated. The temperature in the drying zone istypically
between 425° and 760°C (800° and 1400°F). Sludge combustion occurs in the middle hearths (second
zone) as the temperature is increased to a maximum of 925°C (1700°F). When exposed to the temperatures
in both upper zones, most mercury will be volatilized and discharged as vapor in the exhaust gas. Thethird
zone, made up of the lowermost hearth(s), isthe cooling zone. In this zone, the ash is cooled asits heat is
transferred to the incoming combustion air.

Fluidized-bed combustors (FBC's) are cylindrically shaped and vertically oriented. The outer shell is
constructed of steel and lined with refractory. Tuyeres (nozzles designed to deliver blasts of air) are located
at the base of the furnace within arefractory-lined grid. A bed of sand rests upon the grid. Dewatered sludge
isfed into the bed of the furnace. Air injected through the tuyeres, at pressures from
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Figure 6-1. Processflow diagram for dudge incineration.

20to 35 kPa (3to 5 psig), simultaneously fluidizes the bed of hot sand and the incoming sludge. Normally a
temperature of 677°(1250°F), which is sufficient to vaporize most mercury contained in the dudge, is
maintained in the bed. Asthe dudge burns, fine ash particles and mercury vapor are carried out the top of the
furnace with the exhaust gas.

An dectric infrared incinerator consists of a horizontally oriented, insulated furnace. A woven wire
belt conveyor extends the length of the furnace, and infrared heating elements are located in the roof above
the conveyor belt. Combustion air is preheated by the flue gases and injected into the discharge end of the
furnace. Electric infrared incinerators consist of a number of prefabricated modules that are linked together
to provide the required furnace length. The dewatered sludge cake is conveyed into one end of the incinerator.
Aninternal roller mechanism levels the Sludge into a continuous layer approximately 2.5 centimeters (cm)
[1inch (in.)] thick across the width of the belt. The sludge is sequentially dried and then burned as it moves
beneath the infrared heating elements. Ash is discharged into a hopper at the opposite end of the furnace.
The preheated combustion air enters the furnace above the ash hopper and is further heated by the outgoing
ash. Thedirection of air flow is countercurrent to the movement of the sludge along the conveyor.

In addition to the three technol ogies discussed above, other technol ogies have been used for
incineration of sewage sludge. Three of these processes are cyclonic reactors, rotary kilns, and wet oxidation
reactors; none of these processes find widespread usage in the United States.

6.5.2 Emission Control Measures
Most SSI's are equipped with some type of wet scrubbing system for PM control. Because these
systems provide gas cooling as well as PM removal, they can potentially provide some mercury control.

Limited data obtained on mercury removal efficiencies are presented in the emission factor discussion. The
paragraphs below briefly describe the wet scrubbing systems typically used on existing SSI's.”®
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Wet scrubber controls on SSI's range from low pressure drop spray towers and wet cyclones to
higher pressure drop venturi scrubbers and venturi/impingement tray scrubber combinations. The most
widely used control device applied to a multiple hearth incinerator is the impingement tray scrubber. Older
units use the tray scrubber alone, while combination venturi/impingement tray scrubbers are widely applied to
newer multiple hearth incinerators and to fluidized-bed incinerators. Most e ectric incinerators and some
fluidized-bed incinerators use venturi scrubbers only.

Inatypical combination venturi/impingement tray scrubber, hot gas exits the incinerator and enters
the precooling or quench section of the scrubber. Spray nozzlesin the quench section cool the incoming gas,
and the quenched gas then enters the venturi section of the control device. Venturi water is usually pumped
into an inlet weir above the quencher. The venturi water enters the scrubber above the throat and floods the
throat completely. Most venturi sections come equipped with variable throats to alow the pressure drop to
be increased, thereby increasing PM efficiency. At the base of the flooded elbow, the gas stream passes
through a connecting duct to the base of the impingement tray tower. Gas velocity is further reduced upon
entry to the tower as the gas stream passes upward through the perforated impingement trays. Water usually
enters the trays from inlet ports on opposite sides and flows acrossthe tray. As gas passes through each
perforation in the tray, it creates a jet that bubbles up the water and further entrains solid particles. At the top
of the tower isamist eliminator to reduce the carryover of water dropletsin the stack effluent gas.

6.5.3 Emissions

The primary source of mercury emissions from sewage sludge incineration is the combustion gas
exhaust stack. However, small quantities of mercury also may be emitted with the fugitive PM emissions
generated from bottom and fly ash handling operations.

As a part of the recent update of AP-42, data have been developed on mercury emissions from SSI's.
These data are summarized in Table 6-19.

TABLE 6-19. SUMMARY OF MERCURY EMISSION FACTORS
FOR SEWAGE SLUDGE INCINERATORS

Mercury emission factors
Incinerator type? Control status? o/Mg dry dudge 1073 Ibfton dry sludge
MH CcY 2.3 4.6
CYIVS 16 3.2
IS 0.97 1.9
VYIS 0.005 0.01
FB VYIS 0.03 0.06

Source: Reference 75.
4VIH = multiple hearth; FB = fluidized bed.
bey = cyclone; VS = venturi scrubbers; IS = impingement scrubber.

The emission factorsin Table 6-19 should be used cautioudly in that available data suggest that both
mercury concentrations in sludge and control efficiencies vary widely. Mercury emissions from SSl'sare
limited by aNESHAP to 3,200 grams per 24 hours for an entire facility. All SSl's are required to conduct
more frequent monitoring/testing if the facility emits 1,600 or more grams per 24 hours.

Total 1994 mercury emissions from sewage sludge incineration are estimated to be 0.86 Mg
(0.94 tons); see Appendix A for details.
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6.6 HAZARDOUS WASTE COMBUSTION

Based on a1994 listing of hazardous waste incinerators, the EPA Office of Solid Waste estimates
that there are 190 permitted or interim statusincinerators, 41 cement kilns, and 11 light-weight aggregate
kilns that burn hazardous waste in the United States. Of these facilities, the commercial operations burn
about 635,200 Mg (700,000 tons) of hazardous waste per year, The remaining facilities are onsite or captive
units and burn about 726,000 Mg (800,000 tons) per year.81:82 The incinerators generally utilize one of five
basi ¢ technol ogies depending upon the types of waste to be treated: liquid injection, gas or fume, fixed or
multiple hearth, rotary kiln, and fluidized bed. Of these, the liquid injection and rotary kiln are probably the
two most prevalent types of incinerators currently in use.5!

Lightweight aggregate kilns process awide variety of raw materials (such as clay, shale, or date)
which, after thermal processing, can be combined with cement to form concrete products. Lightweight
aggregate concrete is produced either for structural purposes or for thermal insulation purposes. A
lightweight aggregate plant is typically composed of aquarry, araw materia preparation area, akiln, a
cooler, and a product storage area. The material istaken from the quarry to the raw material preparation area
and from there isfed into the rotary kiln.

The sections below provide a description of the hazardous waste combustion process and types of
incinerators and light-weight aggregate kilns, a discussion of control measures, and a summary of mercury
emissions and factors. A discussion of the production of Portland cement, cement kiln control measures, and
mercury emission sourcesis presented in Section 7.1. The mercury emission estimates discussed in
Section 7.1 are for the use of nonhazardous waste fuel.

