
































WHAT IS A TECHNICAL INTERACTIVE FORUM?

Kimery C. Vories
USDI Office of Surface Mining
Alton, Illinois

I would like to set the stage for what our expectations should be for this event. This is the third in a series of
technical interactive forums cosponsored by OSM on aspects of Coal Combustion By-Product (CCB) placement at
mine sites. The goal of the first two forums in 1996 and 2000 was to establish a national state of the art on CCB
placement at coal mine sites. This forum was designed to look at the issue from the perspective of the Western
United States in addition to changes at the national level. The CCB Steering Committee began planning for this
event more than a year ago in February of 2001. Copies of proceedings of these earlier forums are available on
OSM'’s technology transfer CD and at the CCB Information Network Website at www.mcrcc.osmre.gov/ccb.

The steering committee has worked hard to provide you with the opportunity for a free, frank, and open discussion
on the state of the art in CCB placement at coal mine sites that is both professional and productive. Our rationale
for the format of the technical interactive forum is that, unlike other professional symposia, we measure the success
of the event on the ability of the participants to question, comment, challenge, and provide information in addition to
that provided by the speakers. We anticipate that, by the end of the event, a consensus will emerge concerning the
topics presented and discussed and that the final proceedings will truly represent the state of the art in CCB
placement at coal mine sites.

Therefore, one of the main purposes of this event is to bring as much scientific light and technical experience as
possible to bear on this topic. It has been my personal experience that the most progress I have seen toward making
advances in technical fields like this has come when we have been able to work as a team of professionals toward a
consensus on:

e the facts related to the topic, and

e the state of the science in terms of our most workable options and alternatives.

During the course of these discussions, we have the opportunity to talk about technical, regional, and local issues,

while examining new and existing methods for finding solutions, identifying problems, and resolving controversies.

The forum gives us the opportunity to:

e share our experiences and expertise concerning CCB placement at coal mines,

e outline our reasons for taking specific actions, and

e give arationale for our actions concerning testing, permitting, water monitoring, material handling, reclamation,
and protection of the environment concerning CCB placement at coal mines.

A basic assumption of the interactive forum is that no person present has all the answers or understands all of the
issues. It also is assumed that some of these issues, solutions, and concerns may be very site, regional, or CCB type
specific.

The purpose of the forum is to:
e present you with the best possible ideas and knowledge during each of the sessions, and
e promote the opportunity for questions and discussion by you the participants.

Our purpose is to empower you the participants with better knowledge, new contacts, and new opportunities for
problem solving and issue resolution.

The format of the forum strives to improve the efficiency of the discussion by providing:
e acopy of the abstract and biography for each speaker that you may want to read before hand in order to improve
your familiarity with the subject matter and the background of the speaker.

We are recording the talks and discussions for later inclusion in the post forum publication so that you do not have to
worry about taking notes. For this reason, we will require that all participants speak into a microphone during the
discussions. In order for us to make the most efficient use of time and ensure that you the participants have the
opportunity to provide questions and comments, we require our session chairpersons to strictly keep to the time
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schedule. A green light will be displayed at the beginning of the talk. A yellow light will be displayed for the last 5
minutes of the talk. A dim red light will be displayed for 30 seconds followed by a blinking red light that will
signal that the talk is over and the speaker has 5 minutes for questions.

In the post forum publication, issues raised during the discussions will be organized based on similar topic areas and
will not identify individual names. All registrants will receive one copy of this proceedings. This publication will
be very similar to the proceedings of earlier forums conducted by OSM, which are available for your viewing at the
OSM exhibit.

It is important to remember that there are four separate opportunities for you the participants to be heard:

¢ 5 minutes will be provided for questions at the end of each speaker’s talk.

e 20 minutes of participant discussion is provided at the end of each topic session. The chairperson will recognize
participants that wish to speak, and they will be requested to identify themselves and speak into one of the
portable microphones so that everyone can hear the question.

e At the end of the forum, an open discussion will be conducted on where we should go from here.

e And finally, a blue forum evaluation form has been provided in your folder. This will help us to evaluate how
well we did our job and recommend improvements for future forums or workshops. Please take the time to fill
out the blue evaluation form as the forum progresses and provide any additional comments or ideas. These
should be turned in at the registration desk at the end of the forum.

One of the reasons for providing refreshments during the breaks and lunch is to keep people from wandering off and
missing the next session. In addition, the breaks and lunch provide a better atmosphere and opportunity for you to
meet with and discuss concerns with the speakers or other participants. Please take advantage of the opportunity at
break time to visit the exhibits and posters in the break area. When the meeting adjourns today, all participants are
invited to a social reception where refreshments will be provided.

Finally, the steering committee and I would like to thank all of the speakers who have been so gracious to help us

with this effort and whose only reward has been the virtue of the effort. I also would like to thank each of you the
participants for your willingness to participate and work with us on this important issue. Thank you.
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COAL COMBUSTION BY-PRODUCTS STEERING COMMITTEE
RECOMMENDATIONS

Future Forum Topics and Planning

1. The next forum should be the spring of 2004 in order to follow the EPA proposed rule concerning CCB
placement on mine sites.

2. Should consider conducting a CCB and mining forum every two years.

3. Would like to see an entire forum on mercury issues related to CCBs.

4. Need a forum or workshop that would focus on developing recommendations for the use of better leaching
methods.

5. Need to have perspective of attorneys in the field.

6. Would like to have more information on new or expanding uses.

7. Should include more talks from an international perspective.

8. More information on the range of methods used by States to regulate CCB placement.

9. Would like to see fewer case studies and more on hydrology and regulatory direction.
10.  Would like to see more case studies.

11.  Would like to see State permitting case studies with a panel discussion.

12.  Need case studies from citizen groups trying to improve watersheds.

Future Forum Talks

1. Next forum should include an update on progress of the Interstate Mining Compact Commission on State
direction for regulatory changes.

Would like to see more information on how generation of electricity impacts CCB production and quality.
More information on CCBs used in reclamation of AML mine sites.

Need to develop an environmental damage case study.

Clarify the role of CERCLA in connection with CCB placement.

Clarify the relationship in mine permits of overburden analysis and characterization/acid-base
accounting/toxic-forming materials/PHC-CHIA analysis/CCB placement planning.

AN e

Improvement of Forum Format

The pace of the talks was very aggressive. Would like to see more time for discussion.
The first session had too much on commercial ash use.

More effort to try to find credible speakers from the environmental community.

Like forums that start and end at noon.

Investigate better ways to encourage participants that receive complimentary registrations to stay for the entire
event.

More effort to secure an appropriate keynote speaker.

Need to improve the setup for the use of overheads.

Future forums should try to have a good field trip opportunity.

Should improve the focus of case study presentations.

Sessions should provide a better progression of speakers.

Need to get more involvement by States and coal companies.
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COAL MINING AND RECLAMATION
WITH COAL COMBUSTION BY-PRODUCTS:
AN OVERVIEW

Kimery C. Vories
Office of Surface Mining (OSM)
Alton, Illinois

Abstract

The use and disposal of Coal Combustion By-Products (CCBs) (i.e., fly ash, bottom ash, flue gas desulfuratization
material, and fluidized bed combustion material) at coal mines has become an area of intense interest, research,
activity, and controversy during the last decade. The U.S. Department of Interior, Office of Surface Mining (OSM)
was created in 1977 as part of the Surface Mining Control and Reclamation Act to provide minimum levels of
protection concerning public health, safety, and the environment and balance this with the need for a viable U.S. coal
supply. Since May of 1994, OSM has taken an active role in encouraging and promoting technological advances,
research, and technology transfer related to the use and disposal of those material residues remaining after the
combustion of coal to produce electric power. Currently, less than 2 percent of the CCBs that are produced in the
United States are placed back at the mine site where they originated. Most of the uses to date have been extensively
researched and indicate that the placement of these materials on the mine site usually results in a beneficial impact to
human health and the environment when it is used to mitigate other existing potential mining hazards and,
secondarily, as non-toxic fill within the spoil area prior to grading and final reclamation. Beneficial uses are as (1) a
seal to contain acid forming materials and prevent the formation of acid mine drainage; (2) an agricultural
supplement to create productive artificial soils on abandoned mine lands where native soils are not available; (3) a
flowable fill that seals and stabilizes abandoned underground mines to prevent subsidence and the production of acid
mine drainage; (4) a construction material for dams or other earthlike materials where such materials are needed as a
compact and durable base; and (5) a non-toxic, earthlike fill material for final pits and within the spoil area.
Although the recycling of these materials into useful products has attracted a great deal of interest as a raw material
for basic construction products, there also has been a growing controversy from environmental groups that believe
the use of these materials places an unacceptable risk on public health and environmental quality. This paper will
attempt to provide an overview of how the dynamics of the efforts to increase the recycling and use of these
materials and counter efforts to place all of these materials in perpetually sealed and monitored landfills has played
out within the microcosm of the coal mining and reclamation community.

A Brief History of OSM CCB Technology Transfer Initiatives

The CCB Steering Committee

In May of 1994, OSM solicited recommendations for technical studies and applied research topics from the States,
industry, and public interest groups. A wide variety of responses to this outreach identified CCBs as a priority topic
for consideration by OSM. OSM initiated a survey in September of 1995 to determine interest in holding a national
technical interactive forum on the topic of CCBs. Based on the results of this survey, OSM organized a multi-
interest group steering committee in February of 1996 to plan for and implement a wide range of technology
development and transfer events and products to advance the application of good science wherever CCB placement
occurred on surface coal mine sites. The steering committee is composed of recognized experts related to all aspects
of CCBs from universities, appropriate State and Federal agencies, coal industry, electric utilities, and the CCB
recycling industry.