6.6.1 Process Description

6.6.1.1 Incinerators. In most processes, the waste to be treated is transported from a storage areato
the incinerator where thermal oxidation occurs. Solid wastes are typically transported in drums or similar
containers, and liquids or gases are piped from the storage area. Depending upon the type of incinerator and
the wastes to be treated, either solid or liquid wastes or a combination may be fed into the incinerator along
with an auxiliary (supplemental) fuel and combustion air. Unburned residual ash is removed from the
incinerator, usually on a continuous basis, and isdisposed. A portion of the noncombustible waste, aswell as
small amounts of unburned volatile organic material, are carried out of the primary incinerator chamber
through entrainment in the exhaust gas stream. For some units (e.g., rotary kilns), the exhaust gas passes
through a secondary combustion chamber (afterburner) before going to the air pollution control devices. Air
pollution control devices, typically wet scrubbers, fabric filters, or electrostatic precipitators, are used to
remove the entrained pollutants from the exhaust gas stream. The gas stream exits to the atmosphere through
a stack, and the pollutants collected by the control devices are disposed. Scrubber effluents from the control
devices are sent to wastewater treatment and solids from fabric filters typically are landfilled. Because of the
high temperature in the combustion chambers, the primary source of mercury emissions from hazardous
waste incineration is the stack; concentrations in the ash residue are expected to be very small. Some fugitive
emissions may be generated during ash handling but the quantities also are expected to be very small.

Thefive basic incinerator types used in the United States are discussed in the following paragraphs.
Two of the types, fixed (or multiple hearth) and fluidized bed, were described in the previous section on
sawage dudge incinerators (Section 6.5.1) and will not be repeated here. The only major difference between
their use for dewatered sewage dudge and hazardous waste may be differencesin combustion temperatures;
otherwise the units are essentially the same. The three designs discussed below are liquid injection, gas or
fume, and rotary kilns.83

Theliquid injection is one of the most common designs. In this design, a pumpable and atomizable
waste is delivered to the incinerator and passes through burners into the combustion chamber. Burners
consist of an atomizing nozzle and a turbulent mixing section where the waste is mixed with primary air. The
incineration chamber is rectangular or cylindrical in shape, lined with refractory, and oriented vertically or
horizontally. Vertically aligned chambers may be fired from either the top or bottom. Atomized wasteis
combusted at temperatures ranging from 870° to 1200°C (1300° to 3000°F) and residence times from 0.5 to
3 seconds. If the heat content of the liquid waste is insufficient to maintain the required combustion
temperature, an auxiliary (supplemental) fud is used. Following combustion, the exhaust gases pass through
air pollution control devices and exit a stack.83
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Gas or fumeincinerators are very similar to liquid injection types except the treated waste isa gas or
volatilized material (fume) instead of an atomized liquid. These incinerators are the simplest type to design
and operate. Waste storage and pumping systems are designed for particular gas temperature/pressure
considerations. Theincinerator combustion chamber, combustion temperatures, and exhaust gas control
devices are comparable to liquid injection systems.®3

Rotary kiln incinerators generally are considered to be the most versatile and durable of the common
types of incinerators. Using a mix to maintain necessary heat content, rotary kilns can simultaneously treat
solid wastes, liquid organic wastes, and agueous wastes. A rotary kilnisarefractory lined cylindrical stedl
shell tilted on the horizontal axis. The shell isusually supported on two or more sted tracks (trundles), which
band the shell, and ride on rollers to allow the kiln to rotate around its horizontal axis. Waste material is
tumbled through the kiln by gravity asthekiln rotates at arate of 1 to 2 revolutions per minute. The rate of
rotation and angle of tilt determine the solids residence time in the kiln. Rotary kiln diameters range from 1.2
to 4.9 meters (4 to 16 feet), and length-to-diameter ratlos aretypically 5:1. Thekilnstypically operate at
temperatures of 870° to 980°C (1600° to 1800°F).83

In rotary kilns, solid waste is fed through the nonrotating upper end of the kiln using an auger screw
or ram feeder. Pumpable wastes (e.g., Sludges) can be fed through a water-cooled tube (wand) and liquid
organic wastes, agqueous wastes, and/or auxiliary fuel areinjected through burner nozzles. Waste continues to
heat and burn asiit travels down the inclined kilns. Combustion air is provided through ports on the face of
the kiln; the kiln usually operates at 50 to 200 percent excess air. At the end of thekiln, the residual ash
dropsinto an ash pit, is cooled, and removed for disposal. The exhaust gases, containing unburned
components, are routed to an afterburner (secondary combustion chamber) operating at about 1100° to
1400°C (2000° to 2500°F) and 100 to 200 percent excess air. Auxiliary fuel and/or pumpable liquid wastes
usually are used to maintain the afterburner temperature. The flue gases| |eave the afterburner, pass through
air pollution control devices, and exit to the atmosphere through a stack.®

6.6.1.2 Lightweight Agagregate Kilns. A rotary kiln consists of along stedl cylinder, lined internally
with refractory bricks, which is capable of rotating about its axis and isinclined at an angle of about
5 degrees to the horizontal. The length of the kiln depends in part upon the composition of the raw material
to be processed but is usually 30 to 60 meters (98 to 197 feet). The prepared raw material isfed into the kiln
at the higher end, whilefiring takes place at the lower end. The dry raw material fed into thekilnisinitially
preheated by hot combustion gases. Once the material is preheated, it passes into a second furnace zone
where it melts to a semiplastic state and begins to generate gases which serve as the bloating or expanding
agent. Inthis zone, specific compounds begin to decompose and form gases such as SO,, CO,, SO,, and O,
that eventually trigger the desired bloating action within the material. Astemperatures reach tﬁew maxi mum
(approximately 1150°C [2100°F]), the semiplastic raw material becomes viscous and entraps the expanding
gases. Thisbloating action produces small, unconnected gas cells, which remain in the material after it cools
and solidifies. The product exits the kiln and enters a section of the process whereit is cooled with cold air
and then conveyed to the discharge.

Kiln operating parameters such as flame temperature, excess air, feed size, material flow, and speed
of rotation vary from plant to plant and are determined by the characteristics of the raw material. Maximum
temperature in the rotary kiln varies from about 1120°C to 1260°C (2050°F to 2300°F), depending on the
type of raw material being processed and its moisture content. Typical exit temperatures may range from
about 427° to 650°C (800° to 1200°F), again depending on the raw material and on the kiln'sinternal
design. Approximately 50 to 200 percent excess air isforced into the kiln to aid in expanding the raw
material.

6.6.2 Emission Control Measures

Incinerators are equipped with awide variety of air pollution control devices (APCDs) that rangein
complexity from no control to complex, state-of-the-art systems that provide control for several pollutants.
Units with no controls are limited to devices burning low ash and low chlorine content wastes. The hot flue
gases from the incinerators are cooled and purged of air pollutants before exiting through the stack to the
amosphere. Cooling is done primarily by water quenching; water is atomized and sprayed directly into the
hot flue gases. The cooled gases then pass through various APCDs to control particular matter (PM), acid
gases, metals (including mercury), and organic components. Common APCDs for gaseous pollutant control
include packed towers, spray dryers, and dry scrubbers; of these, packed towers are the most common. For
PM control, venturi scrubbers, wet or dry electrostatic precipitators (ESPs), or fabric filters are common
controls. Activated carbon injection is being used at one facility for control of dioxins and mercury.83
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Lightweight aggregate kilns may use one or a combination of air pollution control devices, including
fabric filters, venturi scrubbers, cyclones and dry scrubbers. All of the facilities utilize fabric filters as the
main type of emissions control, although a spray dryer, venturi scrubber and dry scrubber may be used in
addition to afabric filter.

One of the mgjor factorsin control of mercury emissionsis reduction of the flue gas temperature.
Because wet scrubbing systems provide gas cooling as well as PM control, they can potentially provide some
degree of mercury removal. Wet APCD devices, such as packed towers, wet ESPs, and high pressure drop
venturi scrubbers, would be expected to show some degree of mercury control. Fabric filters would not be
expected to show significant mercury reduction because of the high flue gas temperature.

6.6.3 Emissions

The principal source of mercury emissions from hazardous waste incinerators and lightweight
aggregate kilnsisthe flue gas (combustion gas) exhaust stack. Small quantities of mercury compounds also
may be emitted with fugitive PM emissions generated from incinerator ash handling operations.

As a part of the EPA proposed revised standards for hazardous waste combustors, baseline national
emissions estimates were made for hazardous air pollutant (HAP) emissions, including mercury, from
hazardous waste incinerators.®1 The baseline estimate entailed estimation of mercury emissions from the
78 hazardous waste incinerators in the EPA Office of Solid Waste (OSW) data base and then determination
of the number of facilities not represented by the OSW data base. For facilities contained in the OSW data
base, mercury average hourly emissions and stack gas flow rates (Ib/hr) were calculated for each incinerator
with emission measurements. Similar but untested units were assumed to have the same emission rate as
tested units. Thetotal number of units not represented in the OSW data base was determined and multiplied
by the average mercury emission rate to obtain atotal hourly mercury emission rate. Based on these data, an
average mercury baseline emission rate was calculated for incinerators. Using similar calculations, an
average mercury baseline emission rate for cement kilns and light-weight aggregate kilns was a so calculated.
Details on the methodol ogies used to estimate the mercury emissions from hazardous waste incinerators,
cement kilns, and lightweight aggregate kilns may be obtained from docket materials prepared by the EPA
Office of Solid Waste for the proposed hazardous waste combustion MACT standards.

Total 1996 mercury emissions from hazardous waste combustion are estimated to be 6.3 Mg
(6.9 tons); see Appendix A for details.

6.7 MEDICAL WASTE INCINERATION

Medical waste includes infectious and noninfectious wastes generated by avariety of facilities
engaged in medical care, veterinary care, or research activities such as hospitals, clinics, doctors and dentists
offices, nursing homes, veterinary clinics and hospitals, medical laboratories, and medical and veterinary
schools and research units. Medical waste is defined by the EPA as "any solid waste which is generated in
the diagnosis, treatment, or immunization of human beings or animalss, in research pertaining thereto, or in the
production or testing of biologicals." A medical wasteincinerator (MWI) is any device that burns such
medical waste.8* Based on comments received following proposal of the new source performance standards
(NSPS) aé\gd emission guiddlines (EG) for MWI's, EPA may elect to modify this definition by making it more
specific.

In the 1993 mercury document, estimates developed by EPA suggested that about 3.06 million Mg
(3.36 million tons) of medical waste were produced annually in the United States.32 The EPA estimated that
approximately 5,000 MWI's located at hospitals, veterinary facilities, nursing homes, laboratories, and other
miscellaneous facilities across the U.S. were used to treat this waste.86 Followi ng proposal of the NSPS and
EG for new and existing MWI's, the EPA received new information regarding the number of MW!|'s operating
throughout the United States. More recent estimates developed for the MWI EG indicate that there are
approximately 2,400 MW!I's operating in the United States. These 2,400 MW!I's are used to treat
approximately 767 thousand Mg (846 thousand tons) of medical waste per year. The lower estimate of the
number of existing MWI's operating in the U.S. has led to alower estimate of the mercury emissions
produced by MWI's. The EPA currently estimates that MWI's emit approximately 14.5 Mg (16.0 tons) of
Mmercury pex year. However, the upcoming EG are expected to reduce mercury emissions by more than
0 percent
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Available information indicates that MWI systems can be significant sources of mercury emissions.
Mercury emissions result from mercury-bearing materials contained in the waste. Although concentrations of
specific metals in the waste have not been fully characterized, known mercury sourcesinclude batteries;
fluorescent lamps; high-intensity discharge lamps (mercury vapor, metal halide, and high-pressure sodium);
thermometers; specia paper and film coatings; and pigments. Prior to 1991, batteries, primarily alkaline and
mercury-zinc batteries, were amajor mercury source. Prior to 1991, the concentration of mercury in alkaline
batteries was about 1 percent and that of mercury-zinc batteries ranged from 35 to 50 percent mercury. In
1991, several battery manufacturers reduced the mercury content in alkaline batteries to less than
0.025 percent. Additionally, the use of zinc-air batteries as a replacement for the mercury-zinc batteries
became more prevalent. Alkaline batteries are general purpose batteries that are used in avariety of
equipment. Mercury-zinc batteries previously were used in transistorized equipment, hearing aids, watches,
calculators, computers, smoke detectors, tape recorders, regulated power supplies, radiation detection meters,
scientific equipment, pagers, oxygen and metal monitors, and portable electrocardiogram monitors.
Cadmium-mercury pigments are primarily used in plastics but also are used in paints, enamels, printing inks,
rubber, paper, and painted textiles.5%87 Hospital laboratory facilities use polyvinyl alcohol (PVA) fixatives
to preserve and examine stool specimens for internal parasites; these diagnostic tools contain mercuric
chloride and may be disposed in the MWI waste stream. All of these materials can be routed to an MWI,
thereby contributing to mercury emissions from this source category.

6.7.1 Process Description

Although the ultimate destination of almost all medical waste produced in the United Statesis a solid
waste landfill, the waste generally must be treated before it can be landfilled. The primary functions of MWI
facilities are to render the waste biologically innocuous and to reduce the volume and mass of solids that must
be landfilled by combusting the organic material contained in the waste. Over the years, awide variety of
MWI system designs and operating practices have been used to accomplish these functions. To account for
these system differences, a number of MWI classification schemes have been used in past studies, including
classification by waste type (pathological, mixed medical waste, red bag waste, etc.), by operating mode
(continuous, intermittent, batch), and by combustor design (retort, fixed-hearth, pulsed-hearth, rotary kiln,
etc.). Someinsight into MWI processes, emissions, and emissions control is provided by each of these
schemes. However, because the available evidence suggests that mercury emissions are affected primarily by
waste characteristics, the characterization and control of mercury emissions from MW!I's can be discussed
without considering other MWI design and operating practicesin detail. The paragraphs below provide a
generic MWI process description and identify potential sources of mercury emissions.

A schematic of ageneric MWI system that identifies the major components of the system isshown in
Figure 6-2. Asindicated in the schematic, most MWI's are multiple-chamber combustion systems that
comprise primary, secondary, and possibly tertiary chambers. The primary components of the MW!I process
are the waste-charging system, the primary chamber, the ash handling system, the secondary chamber, and the
air pollution control system, which are discussed briefly below.