CCBS Associated with Coal Mining—Interactive Forum

In October of 1996, OSM cosponsored its first technical interactive forum related to CCBs. In cooperation with the



Mining Engineering Department at Southern Illinois University at Carbondale, OSM produced a post-forum
proceedings (Chugh, 1996)' that includes a series of 28 papers summarizing topics related to coal combustion by-
products and their application at surface coal mines nationwide. Topics include activities related to beneficial use
and disposal. The papers are presented by university researchers, State regulatory personnel, industry experts,
consultants, and citizen interest groups. The papers are presented in the categories of:

Coal Combustion By-Product Characterization;

Site Characterization;

Regulatory Requirements;

Designing/Engineering/Planning;

Environment: Land and Water;

Monitoring and Evaluation; and

Case Studies.
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An edited discussion section provides a summary of the issues raised, different perspectives, and controversies

brought out during the forum. Subject category workgroups at the forum outlined the remaining issues needing

further work and attention. At the conclusion of the forum, the CCB Steering Committee met and identified the

following five items as the most important needs identified by the 1996 forum:

1. a guidance document for the use and disposal of CCB materials within the coal mining environment;

2. acceptable monitoring procedures for evaluating the interaction of groundwater at CCB disposal sites;

3. development of formal education and training opportunities on various aspects of CCB handling;

4. additional forums, workshops, or symposia to address various aspects of CCB handling that have not yet been
sufficiently addressed; and

5. development of better methods for communicating aspects of CCB handling to the public.

The CCB Steering Committee made the following recommendations to its sponsoring organization management:

1. The highest priority and energies of the sponsoring organizations should be to pursue the development of a
“State of the Science Resource Manual” on the evaluation and handling of CCB materials on the mine site for
use or disposal.

2. There should be a follow up forum to address concerns raised by the work groups on aspects of CCB evaluation
and handling that were not sufficiently addressed by the forum.

Summary of OSM Director Comments on CCBs and Mining at the 1996 CCB Forum’

The following remarks summarize relevant comments concerning the disposal or use of CCB materials on the mine
site made by then Acting Director of OSM, Kathrine Henry (Henry, 1996).

OSM supports those efforts to recycle coal combustion by-products into commercial items for use on or off the mine
site. Despite everything that’s been done to create economically viable products for those residues, however, only
about one-quarter of them are used in that way. The remainder of the coal combustion by-products still has to be
stockpiled or disposed of, somewhere. Interest in coal mines as potential disposal facilities or markets for new
products produced from coal combustion by-products has gone up with the dramatic cost increases and mounting
difficulties involved in handling those residues on site at coal fired power plants.

In 1993, the Environmental Protection Agency issued its final regulatory determination that coal combustion by-
products were deemed nonhazardous and were to be regulated by the individual States under Subtitle D of the
Resource Conservation and Recovery Act when disposed of as a solid waste. As a result, the States have been
challenged to develop appropriate strategies for integrating the concerns of State solid waste programs with SMCRA
programs when disposal occurs on permitted State primacy coal mine sites.

When the use or disposal of coal combustion by-products happens at surface coal mines, State coal mining

regulators are involved to the extent that SMCRA requires:

1. the mine operator to ensure that all toxic materials are treated, buried, and compacted, or otherwise disposed of,
in a manner designed to prevent contamination of the ground or surface water;

2. making sure the proposed land use does not present any actual or probable threat of water pollution; and

3. ensuring the permit application contains a detailed description of the measures to be taken during mining and



reclamation to assure the protection of the quality and quantity of surface and groundwater systems, both on and
off-sites, from adverse effects of the mining and reclamation process; also, to assure that rights of present users
of such water are protected.

Any disposal of coal combustion by-products at mine sites must be in accordance with those standards and with
applicable solid waste disposal requirements. The States differ in their regulatory requirements for disposal of coal
combustion by-products as solid waste. Trace element concentrations in coal combustion by-products vary
according to where the coal was mined. Chemical and physical characteristics differ by region, as do mine site
conditions. Accordingly, regulatory programs to allow use or disposal must be designed to handle those differences.
At OSM, we are supportive of State efforts to develop appropriate methods and criteria. We will do what we can to
help on request.

Currently, the debate over use or disposal of coal combustion by-products at coal mines centers on the potential for
the materials to release toxins back into the environment. We recognize that improved knowledge of the risks and
benefits associated with the disposal and use of coal combustion by-products is badly needed, as is a greater
acceptance of that knowledge by regulators and the public. The more we know, the more options we have.

CCB Information Network Website

In March of 1997, the USDI Office of Surface Mining invited resource agencies and organizations that are working
with or have access to significant information on CCBs to participate as a voluntary steering committee that would
develop a system for making this information accessible to potential users in the coal mining community. The
steering committee developed a website that can be accessed directly at http://www.mcrcc.osmre.gov/ccb/ that
contains:

1. auser friendly guide, including abstracts, of existing scientific and technical literature;

sources and location of CCB literature;

access to the OSM library for copies of significant literature for loan to potential users;

definitions of basic terminology;

name and phone numbers of State CCB contacts;

information and access to upcoming CCB special events;

copies of CCB Forum Proceedings from 1996 and 2000;

a chronology of relevant dates and events related to rule making by the U.S. EPA; and

access to related websites that contain information on active researchers and research programs.
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The Use and Disposal of CCBs at Coal Mines: A Technical Interactive Forum®

Many of the questions and concerns raised at the 1996 Interactive Forum, however, remained. In response to these
additional concerns, the CCB Steering Committee resolved to conduct an additional technical interactive forum in
the year 2000 to address the more important concerns and new developments related to coal mining and CCBs that
were either identified at the 1996 forum or since that time.

The purpose of this technical interactive forum on April 12-13, 2000 at the facilities of the U.S. DOE National
Energy Technology Laboratory in Morgantown, West Virginia was to provide:

an organized format for discussion of issues concerning the use and disposal of CCBs at coal mines;

an easily understood, state of the art summary talk by knowledgeable speakers;

a published proceedings that summarizes the presentations and participant discussions;

access to the discussions for all interested participants at the forum;

opportunity for poster presentations on CCB projects and research;

opportunity for exhibits of CCB use, technology, services, and equipment; and

optional technical CCB workshops and field trips.
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The 22 talks covered four topics in the following categories:
1. CCB Basics;

2. Regulatory;

3. Beneficial Uses at the Mine Site; and



4. Hydrology.

At the conclusion of the forum, the participants recommended that the steering committee focus on the following

initiatives for future actions:

1. provide assistance to the U.S. EPA on documentation of mine related damage cases;

2. provide assistance to the American Society for Testing Materials on development of improved standard testing
methods for CCBs on mine sites;

3. conduct region specific technical forums; and

4. enhance educational and Internet opportunities on CCB issues and information.

CCBs And Western Coal Mines: A Technical Interactive Forum

On April 16-18, 2002, OSM cosponsored the third in a series of forums on issues related to CCBs and mining in
Golden Colorado. This forum addressed regional applications of CCBs at mine sites in the arid and semi-arid
Western United States as well as issues related to proposed rule changes by the U.S. Environmental Protection
agency.

The major topics for discussion at the forum were:
CCB Basics,

Testing and Terminology,

Western Mining Applications/Case Studies,
Environmental Impacts to Groundwater, and
Regulatory Direction.
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Memorandum of Understanding (MOU) Between OSM and The National Energy Technology Laboratory
(NETL)

On February 10, 1999, OSM signed an MOU with NETL to collaborate on coal mining related and environmental
issues. They agreed to cooperate in three principal areas:

1. Technical Services and Equipment Utilization;

2. Technical Expertise; and

3. Information Exchange.

Areas of mutual interest potentially related to CCBs included:
1. mine drainage prevention, elimination, and treatment;

2. remining/reprocessing coal waste;

3. coal combustion by-product disposal; and

4. preservation of the hydrologic balance.

Combustion By-Products Recycling Consortium: National Steering Committee

OSM staff participates with NETL on the National Steering Committee for the Combustion By-Products Recycling
Consortium that is attempting to develop technologies for use by the coal utilities and their suppliers that will assist
in solving problems related to the handling of by-products from their clean coal processes. The main strategy of the
consortium is to:

1. characterize product streams from flue gas desulfurization materials and low nitrous oxide burners;

2. develop a list of potential market opportunities and disposal options; and

3. develop and implement research and demonstration programs around identified priority topics.

Of the 18 research projects awarded funding in 1999 ($1.2 million over two years), eight projects are applicable to
the placement of CCBs on coal mine sites. In 2000, 17 research projects were funded for $1.8 million over a 2-year
period. Six of these projects concern environmental aspects of CCBs at coal mines. CBRC announced a third
request for proposals that were due September 5, 2001.



International Ash Utilization Symposium: Technical Steering Committee

OSM staff serves on the technical program committee planning for the above events that took place October 18-20,
1999 and October 22-24, 2001 in Lexington, Kentucky, and the current event October 20-22, 2003. The biennial
event covers all aspects of coal combustion by-product utilization. The program includes recent research findings in
more than a dozen topical areas. The OSM staff encourage the presentation of technical papers, assistance in panel
presentations, and serve as a session co-chair in the areas of mining, underground injection, government programs,
and treatment of acid forming materials.

ASTM Standard Guide for the Use of Coal Combustion Products (CCPs) For Surface Mine Reclamation

Since June of 2000, the OSM staff and the CCB Steering Committee have been actively participating with the
American Society for Testing Materials (ASTM) in the development of (1) a standard guide for technical methods to
be used in evaluating CCBs for use or disposal at mine sites; and (2) standardized definitions of terms related to
CCBs. Committee members are actively reviewing and commenting on draft guidance documents being prepared by
ASTM. The OSM staff have provided information to ASTM on how the Surface Mining Control and Reclamation
Act is utilized to regulate the placement of CCBs on surface coal mines.

Symposium Outreach to Professionals in Coal Mining and Reclamation

Beginning in 2001, OSM staff began an initiative to communicate the OSM perspective on CCB and coal mining
issues to other professionals working in areas related to coal mining and reclamation by presenting papers at related
national and international symposia including:

1. 14™ American Coal Ash Association International Symposium on Management and Use of Coal Combustion
Products, San Antonio, Texas

2001 U.S. Department of the Interior Conference on the Environment, Albuquerque, New Mexico

11" International Conference on Coal Science, San Francisco, California

2001 International Ash Utilization Symposium, University of Kentucky, Lexington, Kentucky

18" International Pittsburgh Coal Conference, Newcastle, New South Wales, Australia

April 2002, CCBs and Western Coal Mines: A Technical Interactive Forum, Golden, Colorado

15™ American Coal Ash Association International Symposium on Building Partnerships for Sustainability, St.
Petersburg, Florida
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A Brief History of U.S. Environmental Protection Agency (EPA) Rule Making on
CCBs Related to their Use and Disposal on Mine Sites.

U.S. Congress Passes Solid Waste Disposal Act Amendments

In October of 1980, Congress temporarily exempts from regulation, under Subtitle C of the Resource Conservation
and Recovery Act (RCRA), certain large volume fossil fuel wastes (FFW), and then directs the U.S. EPA to conduct
a detailed and comprehensive study of fossil fuel wastes based on eight study factors.

U.S. EPA Exempts Four of the Large Volume CCBs from Hazardous Waste Regulation

On August 9, 1993, the U.S. EPA made a regulatory determination that the four large volume FFWs do not warrant
regulation as hazardous under Subtitle C of RCRA. EPA commits to a schedule to complete the report to congress
for the remaining wastes.

U.S. EPA Proposed Hazardous Waste Determination

On April 28, 1999, EPA published its Notice of Availability for the EPA’s Report to Congress on Fossil Fuel
Combustion Wastes not previously studied including oil, natural gas, and certain coal combustion wastes. EPA
purposed to determine whether the remaining fossil fuel combustion wastes should retain their exemption from
hazardous waste regulations. Of potential concern to the mining community, EPA stated that “The Agency currently
has insufficient information on managing fossil fuel combustion wastes in surface and underground mines in order to



assess the potential for risks associated with this practice, whether for disposal or beneficial uses such as mine
reclamation.” During the comment period, OSM provided extensive input on the requirements of the Surface
Mining Control and Reclamation Act as well as pertinent research results related to the use of CCBs at mine sites.

In March of 2000, the U.S. EPA provided OSM with a draft final rule that would list all CCBs as hazardous when
disposed or placed in a landfill including when placed on a mine sites regulated under SMCRA.

In response, OSM provided letters from its Director as well as from the Assistant Secretary of the Interior in support
of the position that listing of CCBs at mine sites under Subtitle C (Hazardous Waste) under RCRA was not
warranted based on the following observations:

EPA wrongly proposes to place the burden for the determination of toxicity for these materials on the receiver
(the mine) rather than on the producer of the materials (usually a power plant). This is inconsistent with the
“polluter pays” principle, and it takes responsibility out of the hands of those who are in the best position to
make toxicity determinations based on knowledge of the composition of the materials in the first place.

The EPA requirements for groundwater monitoring and liners of mine filling sites are likely to produce conflicts
with the Surface Mining Control and Reclamation Act (SMCRA) bond release and liability requirements for
reclamation.

The EPA conclusions concerning the use and disposal of Coal Combustion By-Products (CCBs) on SMCRA
mining sites are not adequately supported by scientific data. First of all, none of the scientific data upon which
EPA bases its conclusions specifically addresses the potential for CCB toxicity on mine sites. EPA examples of
toxicity are exclusively on electric power plant associated disposal sites. EPA ignores the preponderance of
scientific data from university research, the Department of Energy (DOE), and the Electric Power Research
Institute that shows that less than 1 percent of tested CCBs show any potential generation of hazardous
leachates. EPA further ignores university research showing that coal mine spoil tends to absorb any potential
leachate from CCB disposal.

EPA makes no distinctions that recognize the vastly different circumstances under which CCBs are handled.
The risks associated with CCBs can vary dramatically depending on the environmental setting of the mine, the
region of the country where it is located, and differing geology and climate. For example, there are drastic
differences in alkalinity and acidity problems depending on whether the mining is in the Eastern or the Western
United States. There are also considerable differences depending on the regulatory requirements and mining
practices of coal versus non-coal mining, surface versus underground mining, and active versus abandoned mine
reclamation. DOE and Interior (USGS) have the capability to address some of these research questions, but
more time is needed than EPA is allowing.

EPA proposes no method for testing and certification that any CCB is nonhazardous and exempt from regulation
as a waste. In other words, EPA is going from a policy of blanket exemption from RCRA to blanket inclusion
in RCRA, regardless of site-specific analyses.

The EPA decision will have a negative impact on the current national effort to recycle these materials into
beneficial economic uses on the mine site. This is counter to EPA’s emphasis on recycling as a means of
minimizing the need for waste disposal. It also exacerbates the existing dilemma of inadequate availability of
landfill facilities.

The EPA decision will have a negative impact on the beneficial environmental uses of this material for control
of acid mine drainage, reclamation of abandoned mine sites, and subsidence control. Beneficial uses include
filling voids in underground mines, shoring up underground mines to reduce the likelihood of surface
subsidence, and amending soils to improve revegetation at mine sites.

The EPA decision does not recognize the potential for the existing SMCRA programs to regulate and oversee
the use and disposal of CCBs on coal mine sites. Rather than exploring ways to provide the needed
environmental assurances within the existing regulatory regime of SMCRA, EPA proposes to introduce a
RCRA-based mechanism on top of existing SMCRA-based regulation at mine sites.

The EPA decision does nothing to address EPA’s stated concerns about the lack of uniform minimum State
standards for disposal of these materials. In essence, it would impose a more costly regulatory mechanism
without removing the risk that some States would ineffectively implement the new requirements.

There is no indication that EPA’s imminent determination is being subject to the scrutiny one would ordinarily
expect for decisions of this environmental magnitude under the National Environmental Policy Act. Because of
the degree to which the effects on the quality of the human environment are likely to be highly controversial,
EPA needs to more fully analyze the impacts before making a decision including, if necessary, performing an



environmental impact statement.

e  The current EPA decision is a radical departure from the direction EPA stated in the public record of its report
to Congress on April 28, 1999. Concerned Federal agencies, including OSM, Energy, and Agriculture, only
learned of this new direction on March 6, 2000, and have had insufficient time for review and interagency
discussion of the impacts of the determination.

e  Other Interior bureaus that will be impacted by this decision have not been included in the interagency briefings.
OSM has been informed by the Bureau of Land Management that at least seven or eight Federal coal mine
leases dispose of CCBs at mine sites in New Mexico, Colorado, Wyoming, and North Dakota. OSM is aware of
at least one mine on the Navajo Nation in Arizona that disposes of CCBs on the mine site, which would involve
the Bureau of Indian Affairs, and the Navajo Nation.

U.S. EPA Proposed Solid Waste Regulations for CCBs at Coal Mines

In its decision on May 22, 2000, the U.S. EPA determined that national regulations under Subtitle D (Solid Waste)
of the Resource Conservation and Recovery Act (RCRA) [and/or possible modifications to regulations under the
Surface Mining Control and Reclamation Act (SMCRA)] were warranted when these wastes are used to fill surface
or underground mines. EPA believes this is necessary so that CCBs will be consistently managed across all waste
scenarios.

On September 14, 2000, EPA met with OSM to initiate a dialog between the two agencies concerning EPA rule
making for CCBs used as fill at surface and underground mine sites. During the course of this discussion, EPA
informed OSM that EPA expects to have a proposed rule out under Subtitle D of RCRA (Solid Waste) in 2003 and a
final rule by 2004.

EPA has also invited OSM staff on a series of joint tours of mines sites where CCBs are being used as fill. To date,
tours have taken place in the anthracite mining districts in Pennsylvania and in Northern West Virginia where
fluidized bed combustion ash is being returned to the mine site to support reclamation and as a seal for acid forming
materials. Tours also have been conducted in the States of Indiana, Illinois, New Mexico, and North Dakota.
Additional tours are anticipated in other States during 2002.

Additional Federal Regulation at SMCRA Mine Sites: Arguments For and Against
EPA Concerns

Concerns that EPA staff have expressed to OSM as to why they feel EPA regulation under RCRA may be necessary

are:

e EPA has found a small number (less than 12 from about 1000 monitoring wells at CCB disposal sites
nationwide) of unlined solid waste disposal facilities at electric utilities where leachates from the facility have
been determined to contain elements at levels of toxicity determined to be detrimental to public health and/or the
environment. Although they have not found any such examples at mine sites, they feel that the similarities
between these utility disposal sites and mine sites where CCBs are placed as fill warrant similar regulation.

e  Groundwater monitoring at SMCRA mine sites may be inadequately designed to detect toxicity.

e Bonding of SMCRA mine sites (a minimum of 5-10 years after reclamation and revegetation has been
completed) may be of insufficient duration to detect toxicity.