Medical waste isintroduced to the primary chamber via the waste-charging system. The waste can
be charged either manually or mechanically. With manual charging, which is used only on batch and smaller
(generally older) intermittent units, the operator opens a charge door on the side of the primary chamber and
tosses bags or boxes of waste into the unit. When mechanical feed systems are employed, some type of
mechanical device is used to charge the waste to the incinerator. The most common mechanical feed system
is the hopper/ram assembly. In amechanica hopper/ram feed system, the following steps occur: (1) wasteis
placed into a charging hopper manually, and the hopper cover is closed; (2) afire door isolating the hopper
from the incinerator opens; (3) the ram moves forward to push the waste into the incinerator; (4) the ram
reverses to alocation behind the fire door; and (5) after the fire door closes, awater spray cools the ram, and
the ram retracts to the starting position. The system now is ready to accept another charge. The entire
hopper/ram charging sequence normally functions as a controlled, automatically-timed sequence to eliminate
overcharging. The sequence can be activated by the
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operator or for larger, fully automated incinerators, it may be activated at preset intervals by an automatic
timer.>%

The potential for mercury emissions from the waste-charging systemsislow. Mechanical systems
are generally operated with a double-door system to minimize fugitive emissions. Small quantities of fugitive
emissions may be generated while the chamber door is open during manual charging, but no data are available
on the magnitude of these emissions.

The primary chamber (sometimes called the "ignition" chamber) accepts the waste and begins the
combustion process. Most modern MWI's operate this chamber in a " controlled-air" mode to maintain
combustion air levels at or below stoichiometric requirements. The objectives of this controlled-air operation
areto provide amore uniform release of volatile organic materials to the secondary chamber and to minimize
entrainment of solidsin these off-gases. Three processes occur in the primary chamber. First, the moisturein
the wasteisvolatilized. Second, the volatile fraction of the waste is vaporized, and the volatile gases are
directed to the secondary chamber. Third, the fixed carbon remaining in the waste is combusted.

The primary chamber generates two exhaust streams--the combustion gases that pass to the
secondary chamber and the solid ash stream that is discharged. Any metal compounds in the waste, including
mercury, are partitioned to these two streams in one of three ways. The metals may be retained in the primary
chamber bottom ash and discharged as solid waste; they may be entrained as PM in the combustion gases; or
they may be volatilized and discharged as a vapor with the combustion gases. Because mercury and mercury
compounds are generally quite volatile and because the primary chamber typically operates in the range of
650° to 820°C (1200° to 1500°F), most of the mercury in the waste stream will be exhausted as a vapor to
the secondary chamber.

The primary chamber bottom ash, which may contain small amounts of mercury or mercury
compounds, is discharged via an ash removal system and transported to alandfill for disposal. The ash
removal system may be either manual or mechanical. Typically, batch units and smaller intermittent units
employ manual ash removal. After the system has shut down and the ash has cooled, the operator uses arake
or shovel to remove the ash and place it in adrum or dumpster. Some intermittent-duty MWI's and all
continuously operated MW!I's use a mechanical ash removal system. The mechanical system includes three
major components. (1) a means of moving the ash to the end of the incinerator hearth--usually an ash transfer
ram or series of transfer rams, (2) acollection device or container for the ash asit is discharged from the
hearth, and (3) atransfer system to move the ash from the collection point. Generally, these automatic
systems are designed to minimize fugitive emissions. For example, one type of collection system uses an ash
bin sealed directly to the discharge chute or positioned within an air-sealed chamber below the hearth. A door
or gate that seals the chute is opened at regular intervals to allow the ash to drop into the collection bin.

When the bin isfilled, the seal-gate is closed, and the bin is removed and replaced with an empty bin. In
another system, the ash is discharged into awater pit. The ash discharge chute is extended into the water pit
so that an air seal is maintained. The water bath quenches the ash asthe ash is collected. A mechanical
device, either arake or drag conveyor system, is used to intermittently or continuously remove the ash from
the quench pit. The excess water is allowed to drain from the ash asiit is removed from the pit, and the wetted
ash is discharged into a collection container.

The potential for mercury emissions from both mechanical and manual ash discharge systemsis
minimal. Asdescribed above, most mechanical systems have seals and provide ash wetting as described
above to minimize fugitive PM emissions. While manual systems can generate substantial fugitive PM, the
concentrations of mercury have generally been shown to be quite low.?% Consequently, fugitive mercury
emissions are negligible.

The primary function of the secondary chamber isto complete the combustion of the volatile organic
compounds that was initiated in the primary chamber. Because the temperatures in the secondary chamber
aretypically 980°C (1800°F) or greater, essentially all of the mercury that enters the secondary chamber will
be exhausted as avapor. The hot exhaust gases from the secondary chamber may pass through an energy
recovery device (waste heat boiler or air-to-air heat exchanger) and an air pollution control system before they
are discharged to the atmosphere through the combustion stack. This combustion stack is the major route of
mercury emissions from MWI's.
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6.7.2 Emission Control Measures

A number of air pollution control system configurations have been used to control PM and gaseous
emissions from the MWI combustion stacks. Most of these configurations fall within the general classes of
wet systems and dry systems. Wet systems typically comprise awet scrubber designed for PM control
(venturi scrubber or rotary atomizing scrubber) in series with a packed-bed scrubber for acid gas removal and
ahigh-efficiency mist elimination system. Most dry systems use afabric filter for PM removal, but ESP's
have been ingtalled on some larger MWI's. These dry systems may use sorbent injection via either dry
injection or spray dryers upstream from the PM device to enhance acid gas control. Additionally, some
systems incorporate a combination dry/wet system that comprises adry sorbent injection/fabric filter system
followed by aventuri scrubber. Because the systems described above are designed primarily for PM and acid
gas control, they have limitations relative to mercury control. However, recent EPA studies indicate that
sorbent injection/fabric filtration systems can achieve improved mercury control by adding activated carbon
to the sorbent material. The emission data presented in the section below provide information on the
performance of some of the more common systems.

6.7.3 Emissions

The primary source of emissions from medical waste incineration is the combustion gas exhaust
stack. However, small quantities of mercury may be contained in the fugitive PM emissions from ash
handling operations, particularly if the fly ash is collected in adry air pollution control system with high
mercury removal efficiencies.

Over the past 8 years, mercury emissions have been measured at several MWI's through the EPA's
regulatory development program, MWI emission characterization studies conducted by the State of
Cdlifornia, and compliance tests conducted in response to State air toxic requirements. In the 1993 mercury
L& E document, mercury emission datawere available from 20 MWI's, Of these datafrom 14 of the
facilities were considered to be adequate for emission factor devel opment.32 Since publication of the
previous document, an additional 27 emission test reports were obtained by EPA to be used in the
reassessment of the performance of add-on air pollution control devices (APCD's). These test reports were
reviewed by EPA's Emission Measurements Center (EMC) for completeness to determine if the test data was
suitable for use in the development of the maximum achievable control technology (MACT) standards and
guidelinesfor MWI's. The results of the EMC review are documented in a memorandum describing the
general selection rules for MWI and APCD emission test data.

Emission factors for MWI's with combustion controls, wet scrubbers, fabric filter/packed bed
systems, and dry scrubbers (with and without activated carbon injection) were developed for the MWI
standards and guidelines. The MW!I emission factors were devel oped by (1) developing exhaust gas flow
rate-to-waste burned factors (dscf/Ib factors), (2) developing pollutant concentrations for each control
technology, and (3) calculating emission factors by multiplying together the results of the first two steps.
Approximately 26 emissions test reports, including those from EPA's emissions test program and test reports
reviewed by EMC with sufficient process data, were used to develop the dscf/Ib factors. The avergge dscf/lb
factor for intermittent and continuous MW!I's was determined to be 2.67 dscf/Ib (at 7 percent O ) The
mercury emissions data from 19 emissions test reports (8 from EPA's emissions test program and 11
additional reports qualified by EMC) was used to determine the achievable emissions concentrations for
MW!'s with combustion controls, wet scrubbers, and dry scrubbers. %3949 The emission factors for each
control technology were cal culated by multiplying the average dscf/Ib factor by the achievable mercury
concentration for each control technology.