OSM Concerns

Concerns OSM has expressed to EPA as to why additional EPA rule making for mine sites may not be warranted

include:

e  OSM believes that the SMCRA regulations already provide at least as much protection of the public health and
environment as anything as yet proposed by EPA. The extensive mining and reclamation designs,
environmental investigations, leachate testing, requirements to protect or replace drinking water sources,
performance bonding, and post reclamation water monitoring requirements of SMCRA make mine sites
significantly more protective of the environment than what is found at electric utility ash disposal sites where
toxic leachate has occurred and, therefore, are not similar to them.
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not valid to compare utility CCB disposal sites where toxic leachate has occurred with SMCRA mine sites

as they differ significantly in terms of regulatory requirements, geology, geography, hydrology, characteristics

of C

CBs used as fill, and reclamation practices. Electric utility disposal sites where toxic leachates have

occurred are typically characterized by:

(1)
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geographic placement in a floodplain;

a geologic setting of alluvial sand and gravel usually close to a river;

groundwater that is plentiful and of high quality;

all types of CCB materials are placed in these facilities in a wet slurry without any chemical
characterization of the material;

reclamation is accomplished with a shallow layer of fill over the area and revegetated; and

the Clean Water Act usually covers the area during operation and State solid waste regulations at disposal
(Figure 1).

CCB placement at mine sites typically is characterized by:

(1)
2

)
“4)

)
(6)

Figure 1.

a geographic placement in an upland position;

a geologic setting of bedrock sandstone, shale, and limestone underlain by an impermeable fire clay below
the lowest coal seam that was mined;

groundwater is limited and of poor quality;

only those CCBs that are leachate tested and approved in the SMCRA permit are allowed for placement on
the mine site;

reclamation is accomplished with a deep layer of spoil over the area followed by topsoil and then
revegetated; and

at all phases, the placement is regulated by the environmental protection permitting and performance
standards of SMCRA, which include the requirements of the Clean Water Act and applicable State Solid
Waste program requirements (Figure 2).

TYPICAL UTILITY CCB
STORAGE/DISPOSAL AREA

n

RIVER ce s

SAND & GRAVEL

Typical cross-section of an electric utility disposal sites where toxic leachate has occurred.



TYPICAL CCB FILL AT MINE

FIRECLAY

Figure 2. Typical cross-section of CCB placement at a reclaimed coal mine site.

e EPA has yet to bring forward any data or scientific evidence that CCBs placed at mine sites under SMCRA have
resulted in any toxicity that would pose a threat to public health or the environment.

e The SMCRA performance bond lasts as long as is necessary to determine that the environmental performance
requirements of the SMCRA program and the applicable permit have been met. The release of the bond is not
determined by time, but by environmental performance.

e SMCRA permits, unlike utility disposal sites where toxic leachate has occurred, must include detailed
information on potential pollutants of ground and surface water, a detailed hydrologic protection plan, and a
ground and surface water monitoring plan.

e SMCRA water quality performance standards require that disturbances to the hydrologic balance be minimized
by protecting ground and surface water from pollutants and include requirements for the replacement of water
supplies impacted by contamination and require water monitoring based on probable impacts.

e There has been extensive research over the last 20+ years related to effects of CCB placement at mine sites
where it is used:

(1) as nontoxic mine fill;

(2) for subsidence control;

(3) as seals for acid forming materials;

(4) for the reduction of acid mine drainage;

(5) as a soil substitute; and

(6) for reclamation of abandoned mine lands where existing soil material is not available.

Recent studies by the U.S. Geologic Survey” have successfully utilized magnesium to calcium ratios and sulfur-
isotope ratios as tracers on pressurized fluidized bed combustion (PFBC) by-product placed in an abandoned coal
mine to mitigate the effects of acid mine drainage. The study demonstrates that the application has been
environmentally beneficial in dramatically decreasing the effects of acid mine drainage, and that any remaining trace
elements in the groundwater are due to acid mine drainage and not leachate from the PFBC.

To date, all of this research has indicated that the use of CCBs at mine sites is beneficial to public health and the
environment in most cases and at a minimum has no negative effect on public health or the environment.



Conclusion

OSM staff has been extensively involved with the development and distribution of technical information related to
the beneficial placement of CCBs at coal mine sites since 1995. Because of the complexity of the issues involved
and the importance of protection of public health and the environment during surface coal mining and reclamation,
OSM is very supportive of additional research into the potential environmental effects of CCB placement at coal
mine sites. Any additional Federal regulation of CCB placement at SMCRA mine sites, however, should only be
based on sound scientific evidence that the existing regulatory framework is not adequate.
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COAL COMBUSTION PRODUCTS—PRODUCTION AND USES

Rustu S. Kalyoncu
U.S. Geological Survey
Reston, Virginia

Abstract

The first research on fly ash was reported in the Proceedings of the American Concrete Institute in 1937, which
introduced the term “fly ash” to the literature. The Chicago Fly Ash Company, formed in 1946, was the first to
market fly ash as a construction material for manufacturing concrete pipe. The U.S. Bureau of Reclamation used fly
ash on a large scale in the construction of the Hungry Horse Dam in Montana in 1949. Six other dams were
constructed during the 1950s using fly ash concrete. Initial markets for fly ash were as a portland cement extender
and as an enhancer of the qualities of concrete to meet new postwar requirements.

Burning coal generates more than half the electricity in the United States. As a result, more than 100 million metric
tons of CCPs are generated by the electric utilities, almost one-third of which is used in a number of applications.
CCPs are used primarily in cement and concrete, structural fills, waste stabilization, road base/subbase, wallboard,
and mining applications. Innovative high-volume applications are being developed. In 2000, CCPs were used as a
raw material in numerous products ranging from wallboard to bowling balls.

Coal Combustion Products

The working definition for solid materials resulting from the combustion of coal has been evolving. Environmental
regulators first used the term coal combustion wastes. Later, the term coal combustion by-products gained
popularity. Lately, coal combustion products (CCPs) has become a household term for those in the power industry,
the ash marketers, and most users of these materials. The solids included in CCPs are fly ash, bottom ash, boiler
slags, and flue gas desulfurization (FGD) material. Fly ash is the fine fraction of the CCPs that is carried out of the
boiler by the flue gases. Almost all fly ash is captured by dust collecting systems such as electrostatic precipitators.
Bottom ash is defined as the large ash particles that accumulate at the bottom of the boiler. Boiler slag is the molten
inorganic material that is collected at the bottom of the boilers and discharged into a water-filled pit where it is
quenched and removed as glassy particles resembling sand. Fly ash represents a major component (58%) of CCPs
produced, followed by FGD material (24%), bottom ash (15.5%), and boiler slag (2.5%). Among the major CCP
components, fly ash and FGD materials boast the highest use rate, about 32%, of the amount produced.

Electricity accounts for more than one-third of the primary energy used in the United States. More than one-half of
the Nation’s electricity is generated by burning coal. Coal burning, combined with pollution control technologies,
generates large quantities of CCPs. During 2000, about 860 million metric tons (MT) of coal were burned and about
98 MT of CCPs were generated by the electric utilities.

In addition to the ash, sulfur in flue gases emitted from fossil-fuel-burning electricity generating plants is also a
concern for the environment. The majority of electric power utilities, especially in the eastern and midwestern states,
use high sulfur bituminous coal. Increased use of high sulfur coal has contributed to an acid rain problem in North
America. To address this problem, the U.S. Congress passed the Clean Air Act Amendments of 1990 (CAAA 90)
(Public Law 101-549) with stringent restrictions on sulfur oxides emissions. The sulfur dioxide (SO,) reduction
provisions of the CAAA, which are being implemented in a two-phase plan to be completed by 2010, forced the
electric utilities to find ways of reducing SO, emissions. A number of utilities have switched to alternative fuels,
such as low sulfur coal or fuel oil, as partial or temporary solutions to the problem. The significant number of
electric utilities still using high sulfur coal have installed flue gas desulfurization (FGD) units.

FGD units remove SO, from flue gas, but in doing so generate large quantities of FGD material, which is a mixture
of gypsum (hydrous calcium sulfate), calcium sulfite (CaSO;), fly ash, and unreacted reagents. A number of power
plants convert the CaSOj; to calcium sulfate by forced oxidation and take appropriate measures to reduce the other
impurities in the FGD material to produce synthetic gypsum that exceeds the specification for wallboard
manufacture. Wallboard plants, recently constructed adjacent to such electric utilities, use the FGD gypsum from
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those electric utilities. The FGD material adds to the accumulation of already high levels of CCPs. About 23 MT of
FGD material was produced in 2000 with about 4.5 MT (20%) used mostly for wallboard manufacture. FGD issues
affect, directly or indirectly, coal, gypsum, lime, limestone, and soda ash producers. Increased commercial use of
FGD products represents an economic opportunity for high sulfur coal producers and the sorbent industry
(especially lime and limestone). Today, synthetic gypsum competes directly with natural mined gypsum as raw
material for wallboard manufacture. The value of CCPs is well established by research and commercial practice in
the United States and abroad. As engineering materials, these products can add value while helping conserve the
Nation’s natural resources.

Production

A small, steady increase in CCP production rates through 2000 is apparent (Table 1). In 1999, it was predicted that
fly ash, bottom ash, and boiler slag production could be expected to remain flat in the near future, as no significant
increase in the use of coal was planned for electric power generation. An unexpected jump in petroleum prices,
however, may well change the Nation’s energy equation in favor of increased coal use. An increase in ash generation
can be expected with increased coal burning. The commencement of phase two of the CAAA in January 2000 is
expected to contribute to a significant increase in synthetic gypsum generation in the years ahead. The energy
policies of the new administration, which call for increased use of fossil fuels, especially the use of coal in electric
power generation, gives an additional reason to anticipate increases in the generation of CCPs. Tables 2 through 4
show the domestic production and consumption data for 2000. Table 2 lists the total quantities of CCPs (dry and
ponded), whereas tables 3 and 4 summarize the dry and ponded CCP data, respectively.