Table 6-20 presents the MWI emission factors for each control technology developed by EPA for the
MW!I NSPS and EG. The emission factors presented in Table 6-20 are average emission factors that
represent emissions from continuous and intermittent MW!1's that burn a mixture of noninfectious waste and
infectious (red bag) waste. While the procedure used to calculate the MWI emission factors provides average
emission factors that represent the industry cross section, it should not be used to determine emission factors
for individual facilities. The dscf/lb factor presented above may not be appropriate for specific facilities due
to variationsin auxiliary fuel usage and excess air ratios.

Total 1996 mercury emissions from medical waste incineration are estimated to be 14.5 Mg
(16 tons); see Appendix A for details.
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TABLE 6-20. MERCURY EMISSION FACTORS FOR MWI'S

Mercury emission factor
Air pollution control o/Mg waste 1073 Ib/ton waste
Combustion control 37 74
Wet scrubber 13 26
Dry scrubber w/o carbon 37 74
Dry scrubber w/ carbon 17 3.3
Fabric filter/packed bed 13 2.6
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7.0 EMISSIONS FROM MISCELLANEOUS SOURCES

Mercury has been found to be emitted from various miscellaneous sources including the following:

1. Portland cement manufacturing,
2. Lime manufacturing,

3. Carbon black production,

4. Byproduct coke production,

5. Primary lead smelting,

6. Primary copper smelting,

7. Petroleum refining,

8. Municipal solid waste landfills,
9. Geothermal power plants, and
10. Pulp and paper production.

Raw materials processed at the facilities listed above include minerals, ores, and crudes extracted
from the earth. Many of these raw materials contain mercury. At various stages of processing, the raw
materials are heated. Therefore, each of the manufacturing processes listed above may emit mercury during
various steps of raw materials processing. A summary of the estimated mercury emissions from each of the
aboveindustriesis asfollows:

Emissions, Mg

Industry (tons)
Portland cement manufacture 4.0 (4.9
Lime manufacture 0.1(0.2)
Carbon black production 0.3(0.3)
Byproduct coke production 0.6 (0.7)
Primary lead smelting 0.1(0.2)
Primary copper smelting 0.06 (0.07)
Municipal solid waste landfills 0.07 (0.08)
Geothermal power plants 1.3(1.4)
Pulp and paper production 1.6 (1.8)

No emission estimate was devel oped for petroleum refining because the only emission factors were for
auxiliary processes not specifically associated with petroleum refining.

This section presents process information, air pollution control measures, and estimates of mercury
emissions for these sources.

7.1 PORTLAND CEMENT MANUFACTURING

More than 30 raw materials are used to manufacture portland cement. These materials can be
classified into four basic classes of raw materials. calcarious, siliceous, argillaceous, and ferriferous. Two
processes, the wet and dry processes, can be used to manufacture portland cement In 1995, there was atotal
of 208 U.S. cement kilns with a combined total cllnker capacity of 76 3x 10° Mg (83.9 x 106 tons). Of this
total, six kilns with a combined capacity of 1.7 x 10° M%(l .9 x 10° tons) werei nactlve Thetotal number of
active kilns was 202 with a clinker capacity of 74.7 x 10° Mg (82.2 x 10° tons).%® The name, location, and
clinker capacity (in metric tons) of each kiln is presented in Appendix C. Based on 1995 U.S. cement kiln
capacity data, an estimated 72 percent of the portland cement is manufactured using the dry process, and the
remaining 28 percent based on the wet process. A description of the processes used to manufacture portland
cement and the emissions resulting from the various operations is presented below.®’
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7.1.1 Process Description

Figure 7-1 presents a basic flow diagram of the portland cement manufacturing process. The process
can be divided into four major steps. raw material acquisition and handling, kiln feed preparation,
pyroprocessing, and finished cement grinding.®’

Theinitia step in the production of portland cement manufacturing is raw materials acquisition.
Calcium, which isthe lement of highest concentration in portland cement, is obtained from a variety of
calcareous raw materials, including limestone, chalk, marl, sea shells, aragonite, and an impure limestone
known as "natural cement rock." The other raw materials--silicon, aluminum, and iron--are obtained from
ores and minerals, such as sand, shale, clay, and iron ore. Mercury is expected to be present in the ores and
minerals extracted from the earth. The only potential source of mercury emissions from raw material
acquisition would be due to wind blown mercury- containing particul ate from the quarry operations. Mercury
emissions are expected to be negligible from these initial stepsin portland cement production.

The second step involves preparation of the raw materials for pyroprocessing. Raw material
preparation includes a variety of blending and sizing operations designed to provide afeed with appropriate
chemical and physical properties. The raw material processing differs somewhat for wet- and dry-processes.
At facilities where the dry process is used, the moisture content in the raw material, which can range from less
than 1 percent to greater than 50 percent, is reduced to lessthan 1 percent. Mercury emissions can occur
during this drying process but are anticipated to be very low because the drying temperature is generally well
below the boiling point of mercury. However, some dryers do attain a temperature above the boiling point of
mercury, which would react in emissions. At some facilities, heat for drying is provided by the exhaust gases
from the pyroprocessor. At facilities where the wet processis used, water is added to the raw material during
the grinding step, thereby producing a pumpable slurry containing approximately 65 percent solids.

Pyroprocessing (thermal treatment) of the raw material is carried out in the kiln, which is the heart of
the portland cement manufacturing process. During pyroprocessing, the raw material istransformed into
clinkers, which are gray, glass-hard, spherically-shaped nodules that range from 0.32 to 5.1 cm (0.125 to 2.0
in.) in diameter. The chemical reactions and physical processes that take place during pyroprocessing are
quite complex. The sequence of events can be divided into four stages:

1. Evaporation of uncombined water from raw materials as material temperature increasesto 100°C
(212°F),

2. Dehydration asthe material temperature increases from 100°C to approximately 430°C (800°F)
to form the oxides of silicon, auminum, and iron,

3. Calcination, during which carbon dioxide (CO,) is evolved, between 900°C (1650°F) and 982°C
(1800°F) to form calcium oxide,

4. Reaction of the oxides in the burning zone of the rotary kiln to form cement clinker at
temperatures about 1510°C (2750°F).

Therotary kilnisalong, cylindrical, dightly inclined, refractory-lined furnace. The raw material mix is
introduced into the kiln at the elevated end, and the combustion fuels are usually introduced into the kiln at
the lower end, in a countercurrent manner. The rotary motion of the kiln transports the raw material from the
elevated end to the lower end. Fuel such as cod or natural gas, or occasionally ail, is used to provide energy
for calcination. Mercury is present in coal and oil. Tables 6-4 and 6-11 presented data pertaining to mercury
content in coal and oil, respectively. Use of other fuels, such as chipped rubber, petroleum coke, and waste
solvents, is becoming increasingly popular. Combustion of fuel during the pyroprocessing step contributes to
potential mercury emissions. Mercury may also be present in the waste-derived fuel mentioned above.
Because mercury evaporates at approximately 350°C (660°F), most of the mercury present in the raw
materials can be expected to be volatilized during the pyroprocessing step.
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Pyroprocessing can be carried out using one of five different processes. wet process, semi-dry, dry
process, dry process with a preheater, and dry process with a preheater/precalciner. These processes
essentially accomplish the same physical and chemical steps described above. Thelast step in the pyro-
processing isthe cooling of the clinker. This process step recoups up to 30 percent of the heat input to the
kiln system, locks in desirable product qualities by freezing mineralogy, and makes it possible to handle the
cooled clinker with conventional conveying equipment. Finally, after the cement clinker is cooled, a sequence
of blending and grinding operationsis carried out to transform the clinker into finished portland cement.

7.1.2 Emission Control Measures®’

The primary pollutants resulting from the manufacture of portland cement are PM and PM-10, NO,,
SO,, CO, and CO,. Emissions of metal compounds occur from the portland cement kilns and can be grouped
|nto three genera classes volatile metals (including mercury), semivolatile metals, and refractory or
nonvolatile metals. Although partitioning of the metalsis affected by kiln operating conditions, the refractory
metal s tend to concentrate in the clinker, the semivolatile metal s tend to be discharged through the bypass
stack, and the volatile metals through the primary exhaust stack. The largest emission source of volatile
metal s within the cement plant is the pyroprocessing system that includes the kiln and clinker cooler exhaust
stacks.

Process fugitive emission sources include materials handling and transfer, raw milling operationsin
dry process facilities, and finish milling operations. Potential mercury emission sources areindicated in
Figure 7-1 by solid circles. Typically, particulate emissions from these processes are captured by a
ventilation system with afabric filter. Because the dust from these units is returned to the process, they are
considered to be process units aswell as air pollution control devices. Theindustry uses shaker, reverse air,
and pulse jet filters, as well as some cartridge units, but most newer facilities use pulse jet filters. For process
fugitive operations, the different systems are reported to achieve typical outlet PM loadings of 45 milligrams
per cubic meter mg/m? (0.02 grains per actual cubic foot [gr/acf]). Because some fraction of the mercury is
in particle form, the performance of these systems relative to particulate mercury control is expected to be
equivalent to this overall particul ate performance.

In the pyroprocessing units, PM emissions are controlled by fabric filters (reverse air, pulse jet, or
pulse plenum) and ESP's. Clinker cooler systems are controlled most frequently with pulsejet or pulse
plenum fabric filters. A few gravel bed (GB) filters have been used on clinker coolers.

The dust collected by the various fabric filters at the cement manufacturing facility is called cement
kiln dust (CKD). Thisdust istypically recycled into the process as a feed ingredient and substantially passes
through the cement kiln again, where afraction of the residual mercury in the dust isvolatilized. Asdustis
continually recycled, essentially all of the mercury input to the process will eventualy leave the sysem asa
vapor from the kiln stack. If the CKD is disposed, however, the particulate mercury remaining in the CKD
also goesto disposal, and only the mercury volatilized during the single pass through the cement kiln escapes
to the atmosphere as vapor from the kiln stack.

7.1.3 Emissions

The mercury emissions discussed in this section for the manufacture of portland cement are only for
the use of fossil fuel's and nonhazardous waste auxiliary fuels. Mercury emissions from the use of hazardous
waste fuels were discussed in Section 6.6, Hazardous Waste Combustion.

The principal sources of mercury emissions are expected to be from the kiln and preheating/
precalcining steps. Negligible quantities of emissions would be expected in the raw material processing and
mixing steps because the only source of mercury would be fugitive dust containing naturally occurring
guantities of mercury compounds from the raw materials. Processing steps that occur after the calcining
process in the kiln would be expected to be a much smaller source of emissions than the kiln. Potential
mercury emission sources are denoted by solid circlesin Figure 7-1. Emissions resulting from all processing
steps include particulate matter. Additionally, emissions from the pyroprocessing step include other products
of fuel combustion such as SO,, NO,, CO,, and CO. Carbon dioxide from the calcination of limestone will
also be present in the flue gas.



Cement kiln test reports have been reviewed by EPA (and its contractor) in its development of the
portland cement industry NESHAP, and by a private company. Test reports for Certification of Compliance
(COC) emissions tests (required of all kilns burni ng hazardous waste derived fuel) (WDF) and test reports
for facilities not burning hazardous Waste were reviewed.?8%° The results from the Gossman study showed
an average emission factor of 0.65 x 10" kg/Mg of clinker (1.3 x 104 Ib/ton of clinker) for nonhazardous
waste fuels. The RTI study evaluated tests based on both nonhazardous waste fuel and hazardous waste fuel.
For the hazardous waste tests, the mercury emissions data were corrected to reflect only the mercury
emissions originating from the fossil fuel and raw material. The emissions data for nonhazardous waste and
the corrected hazardous waste were combined and showed an average mercury emission factor of 0.65 x 10°

4 kg/Mg of clinker (1.29 x 10 Ib/ton of clinker).

Total 1994 mercury emissions from thisindustry are estimated to be 4.0 Mg (4.4 tons); see
Appendix A for details.

7.2 LIME MANUFACTURING

Limeis produced in various forms, with the buI k of productlon yielding either hydrated lime or
quicklime. In 1994, producers sold or used 17.4 x 10% Mg (19.2 x 10° fons) of lime produced at 109 plants
in 33 States and Puerto Rico. The 1994 production represented a 3.6 percent increase over 1993 productlon.
In 1990, there were 113 lime production operationsin the U.S. with aannual production of 15.8 x 10° Mg
(17.4 x 10° tons). The leading domestic uses for lime include steelmaking, pulp and paper manufacturing,
and treatment of water, sewage, and smokestack emissions.?

Appendix C provides alist of the active lime plantsin the United Statesin 1991. Thelist includes
company headquarters locations, plant locations by State, and the type of lime produced at each plant. The
geographical locations, by State, of the lime operations and quantities of lime produced are shown in
Table 7-1.

7.2.1 Process Description

Limeis produced by calcining (removal of CO,) limestone at high temperature. Limestoneis
commonly found in most states but only a small portlon can be used for lime production. To be classified as
limestone, the rock must contain 50 percent or more calcium carbonate. If the rock contains 30 to 45 percent
magnesium carbonate, it is called dolomite. The product of the calcining operation is quicklime; this material
can be hydrated with water to produce hydrated lime or slaked lime (Ca(OH),). The product of calcining
dolomite is dolomitic quicklime; it also can be hydrated. Figure 7-2 presents aflow diagram for the lime
manufacturing process. Lime manufacturing is carried out in five major steps. These are:

1. Quarrying raw limestone,

2. Preparing the limestone for calcination,

3. Cdcining the limestone,

4. Processing the lime by hydrating, and

5. Miscellaneous transfer, storage, and handling processes.

The manufacturing steps in lime production are very similar to that of the dry portland cement
process, which was discussed in the previous section. The most important process step with respect to
emissions of mercury and other air pollutantsisthe calcination. During calcination, kiln temperature may
reach 1820°C (3300°F). Approximately 90 percent of the lime produced in the United Statesis
manufactured by calcining limestone in arotary kiln. Other types of lime kilnsinclude the vertical or shaft
kiln, rotary hearth, and fluidized bed kilns. Fudl, such as coal, oil, petroleum coke, or natura gas, may be
used to provide energy for calcination. Petroleum coke is usually used in combination with coal; oil israrely
used as afuel source. Approximately one-third of the U.S. lime kilns are fired with natural gas. Auxiliary
fudls such as chipped rubber and waste solvents may potentially be used; at the present time, however, no
lime kilns use these auxiliary fuels. 101

Mercury is expected to be present in very small quantitiesin the limestone and in coal and oil used as
fudl. Data pertaining to the mercury content in coal and oil are presented in Sections 6.1 and 6.2,
respectively. Aswith the production of portland cement, any mercury present in the raw materials can be
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TABLE 7-1. LIME PRODUCERS IN THE UNITED STATESIN 1994

No. of Lime production x 10° Mg (x10° tons)
State plants Hydratec? Quicklime? Total?