Figure 1 depicts various geographic regions for which CCP data are presented. Graphic representation of CCP data
is shown in figures 2 through 9. Figures 2 and 3 show historical CCP production and use data, respectively. Total
CCP production and use data for 2000 are presented in Figure 4. Figure 5 depicts production by CCP type and

region. Figures 6 through 9 show leading uses for fly ash, bottom ash, boiler slag, and FGD material, respectively.

Consumption

The components of CCPs have different uses because they have distinct chemical and physical properties; each one
is suitable for a particular application. CCPs are used in cement and concrete, mine backfill, agriculture, blasting
grit, and roofing applications. Other current uses include waste stabilization, road base/subbase, and wallboard
production (synthetic gypsum). Potential FGD gypsum uses also include applications in subsidence and acid mine
drainage control and as fillers and extenders.

Total CCP use in 2000 decreased by 4.7% to 28.59 MT from 30.00 MT in 1999. Fly ash, bottom ash, and boiler
slag all showed slight decreases in use, whereas FGD material recorded an 8.7% increase over the 1999 figure
(Table 1). Domestic CCP consumption data from 1996 to 2000 are summarized in Figure 3. Figures 6 through 9
summarize the use data for individual CCP types. Among the CCPs, fly ash was used in the largest quantities and
found the widest range of applications, with about 60% of annual consumption used in various structural
applications. Use in cement and concrete production tops the list of leading fly ash applications with more than 50%,
followed by structural fills and waste stabilization (Figure 6).

Structural fill and road base/subbase applications are major bottom ash uses. About 65% of bottom ash is used in
road base/subbase, structural fill, and snow and ice control (Figure 7). Minor uses include concrete, mining
applications, and cement clinker raw feed. Bottom ash also can be used as fine aggregate in asphalt paving
mixtures. Some bottom ash is sufficiently well graded that pavements containing bottom ash alone can meet
gradation requirements. Bottom ash containing pyrites or porous particles is not suitable for use in hot mix asphalt
mixtures, where strict gradation requirements exist. It is used more commonly in cold-mix emulsified asphalt
mixtures, where gradation requirements and durability are not as critical as in hot mix surface mixtures.

Owing to its considerable abrasive properties, boiler slag is used almost exclusively in the manufacture of blasting
grit. Use as roofing granules also is a significant market area. Blasting grit and roofing granules make up almost
95% of boiler slag applications (Figure 8). Boiler slag also can be used as fine aggregate, especially in hot mix
asphalt owing to its superior hardness, affinity for asphalt, and dust-free surface, which aids in asphalt adhesion and
resistance to stripping. Since boiler slag exhibits a uniform particle size, it is commonly blended with other
aggregates for use in asphalt mixtures.
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Wallboard manufacture (75% of the total), concrete, mining applications, and structural fill accounts for the bulk of
FGD product uses (Figure 9). Structural fill and concrete accounts for a majority of other uses of FGD material.
Agricultural uses account for only 1.6% of total FGD material use; however, potential FGD material use in
agriculture exceeds even its use in wallboard manufacture.

World Review

Partial world production and consumption data were compiled in 1999. Data were obtained from major European
and Asian countries, including India, China, and Russia. Table 5 summarizes partial world CCP statistics. Republic
of Korea—not in table—produced 400 million tons of CCPs in 1999. It is believed to be the largest quantity
generated by a single country. In the table, data from 13 European Union countries are combined under the
European Coal Combustion Products Association (ECOBA). ECOBA member countries are Belgium, France,
Germany, Greece, Ireland, the Netherlands, Poland, Portugal, Spain, and the United Kingdom. ECOBA members
account for more than 90% of CCP production in Europe.

In 1999, the ECOBA beneficially used 56% (31 MT) of the 55.5 MT of the CCPs that its member countries
generated compared with about 30% use in the United States. More than 18 MT of the 37 MT of fly ash produced
was used (48% use rate). A slightly smaller fraction (44%) of bottom ash, 100% of boiler slag, and 87% of synthetic
gypsum produced found beneficial uses (Table 5). Raw material shortages and favorable State regulations account
for the higher use rates of CCPs in Europe. As in the United States, ECOBA members used CCPs in a number of
applications, with concrete leading the way at 37%, followed by portland cement manufacture with 31% and road
construction with 21%; other uses made up the remainder (11%).

Among the individual countries contacted, Canada, India, Israel, Japan, and South Africa reported partial CCP
production and use data. Canada used about 1.9 MT (27%) of 7 MT of CCPs produced, whereas coal-burning
electric utilities in India generated about 90 MT of CCPs in 1999, of which about 13% (11.7 MT) was used. The
remainder was disposed of in wet ponds. In Japan, 1999 figures were 9.1 MT and 7.65 MT for production and use,
respectively. These figures translate into 84% use rate for Japan. The high disposal costs of CCPs in Japan ($100
per metric ton) make alternative uses economically viable (Mark Early, Barlow Junker Pty Ltd., oral commun.,
2001). Large volume CCP use in India, China, and the Republic of Korea is an environmental and economic
necessity owing to the planned increase in coal-fired power plants to meet future electricity needs and the high ash
contents of coal burned. Current burning of coal containing 40% to 45% mineral matter generates 90 million metric
tons per year (MT/yr) of CCPs in India, most of which is disposed of in wet ponds in the vicinity of the plants. The
situation in the Republic of Korea is even more serious owing to the fact that the Republic of Korea burns more coal
for electricity production than any other country in the world. Korean coal also contains high fractions of mineral
matter, which results in the generation of CCP quantities four times that of the United States (Ji-Young Ryu, Korea
Electric Power Corporation, oral communication, 2001).

Current State of Research and Technology

Research and development activities have focused on improving FGD processes and finding new applications for
CCPs, especially the FGD product. Japanese and West European researchers have led much of the research and
development efforts in new FGD technologies. Electric utilities in these countries have no room for the disposal of
the products from the current FGD processes and are forced to find better solutions to flue gas emission problems.
Research efforts emphasize the development of technology that requires less space for installation and yields smaller
quantities of products than the well-established methods using lime or limestone as sorbents. Research and
development efforts in FGD have been directed, for the most part, toward either decreasing the quantities of the
reaction products or increasing their economic value to upgrade them from waste products to resources.

Consol Energy Corporation is successfully manufacturing aggregates from CCPs using a pelletization process it
developed (Aggregates Manager, 2000). Fly ash and synthetic gypsum are combined by disk pelletization with
moderate-temperature curing to form aggregates. If commercialized, such manufactured aggregates may eventually
play an important role in the 2-billion-ton-per-year aggregates market.

In order to reduce nitrogen oxides emissions to meet the requirements of the CAAA 90 restrictions on nitrogen
oxide (NOy) emissions, many electric utilities installed no-NO, burners. No-NOy burners, however, lead to a
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significant increase in the unburned carbon content of fly ash, in certain cases exceeding 10%. High carbon content
renders fly ash unsuitable for cement and concrete applications that account for the bulk of fly ash use. Excess
unburned carbon in concrete-containing fly ash cement reduces the freeze-thaw resistance of concrete by capturing
the air entraining agents that are used to modify the porosity of the concrete. Researchers at The Pennsylvania State
University have developed a method to economically separate unburned coal from fly ash (Skillings Mining
Review, 1999). It appears that the unburned carbon separated from the fly ash is suitable for manufacturing
activated carbon, which is used in water treatment and gas purification processes. These carbon products have a
significant market with 350,000 metric tons per year sold. The unburned carbon, separated from fly ash, does not
need cleaning or grinding, nor does it need heating to remove volatiles. While anthracite, which is currently used as
the precursor in the manufacture of activated carbon, sells for about $50 per metric ton, the unburned-carbon in fly
ash can be separated at $10 to $15 per metric ton and the clean fly ash can be sold to concrete or cement producers.

Reports of research and development results during the past two decades indicate that an increase in the
development of uses for CCPs will happen in small steps. At the 14th International Symposium on Management
and Use of Coal Combustion Products, held in San Antonio, Texas in January 2001, researchers from industry,
academia, and Federal and State governments made presentations that covered a range of topics from
characterization to applications of CCPs in landfills, agriculture, mine backfilling, acid mine abatement,
manufacture of building blocks, and recovery of high value rare-earth metals. The proceedings of the 14th
symposium contain 82 papers, presented in 13 sessions (American Coal Ash Association, 2001).

Barriers to Utilization

There are a number of technical, economic, institutional, and legal barriers to the use of large quantities of CCPs.
Technical and economic barriers are not mutually exclusive in that technological advancements usually result in
economic feasibility. Principal technical barriers include issues related to CCP production, specifications and
standards, materials characterization, product demonstration and commercialization, and user-related factors.

Economic barriers to increased CCP use can be key among all factors affecting by-product use. With proper
economic incentives, other barriers to increased use of CCPs can be overcome. For coal-burning electric utilities,
the revenues from the sale of CCPs are often insignificant. The high cost of transporting the low unit-value CCPs
and competition from locally available natural materials pose two of the most important economic barriers.

Among the institutional and legal barriers are the lack of knowledge of potential ash uses, sporadic data on
environmental and health effects, compositional inconsistencies in the products, belief that other raw materials are
readily available, lack of State guidelines, and viewpoint of the industry that EPA regulations and procurement
guidelines are too complicated and rigid rather than being general guidelines for use.

An American Society for Testing and Materials subcommittee under the Committee E-50 on Environmental
Assessment, on which the U.S. Geological Survey (USGS) is represented, was recently formed to address the
question of standards and definitions of coal and CCP-related terms. Subcommittee members evaluated the latest
draft of the definitions document. Recommendations were submitted to the committee for action in 2001. This draft
calls for the change of CCPs to coal combustion by-products (CCBs) to iterate the ideal definition of a product,
which is the principal reason for a process. It is argued that coal is burned to produce energy, not ash. Therefore,
energy is the product of coal burning processes; anything else is a by-product.

Concerned industry and government representatives, scientists, and engineers have formed a number of national and
international organizations to address the removal of barriers to use of CCPs. Some of the most prominent are the
American Coal Ash Association (ACAA), the recently formed Coal Ash Resources Research Consortium (CARRC),
the Center for Applied Energy Research (CAER), the Coal Combustion By-Products Recycling Consortium
(CBRC), the Coal Combustion By-Product Information Network Steering Committee (CCBINSC), and a number of
State organizations.

Future Outlook
Two principal factors that will affect the size of the coal market and, therefore, quantities of CCPs generated are
market deregulation and emissions regulations. Market deregulation will encourage electric utilities to search for

the lowest cost fuel, and that will probably be coal. On the other hand, there is the need to comply with phase two of
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the CAAA ‘90. Phase two of the CAAA ‘90, implemented in January 2000, capped power plant SO, emissions
nationally at 7.72 MT/yr. As of January 2000, there were about 10 MT of SO, allowances available for sale to
noncompliant plants. The allowances were accrued during phase one of the CAAA ‘90. Quick disappearance of
these allowances will force utilities to switch to clean fuels or to retrofit power plants with FGD units. Increases in
the production of fly ash and bottom ash will be proportional to the increase in coal use for electric power
production. However, there may be a significant rise in the FGD material owing to the implementation of phase two
of the CAAA ’90. Currently, U.S. electric power generators that support FGD units represent little more than
10,000 MW of generating capacity, which is 1.2% of total U.S. generating capacity. Generating capacity currently
under construction that will support FGD units represents another 10,000 MW. In addition, FGD units are planned
for another 13,000 MW of capacity that are proposed for future construction. When operational, these generators
are expected to more than triple the quantity of FGD material to about 75 MT/yr from the current level of 24 MT/yr.
Continued installation of FGD units, combined with the potential effect of future EPA rule making, presents a
formidable challenge to electric utilities and CCP-user industries.
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TABLE 1
HISTORIC COAL COMBUSTION PRODUCT PRODUCTION AND USE

[In thousand metric tons. Source: American Coal Ash Association]

1996 1997 1998 1999 2000

Fly ash:

Production 53,900 54,700 57,200 56,900 57,100

Use 14,700 17,500 19,200 18,900 18,200

Percent use 27.50 32.10 33.60 33.20 31.90
Bottom ash:

Production 14,600 15,400 15,200 15,300 15,400

Use 4,430 4,600 4,760 4,930 4,480

Percent use 30.40 30.20 31.30 32.10 29.10
Boiler slag:

Production 2,360 2,490 2,710 2,620 2,440

Use 2,170 2,340 2,170 2,150 2,110

Percent use 92.30 94.10 80.10 81.80 87.00
FGD material: 1/

Production 21,700 22,800 22,700 22,300 23,300

Use 1,500 1,980 2,260 4,030 4,380

Percent use 6.96 8.67 10.00 18.10 18.80
Total CCPs:

Production 92,400 95,400 97,800 97,100 98,200

Use 22,800 26,500 28,400 30,000 28,600

Percent use 24.90 27.80 29.00 30.80 29.10

1/ FGD flue gas desulfurization.

TABLE 3
DRY COAL COMBUSTION PRODUCT PRODUCTION AND USE, 2000

[In thousand metric tons. Source: American Coal Ash Association. NA, not available; --, zero]

TOTAL COAL COMBUSTION PRODUCT PRODUCTION AND USE, 2000 1/

TABLE 2

[In thousand metric tons. Source: American Coal Ash Association. NA, not available; --, zero]

Fly Bottom Boiler FGD Total
ash ash slag material 2/ CCPs
Production 57,100 15,400 2,440 23,300 98,200
Use:
Agriculture 13 4 -- 69 86
Blasting grit-roofing granules - 133 1,900 -- 2,030
Cement clinker raw feed 1,030 158 - - 1,190
Concrete-grout 9,600 381 3/ 318 10,300
Flowable fill 632 10 16 30 688
Mineral filler 108 93 11 3/) 212
Mining applications 1,050 333 -- 166 1,550
Roadbase-subbase 1,100 759 3) 85 1,940
Snow and ice control 3 755 53 -- 811
Soil modification 102 25 - -- 127
Structural fills 2,370 1,230 32 496 4,130
Wallboard - - - 3,020 3,020
Waste stabilization-solidification 1,800 32 - 19 1,850
Other 413 571 89 173 1,250
Total 18,200 4,480 2,100 4,380 29,200
Individual use percentage 31.90 29.10 87.00 19.00 NA
Cumulative use percentage 31.90 31.30 33.10 32.80 NA
1/ FGD flue gas desulfurization.
2/ Less than 1/2 unit.
TABLE 4

PONDED COAL COMBUSTION PRODUCT PRODUCTION AND USE, 2000

[In thousand metric tons. Source: American Coal Ash Association. NA, not available; --, zero]

Fly Bottom Boiler FGD Total Fly Bottom Boiler FGD Total
ash ash slag material 1/ CCPs ash ash slag material 1/ CCPs
Production 42, 600 9,420 756 18,400 71,200 Production 14, 500 5,920 1,680 4,900 27,000
Use: Use:
Agriculture 13 4 -- 66 93 Agriculture -- -- -- 3 3
Blasting grit-roofing granules -- 102 610 -- 712 Blasting grit/roofing granules -- 31 1,290 -- 1,320
Cement clinker raw feed 818 142 - -- 960 Cement clinker raw feed 211 15 - -- 226
Concrete-grout 9,240 276 -- 317 9,830 Concrete-grout 362 105 2/) 1 468
Flowable fill 274 10 - 1 285 Flowable fill 358 (2/) 16 29 403
Mineral filler 106 51 11 2) 168 Mineral filler 2 42 -- - 44
Mining applications 682 258 -- 164 1,100 Mining applications 363 75 -- 2 440
Roadbase-subbase 1,070 508 -- 85 1,660 Roadbase-subbase 30 251 2)H - 281
Snow and ice control 3 489 12 -- 504 Snow and ice control -- 266 41 -- 307
Soil modification 71 22 -- -- 93 Soil modification 30 4 -- -- 34
Structural fills 2,320 483 32 496 3,330 Structural fills 51 743 2/ - 794
Wallboard - -- - 2,160 2,160 Wallboard - - - 857 857
Waste stabilization-solidification 1,800 27 - 19 1,850 Waste stabilization-solidification - 5 - - 5
Other 68 336 28 170 602 Other 346 235 61 3 645
Total 16,500 2,710 693 3,480 23,400 Total 1,750 1,770 1,410 895 5,830
Individual use percentage 38.60 28.70 91.70 18.80 29.10 Individual use percentage 12.10 29.90 84.10 18.30 NA
Cumulative use percentage 38.60 36.80 37.60 29.70 NA Cumulative use percentage 12.10 17.30 22.40 21.60 NA

1/ Total CCPs include categories I and II, dry and ponded respectively.

2/ FGD flue gas desulfurization.
3/ Less than 1/2 unit.

1/ FGD flue gas desulfurization.
2/ Less than 1/2 unit.



Table 5. World Production and Consumption of Coal Combustion Products in 2001

(Thousand metric tons)

Fluidized Spray
bed dryer Flue gas
Fly Bottom Boiler  combustion absorbent desulfurization Percentage
Country or association ash ash slag ashes Other product gypsum Total of use
European Coal Combustion Products Association:
Production 38,959 5,578 2.350 1,015 277 460 10,639 59,300 XX
Consumption:
Cement raw material 4,421 165 - 29 - - - 4615 7.8
Blended cement 1,999 - - 1 - - - 2,000 34
Concrete addition 5,973 - 156 - - - - 6,129 10.3
Aerated concrete blocks 745 62 -- -- -- -- -- 807 1.4
Nonaerated concrete blocks 343 970 - - - - - 1,313 2.2
Lightweight aggregate 14 52 - - -- 2 - 68 0.1
Bricks and ceramics 68 5 -- -- 10 -- -- 83 0.1
Grouting 389 -- -- -- -- -- -- 389 0.7
Asphalt filler 202 -- 168 - - - - 370 0.6
Subgrade stabilization 251 68 -- -- -- -- -- 319 0.5
Pavement base course 414 218 1,216 38 - - - 1,886 32
General engineering fill 1,290 542 - 182 37 25 - 2,076 3.5
Structural fill 1,237 141 -- - - - - 1,378 2.3
Soil amendment 175 -- -- 58 -- 78 -- 311 0.5
Infill 577 -- -- 357 - 244 - 1,178 2.0
Blasting grit -- 22 720 -- -- -- -- 742 1.3
Plant nutrition 30 -- -- -- -- 28 -- 58 0.1
Set retarder for cement - - - - - - 793 793 1.3
Projection plaster -- -- -- -- -- -- 778 778 1.3
Plaster boards - - - - - - 4,499 4,499 7.6
Gypsum blocks -- -- -- -- -- -- 245 245 0.4
Self-leveling floor screeds - - - - - - 1,329 1,329 2.2
Other 84 5 90 15 230 26 10 460 0.8
Total 18,212 2,250 2,350 680 277 403 7,654 31,826 53.7
Landfill, reclamation, restoration 17,032 2,619 182 33 733 20,599 34.7
Temporary stockpile 2,340 95 1,306 3,741 6.3
Disposal 2,069 614 153 24 948 3,808 6.4
Utilization rate 89.00 87.00 100.00 85.00  100.00 95.00 79.00 XX XX
Canada:
Production 5,500 1,800 NA NA NA NA 500 7,800 XX
Consumption 1,100 200 NA NA NA NA 500 1,800 23.0
India:
Production NA NA NA NA NA NA NA 94,000 XX
Consumption NA NA NA NA NA NA NA 12,500 13.0
Israel:
Production NA NA NA NA NA NA NA 1,320 XX
Consumption NA NA NA NA NA NA NA 1,290 98.0
Japan:
Production 7,000 1,400 NA NA NA NA 1,700 10,100 XX
Consumption 6,000 1,000 NA NA NA NA 1,500 8,500 84.0
Korea, Republic of:
Production NA NA NA NA NA NA NA 300,000 XX
Consumption NA NA NA NA NA NA NA 15,000 5.0
South Africa:
Production 2,000 NA NA NA NA NA NA 2,000 XX
Consumption NA NA NA NA NA NA NA NA NA
Turkey:
Production NA NA NA NA NA NA NA 20,000 XX
Consumption NA NA NA NA NA NA NA NA NA
NA Not available. XX Not applicable. -- Zero.