Alabama 4 184 (203) 1,470 (1,620) 1,660 (1,829)
Arizona, Nevada, Utah 8 243 (268) 1,570 (1,730) 1,810 (1,995)
Cdlifornia 7 26 (29) 178 (196) 203 (229)
Colorado, Montana, Wyoming 10 - (--) 335 (369) 335 (369)
Idaho, Oregon, Washington 8 25 (28) 597 (658) 622 (685)
[llinois, Indiana, Missouri 8 464 (511) 2,910 (3,207) 3,380 (3,725)
lowa, Nebraska, South Dakota 5 W (W) W (W) (242) (267)°
Kentucky, Tennessee, West Virginia 5 132 (145) 1,800 (1,984) 1,930 (2,127)
Michigan 9 26 (29) 611 (673) 637 (702)
North Dakota 3 - (-5 108 (119) 108 (119)
Ohio 9 w (W) w (W) (1,850) (2,039)¢
Pennsylvania 8 263 (290) 1,330 (1,466) 1,590 (1,752)
Puerto Rico 1 23 (25) <0.5 (<0.6) 23 (25)
Texas 6 471 (519) 740 (815) 1,210 (1,333)
Virginia 5 121 (133) 621 (684) 742 (818)
Wisconsin 4 124 (137) 383 (422) 507 (559)
Otherd 9 213 (235) 2,430 (2,678) 2,640 (2,909)

Total 109 2,310 (2,546) 15,100 (16,640) 17,400 (19,175)

Source: Reference 100.

M etric ton data rounded by the U.S.G.S. to three significant
ithheld to avoid disclosing company proprietary data; inclu

“Total included in total for "Other" category.
Includes Arkansas, Louisiana, Massachusetts, Minnesota, Oklahoma, and data indicated by "W".

dljgits; may not add to totals shown.
ed in "Other" category.
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expected to be emitted in the lime kiln. Combustion of fuel in the limekiln isthe major contributor to
mercury emissions.

7.2.2 Emission Control Measures

With the exception of the lime kiln, the emission sources in the lime manufacturing industry can be
classified as either process emissions or fugitive emissions. The primary pollutants resulting from these
fugitive sources are PM. No specific control measures for the lime industry are reported in the literature for
the fugitive sources. The reduction measures used for fugitive dust sources at portland cement manufacturing
facilities may also be applicable at lime manufacturing industries.

Air pollution control devicesfor limekilns are primarily used to recover product or control fugitive
dust and PM emissions. Calcination kiln exhaust is typically routed to a cyclone for product recovery, and
then routed through a fabric filter or ESP'sto collect fine particulate emissions. Other emission controls
found at lime kilnsinclude wet scrubbers (typically venturi scrubbers). How well these various air pollution
control devices perform, relative to vapor phase mercury emissionsin lime production, is not well
documented. The control efficiencies are expected to be similar to those observed in the production of
portland cement because of the similarities in the process and control devices.

7.2.3 Emissions

Mercury emissions from fuel combustion will occur from the limekiln (calcination) as shown in
Figure 7-2. Mercury present in the limestone will also be emitted from the kiln. All other potential emission
sourcesin the process are expected to be very minor contributors to overall mercury emissions. Emissions
resulting from all five processing steps include particulate matter. Additionally, emissions from the lime kiln
include other products of fuel combustion such as SO,, NO,,, CO, and CO.,.

LimeKkiln test reports are available for two facilities in the United States and one in Canada. The
source test reports for the U. S. facilities have been reviewed by EPA ( and its contractor) in its development
of the lime manufacturing industry NESHAP.192 The test report for the Canadian facility was provided by
the National Lime Association and reviewed as a part of this document.1% At the Canadian facility, two
different kilns were tested; one was a coal/coke-fired rotary kiln and the other was anatural gas-fired vertical
kiln. For the coal/coke-fired rotary kiln, the r&sultsfrom the tests showed an average mercury emission factor
of 9.0x 10 kg/Mg of lime produced (1 8 x 107 Ib/ton of Ilme produced) the emission factors ranged from
0.8 x 10°t0 1.0 x 10 kg/Mg of lime produced (1.6 x 10 to 2.0 x 10 Ib/ton of lime produced) over the
four test runs. For the natural gas-fired vertical klln the results showed an average mercury emission factor
of 1.5x 10 kg/Mg of Ilme produced (3.0 x 10°° Ib/ton of Ilme produ % the emission factors ranged from
1.45 x 10 to 1.6 x 10°° kg/Mg of lime produced (2.9 x 10 to 3.2 x 10 Ib/ton of lime produced) over the
four test runs. Process data from the tests at the Canadian facility were used to calculate the quantity of
limestone fed required to produce 0.91 Mg (1.0 ton) of lime. Based on process datafor the rotary kiln, the
average ratio of limestone feed to lime produced was 0.50 (i.e., 2 tons of limestone are required to produce 1
ton of lime). The averageratio for the vertical kiln was calculated to be 0.51.

The test results from the two U. S. facilities were evaluated for EPA by its contractor, TRI. Both of
the facilities, APG Lime Company and Eastern Ridge Lime company, employed coal -fired rotary kilns. The
results of the tests at APG showed an average mercury emission factor of 1.9 x 10°° kg/Mg of limestone feed
(3.8 x 10 Ib/ton of limestone feed). Based on the 2:1 limestone feed to lime produced ratio, this
corresponds to an emission factor of 3.8 x 10 kg/Mg of lime produced (7.6 x 106 Ib/ton of lime produced).
At Eastern Ri dge the results showed an average mercury emission factor of 4.7 x 10°® kg/Mg of limestone
feed (9.4 x 10 Ib/ton of I|mestonefeed) Using the 2:1 convers onratio, thiscorrespondsto a mercury
emission factor of 9.4 x 10" kg/Mg of lime produced (1.9 x 10 Ib/ton of lime produced). The average
mercury emission factors for the coal-fired rotary kilns from the one Canadian facility and the two U. S.
facilitieswere combl ned and showed an overall average mercury emission factor of 7.4 x 10°® kg/Mg of lime
produced (1.5 x 10™ Ib/ton of lime produced).

Thetotal 1994 mercury emissions from this industry are estimated to be 0.10 Mg (0.10 tons); see
Appendix A for details.
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7.3 CARBON BLACK PRODUCTION

Carbon black is produced by pyrolizing petrochemical oil feedstock. A compilation of facilities,
locations, types of processes, and annual capacitiesis presented in Table 7-2. A description of the process
used to manufacture carbon black and the emissions resulting from the various operations is presented bel ow.

7.3.1 Process Description

Carbon black is produced by partial combustion of hydrocarbons. The most common production
process (which accounts for more than 98 percent of carbon black produced is based on afeedstock
consisting of a highly aromatic petrochemical or carbo chemical heavy 0il.1%4 Mercury can be expected to be
present in the feedstock. Although the mercury content in the feedstock used to manufacture carbon black i &
not known, mercury content in petroleum crude is reported to range between 0.023 and 30 ppm by wei ight.10
Figure 7-3 contains a flow diagram of this process.