Figure 1. ACAA Regions of the United States
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Figure 2. Historic Coal Combustion Product Production Data 1996-2000 (Source ACAA)
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Figure 6. Leading Fly Ash Uses 2000 (Source ACAA)

22



10%

22%
Structural fill M Road base-subbase
[1Snow ice control E Cement, concrete, grout
Mining applications
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PHYSICAL AND CHEMICAL CHARACTERISTICS OF CCB

Ann G. Kim
U.S. Department of Energy
National Energy Technology Laboratory
Pittsburgh, Pennsylvania

Abstract

The chemical and physical characteristics of fly ash particles are determined by the mineral matter in the original
coal, combustion conditions in the boiler, and post combustion cooling conditions. Syngenetic minerals were
present in the coal forming swamp and are more closely associated with the coal’s organic matrix. Epigenetic
minerals were deposited in a coal seam’s pores and fractures after coal formation was complete. During
combustion, inorganic minerals become fluid or volatile and react with oxygen. In the post-combustion portion of
the boiler, they form crystalline minerals, spherical amorphous particles, or condense as coatings on particles. Size
and shape are the primary physical characteristics of fly ash particles. Chemical characteristics include mineral
speciation, elemental concentration, and solubility. Major elements (iron, calcium, aluminum, and silicon) are those
that have a concentration in fly ash greater than 2 percent as oxides. The concentration of oxides of minor elements
(sodium, magnesium, manganese, and potassium) is between 2 and 0.2 percent. Other cations are considered trace
elements at concentrations generally less than 200 ppm. The effect of the formation conditions is evident from the
variability of the fly ash. Examples of physical and chemical characteristics are taken from information in EPRI’s
1987 report, the 1997 CIBO report, analyses of CCB samples in the NETL inventory, and other sources in the
literature.

Introduction

Coal Combustion By-Products (CCB) are the non-combustible mineral portion of coal that has been subjected to
temperatures above S00<C. This heat-treated residue is commonly referred to as ash. In modern combustion
systems, a variety of ashes is produced, and there is generally a serious effort to market the ash. Removing the onus
of a waste has provided the impetus for a change in terminology from ash to coal combustion residue to coal
combustion by-product and coal combustion product. Whatever it’s called, the origin is related to the formation of
coal.

The formation of coal has been described as “an inefficiency in the carbon cycle,” (Barghoorn, 1952) when the
carbon in plants remains in terrestrial sediments and is not recycled to the atmosphere (Figure 1). It can be
considered one of the geologic mechanisms of carbon sequestration. Coal is, by definition, a readily combustible
rock containing more than 50 percent by weight and 70 percent by volume of carbonaceous material (Schopf, 1966).
Another definition describes coal as a combustible solid, usually stratified, which originated from the accumulation,
burial, and compaction of partially decomposed vegetation in previous geologic ages (Hendricks, T.A. 1945). On an
elemental basis, the carbonaceous structure is composed of carbon, hydrogen, oxygen, and small amounts of
organically bound sulfur, nitrogen, phosphorous, chlorine, and other elements.

On a proximate basis, coal is composed of moisture, mineral matter, volatile matter, and fixed carbon (Hessley e?
al., 1986). Although one of the first effects of coalification is removal of water, some physically and chemically
bound water remains in the coal. The mineral matter in coal is determined by low temperature ashing or by
dissolution in HF. Volatile matter includes gases that are released by thermal decomposition (pyrolysis) of coal,
such as hydrogen, carbon monoxide, hydrocarbons, tar vapors, ammonia, carbon dioxide, and water vapor other than
residual moisture. The fixed carbon is the solid combustible material and the non-volatile organics in coal. It is
estimated by subtracting the percentages of moisture, ash, and volatile matter from 100. The heating value and rank
of the coal increase with increased fixed carbon content (Figure 2). On a practical basis, coals are usually compared
on a moisture and mineral matter free basis (mmmf).

Ultimate analysis of coal is the determination of the carbon and hydrogen, sulfur, nitrogen, and oxygen (Hessley et
al., 1986). Carbon includes organic and any mineral carbonate. Hydrogen is part of the organic portion of the coal
and in the moisture. Nitrogen is assumed to be part of the organic matter. Sulfur occurs as organically bound in
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pyrites and in inorganic sulfates. Oxygen, which can be in the organic and inorganic portions of the coal, is
determined by difference. The ultimate coal composition on an mmmf basis is the hypothetical pure coal substance.

Minerals in Coal and Ash

Coal ash originates from the inorganic portion of the coal. Inorganic compounds are added during deposition and
metamorphism, but are not necessarily an integral part of the coal structure. Combustion and post combustion
cooling also have a significant effect on the mineral phases in CCBs.

Minerals in Coal

A variety of minerals have been identified in coal. Although some of the inorganic compounds originate in the plant
material, most are deposited during (syngenetic) or after (epigenetic) coalification. Syngenetic minerals can be
formed by precipitation in an aqueous medium during early stages of coalification or they may be detrital clastics
transported into the peat swamp by wind or water. Epigenetic minerals are deposited within the coal seam, in
cracks, fractures and bedding planes, by ascending or descending solutions. They also may be produced from
syngenetic minerals by increased temperature and pressure. Minerals associated with the coal matrix are sometimes
denoted as included minerals, while minerals that are independent of the organic portion may be called excluded
minerals. Mackowsky (1968) indicated that most of the silicates, quartz, and phosphates had been transported into
the peat swamp. Carbonates, sulfides, chalcedony, and quartz from the weathering of feldspar and mica were
formed within the swamp. These minerals tend to be intimately intergrown with the organic matrix. Some
carbonates, sulfides, and oxides were deposited in cleats and fractures. Illite, chlorite, and some pyrite were formed
by the transformation of syngenetic minerals.

Inorganic matter in coal includes a variety of minor or trace elements. The concentration of these elements in coal
may be greater than their average concentration in the earth’s crust (Table 1). When compared to the overlying
carbonaceous shale (Table 2), coal has a lower concentration of trace elements, reflecting the influx of detrital
inorganic sediments in the shale. The distribution of trace elements varies too widely to be described by a general
statement. Coals from different areas may show distinctive trace element characteristics and, within a single coal
seam, the trace element distribution may not be consistent. This suggests that no single process has been responsible
for the accumulation of trace elements in coal.

In a study of 35 coal samples from eight countries, Vassilev and Vassileva (1996a) identified approximately 100
minerals. The minerals were characterized as major (> 1% by wt), minor (.1><1% by wt), and trace (<0.1 % by wt).
On a semi-quantitative basis, the mineral groups in decreasing order of importance are: silicates, carbonates,
oxyhydroxides, sulfides, sulfates, phosphates, others.

In another study of 41 coals, Vassilev ef al. (1996) relate mineral assemblages to the rank of the coal. The coals
were divided according to rank based on dry ash free carbon concentration (Cq,r). The lower rank coals are enriched
in mineral matter including calcium and magnesium oxides. The highest rank coals have increased contents of
silica, aluminum, iron, potassium, sodium, and titanium.

The quartz in 40 samples of a Powder River Basin (PRB) coal was primarily detrital, but trace amounts of Beta-form
quartz, with apatite and zircon, was attributed to air-fall and reworked volcanic ash deposited in the peat swamp
(Brownfield et al., 1999). In a study of Gulf Coast lignites, enrichment of some elements was attributed to
proximity of igneous rocks or to deposition of volcanic ash (Warwick et al., 1997). The mineral composition of the
coal seam also can be modified by post-coalification circulation of geothermal fluids (Kolker, 1999; Daniels ef al.,
1990).