Three primary raw materials are used in this process: preheated feedstock (either the petrochemical
oil or carbochemical ail), which is preheated to a temperature between 150 and 250°C (302 and 482°F);
preheated air; and an auxiliary fuel such as natural gas. The preheated oil and air are introduced into a
furnace, or reactor, that isfired with the auxiliary fuel. A turbulent, high-temperature zone is created in the
reactor by combusting the auxiliary fuel, and the preheated oil feedstock isintroduced in this zone as an
atomized spray. In this zone of the reactor, most of the oxygen is used to burn the auxiliary fud, resulting in
insufficient oxygen to combust the il feedstock. Thus, pyrolysis (partial combustion) of the feedstock is
achieved, and carbon black is produced. Most of the mercury in the feedstock is emitted in the hot exhaust
gas from the reactor.

The product stream from the reactor is quenched with water, and any residual heat in the product
stream is used to preheat the oil feedstock and combustion air before recovering the carbon in afabric filter.
Carbon recovered in the fabric filter isin afluffy form. The fluffy carbon black may be ground in a grinder,
if desired. Depending on the end use, carbon black may be shipped in afluffy form or in the form of pellets.
Pelletizing is done by awet process in which carbon black is mixed with water along with a binder and fed
into a pelletizer. The pellets are subsequently dried and bagged prior to shipping.

7.3.2 Emission Control Measures

High-performance fabric filters are used to control PM emissions from main process streams during
the manufacture of carbon bI ack 104 1t is reported that the fabric filters can reduce PM emissionsto levels as
low as 6 mg/m (normal m3). Mercury emissions from the reactor are primarily in the vapor phase. These
emissionswill proceed through the main process streamsto the fabric filters. If the mercury remainsin the
vapor phase, the mercury control efficiency of the fabric filtersis expected to be low. If the product gas
stream is cooled to below 170°C (325°F), the fabric filter may capture a significant fraction of the condensed
mercury, thus providing a high degree of emission control.

7.3.3 Emissions

The processing unit with the greatest potential to emit mercury isthe reactor. Mercury emission
sources are indicated in Figure 7-3 by solid circles. Mercury, which is present in the oil feedstock, can
potentially be emitted during the pyrolysis step. However, no data are available on the performance of the
fabric filter control systems for mercury emissions. The onIy available data arefor emissions from the
oil-furnace process. These data show mercury emissions of 0.15 g/Mg (3 x 104 Ib/ton) from the main
process vent.1% The source of these data could not be obtained to verify the validity of the emission factors.
Because the factors are not verified, they should be used with extreme caution.

Total 1995 mercury emissions from thisindustry are estimated to be 0.25 Mg (0.28 tons); see
Appendix A for details.

7.4 BYPRODUCT COKE PRODUCTION

Byproduct coke, also called metallurgical coke, is aprimary feedstock for the integrated iron and
stedl industry. Byproduct coke is so hamed because it is produced as a byproduct when coal is heated in an



TABLE 7-2. CARBON BLACK PRODUCTION FACILITIES

Type of Annual capacity®
Company Location process? 108 10%1b
Cabot Corpora):i on Franklin, Louisiana F 161 355
gfm c,)Aﬁmerlcan Carbon Black Pampa, Texas = 29 65
VillaPlatte, Louisiana F 100 220
Waverly, West Virginia F 91 200
Chevron Chemical Company Cedar Bayou, Texas A 9 20
Olevins and Derivatives Division
Columbian Chemicals Company El Dorado, Arkansas F 57 125
M_ou_ndsvi lle, West F 88 195
Virginia
North Bend, Louisiana F 100 220
Ulysses, Kansas F 36 80
Continental Carbon Company Phenix City, Alabama F 36 80
Ponca City, Oklahoma F 120 265
Sunray, Texas F 59 130
Degussa Corporation Aransas Pass, Texas F 54 120
Pigment Group Belpre, Ohio F 54 120
New Iberia, Louisiana F 109 240
Ebonex Corporation Melvindale, Michigan C 4 8
Engineered Carbons, Inc. Baytown, Texas F 86 190
Borger, Texas Fand T 102 225
Orange, Texas F 61 135
General Carbon Company Los Angeles, Cdlifornia C 0.5 1
Hoover Color Corporation Hiwassee, Virginia C 0.5 1
Sir Richardson Carbon Company Addis, Louisiana F 120 265
Big Spring, Texas F 54 120
Borger, Texas F 129 285
TOTAL | 1,660 3,665

Source: Reference 11.

3A = acetylene decomposition
C = combustion

F = furnace

T = thermal

bCapacities are variable and based on SRI estimates as of January 1, 1996.
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oxygen-free atmosphere (coked) to remove the volatile components of the coal. The material remaining isa
carbon mass called coke. The volatlle components are refined to produce clean coke-oven gas, tar, sulfur,
ammonium sulfate, and light oil.1%7 Table 7-3 contains alist of byproduct coke oven facilities reported to be
in operation in 1991.198 A description of the process used to manufacture byproduct coke and the emissions
resulting from the various operationsis presented below.

7.4.1 Process Description

Cokeiscurrently produced in two types of coke oven batteries. the slot oven byproduct battery and
the nonrecovery battery. The slot oven byproduct type isthe most commonly used battery; over 99 percent of
coke produced in 1990 was produced in this type of battery. The nonrecovery battery, as the name suggests,
is one where the products of distillation are not recovered and are immediately combusted to provide energy
within the plant. The nonrecovery battery is currently used at only one location; however, it is expected to be
amore popular choice when existing plants are reconstructed. Figures 7-4 and 7-5 present the general layout
and the emission points of atypical byproduct coke oven battery.

The byproduct coke oven battery consists of 20 to 100 adjacent ovens with common side walls that
are made of high quality silica and other types of refractory brick. Typically, theindividual dot ovensare 11
t0 16.8 m (36 to 55 ft) long, 0.35t0 0.5 m (1.1to 1.6 ft) wide, and 3.0t0 6.7 m (9.8 to 22 ft) high. Thewall
separating adjacent ovens, aswell as each end wall, is made of a series of heating flues. 1%’ Depending on the
dimensions, the production capacity may range from 6.8 to 35 M g (7.5to 39 tons) of coke per batch.

Pulverized coal, which isthe feedstock, is fed through ports located on the top of each oven by a car
(referred to as alarry car) that travels on tracks along the top of each battery. After the oven is charged with
coal, the ports are sealed ("luted") with awet clay mixture, and gaseous fuel (usually clean coke oven gas) is
combusted in the flues located between the ovens to provide the energy for the pyrolysis).197

The operation of each oven iscyclic, but the battery contains a sufficiently large number of ovensto
produce an essentially continuous flow of raw coke oven gas. Theindividual ovens are charged and emptied
at approximately equal timeintervals during the coking cycle. The coking process takes between 15 and 30
hours, at the end of which amost all the volatile matter from the coal is driven off, thus forming coke. The
coking time is determined by the coal mixture, moisture content, rate of underfiring, and the desired
properties of the coke. When demand for coke is low, coking times can be extended to 24 to 48 hours.
Coking temperatures generally range from 900° to 1,000°C (1,650° to 2,000°F). The gasesthat evolve
during the thermal digtillation are removed through the offtake system and sent to the byproduct plant for
recovery.

At the end of the coking cycle, doors on both ends of the oven are removed and the incandescent coke
is pushed from the oven by aram that is extended from the pusher machine. The coke is pushed through a
coke guide into a special railroad car called a quench car. The quench car carries the coke to a quench tower
where it is deluged with water to prevent the coke from burning after exposureto air. The quenched cokeis
discharged onto an inclined coke wha