The minerals phases identified in various coals are summarized in Table 3 and the modes of occurrence and
maximum concentration of selected elements listed in Table 4.
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Combustion System

The generation of coal combustion by-products depends on the combustion system, boiler and its operating
conditions, and post-combustion parameters (Figure 3). In pulverized coal (PC) fired power stations, the furnace
operating temperature is typically above 1400 degrees C (~2500 degrees F). The finely divided coal particles are
injected into the furnace and ignited while suspended in air. The volatile matter and organic matrix react with air to
produce heat, CO,, H,0O, SO,, and NO,. At these temperatures, minerals may oxidize, decompose, fuse,
disintegrate, or agglomerate (Clarke and Sloss, 1992). For instance, although some SO, is produced from the sulfur
in the organic matrix, most is the result of the oxidation of pyrite. Another product of pyrite oxidation is iron oxide
that is found in ash particles as hematite or magnetite. Discrete mineral particles may undergo fusion and partial
melting in the boiler. Depending on the temperature conditions in the post combustion zone, the particles may cool
slowly and develop a characteristic crystalline structure (Figure 4). If cooling is rapid, the minerals may condense to
a spherical, glassy particle. If mineral grains originate within the coal matrix, they can become liquid during
combustion while volatile elements enter the vapor phase. As they cool, these gaseous compounds may condense
to very small particles (aerosols) or coalesce to slightly larger spherical particles. They also may condense on the
surface of other particles, leading to surface enrichment of volatile species. Non-volatile compounds will
agglomerate to form fly ash particles. Expansion of trapped volatile matter may cause the particle to expand,
forming a hollow, low-density cenosphere. Residence time within the boiler is relatively short and some minerals,
especially those with high melting points, are transported through the combustion zone almost unchanged.

Based on their boiling points and the phase change temperature of their oxides, several authors have described the
partitioning of trace elements in CCBs (Germani and Zoller, 1988; Meij, 1989; Yokoyama ef al., 1991). The first
group of elements, which are concentrated in bottom ash or equally distributed between bottom ash and fly ash,
includes typically lithophile elements: Ba, Mg, and Mn. In a second group, trace elements enriched in the fine
particulate fraction are usually chalcophile elements such as As, Cd, Pb, Se, and Zn. Group 3 includes volatile
elements that remain in the vapor state: Hg and Br. Several elements partition between the groups (Figure 5).

According to Davison ef al. (1974), the concentration of the elements Pb, Sb, Cd, Se, As, Ni, Cr, and Zn increased
with decreasing particle size. The concentration of the elements Fe, Mn, V, Si, Mg, C, Be, and Al increased with
decreased particle size only for particles with a diameter less the 11 Fm. These elements showed no size
dependence for larger particles. The concentrations of Bi, Sn, Cu, Ti, Ca, and K showed no dependence on particle
size.

Vaporization and condensation form an ultra fine aerosol during PC combustion (Senior et al., 2000a). Factors such
as residence time, temperature history, and level of turbulence control the size and morphology of the aerosol
particles. Fly ash particles with aerodynamic diameters less than 0.4 Fm were attributed to condensation. Non-
volatile elements, such as Fe, were found to concentrate in larger ash particles. Between 10 and 30 pct of the
volatile elements As, Sb, Se, and Zn are in the condensed fly ash particles. Arsenic and Sb are soluble in silicate
glass and may be retained by glassy particles that form by coalescence of minerals. Correlations between the
concentrations of arsenic and calcium in fly ash are assumed to indicate the formation of calcium arsenate.

Minerals in Ash

Volatilization, melting, decomposition, and formation of new minerals, as well as oxidation, are the mechanisms
that transform the minerals in coal. The transition of minerals in coal to those found in combustion by-products is
related to the high temperature oxidation and to the rate of cooling of the inorganic melt. There is a significant
difference between the minerals in coal and those in the ash produced from the same coals. The inclusion of heavy
metals or hazardous air pollutants (HAPs) in the ash and their solubility are the primary determinants of toxicity.
Concentration is not the only factor; volatility, toxicity, and solubility determine the potential for health and
environmental effects. These factors are functions of speciation within the ash. A summary of the minerals
identified in coal ash is given in Table 7. Because different authors use different methods of mineral identification
and different concentration units, some degree of interpretation was necessary to assemble the comparative table.
The mineral association of trace elements is summarized in Table 8.
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Chemical Composition of Coal Ash

The Electric Power Research Institute (EPRI) conducted a study of the composition of 39 fly ash samples and 40
bottom ash samples from power plants in the United States (EPRI, 1987a). The trace element composition indicated
that more volatile elements (As, B, Cl, F, S, and Se) were preferentially partitioned to the fly ash and their
concentrations were higher in fly ash derived from bituminous coal. The mean and range of concentrations for
major elements is shown in Table 5. Maximum trace element concentrations are given in Table 6. EPRI also
conducted an extensive literature search on the inorganic and organic constituents of fossil fuel combustion residues
(EPRI, 1987b; EPRI, 1987¢). They concluded that the inorganic composition was highly variable. Some non-
volatile elements were evenly distributed between fly ash and bottom ash, while volatile elements tend to be
concentrated in fly ash.

The Council of Industrial Boiler Owners (CIBO) conducted a survey of operators of FBC units, requesting
information on the physical and chemical characteristics of FBC fly ash (CIBO, 1997). Trace elements were found
to be concentrated in the smaller ash particles. The composition of the FBC fly ash, as provided by respondents to
the CIBO survey, is given in Table 5. Trace element data is given in Table 6.

The Pennsylvania Department of Environmental Protection (PADEP) allowed DOE personnel to copy applications
and reports relative to placement of CCBs at surface mine sites (Kim and Cardone, 1997). The information included
analyses of 99 fly ash samples. A summary of the major element and trace element data is given in tables 5 and 6.
The mean concentration of major and trace elements in ash from Bulgarian power plants, as reported by Vassilev
and Vassileva (1997), is in the same range as the data reported in tables 5 and 6.

In evaluating the chemical composition of fly ash in tables 5 and 6, it must be recognized that the data provided by
several entities has limitations. First, ash is a non-homogeneous material, and it must be assumed that the sample
was representative. In the data submitted, blanks are not always identified as values below detection limits or as
elements not included in the analysis. Also, detection limits may vary, which makes comparing analyses difficult.
It’s also possible to dissolve solid samples by several methods (metaborate fusion, aqua regia, and hydrofluoric acid
for example) and the method used may affect the analytical results. Therefore, compilations of fly ash analyses give
good indications of the range of compositions, but are not reliable indicators of concentration of elements in an
“average” fly ash.

Physical Properties

The physical characteristics of combustion residues include particle size, particle shape or morphology, hardness,
and density. These properties are a function of the particle size of the feed coal, the type of combustion, and the
particulate control device. PC boilers typically use fuel that is ground to a diameter of less than 0.075 mm (CIBO,
1997). The fly ash has a particle diameter less than 0.010 mm. Due to the high temperature of PC combustion, fly
ash particles tend to melt and condense as spheres. Fly ash particles from FBC boilers, although having similar
diameters and density, tend to have a less regular shape. Armesto and Merino (1999) also found that residues from
PC systems are smaller than those generated in FBC systems.

The particle size distribution is considered an important parameter in the utilization of fly ash. Sized fractions of fly
ashes were found to have similar mineral compositions (Erdogdu and Turker, 1998). However, when used as a
cement replacement in concrete, higher strengths were correlated with smaller particle size. The effect was
attributed to the decreased porosity due to small particles filling a higher percentage of concrete pores.

Comparing the size distribution of minerals in fly ash with that in the original coal showed that both types of
particles are larger than 1Fm, but fly ash particles are larger with a median diameter of 20Fm and a maximum
diameter in the range of 150 to 200 Fm (Wigley and Williamson, 1998). The larger size of fly ash particles is
attributed to coalescence of mineral grains during cooling. In a random population of fly ash samples from PC
combustion, the median particle diameter was 27 Fm (Kim, 2002).

In a study of 27 samples of pulverized fuel ash from Australian and Japanese coals, Nagataki et al., (1995)
determined that specific gravity of the samples varied from 2.01 to 2.31. The maximum bulk density was between
0.7 and 1.4 g/cm’, while the surface area varied between 0.7 and 37 m*/g. The average specific gravity of fly ash
particles used in the NETL leaching experiments was 2.32 (Kim, 2002).
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The morphology of fly ash grains is determined by the heating and cooling regimes in the PC boiler. Micro spheres,
typically between 30 and 100 Fm in diameter, can be described as hollow cenospheres or noncrystalline glass beads
(Shao et al., 1997). Unburned carbon particles, irregular partially melted minerals, particle fragments, and
agglomerated particles tend to be slightly larger.

Summary

Inorganic compounds in coal may originate in plant material, but most are deposited during (syngenetic) or after
(epigenetic) coalification. Syngenetic minerals are either chemical precipitates or detrital clastics. Epigenetic
minerals are deposited within the coal seam after coalification is complete. Minerals identified in coal include
silicates, carbonates, oxides, oxyhydroxides, sulfides, sulfates, and phosphates. In coal, the more volatile elements
(As, Hg, Mo, PB, Sb, and Se) are usually associated with pyrite. The elements Cd and Cu are associated with
sulfides, possibly with Pb and Zn sulfide. The carbonates are apparently limited to Ca, Mg, and Mn. Several
elements are associated with the organic matrix or with silicates.

During combustion, minerals in coal become fluid, are subjected to high temperature oxidation, and then cooled.
The maximum temperature and the rate of cooling influence the morphology and composition of the ash. Generally,
more than 50 percent of fly ash is composed of spherical amorphous particles. Inorganic compounds also may be
present in fly ash as crystals or as surface coatings on other particles. In fly ash, the major cations are Si, Al, Fe, and
Ca with lesser amounts of Na, Mg, K, Sr, and Ti. Trace elements include As, B, Ba, Cd, Cu, Hg, Mn, Mo, Ni, Pb,
Sb, Se, V, and Zn. The primary minerals are quartz, mullite, hematite, clays, and feldspars. Volatilization and
condensation are believed to be primary determinants of trace element partitioning in fly ash, but there is limited
data on trace element associations.

Physical characteristics of combustion residues, including particle size, particle shape or morphology, hardness, and
density, are a function of the particle size of the feed coal, type of combustion, and particulate control device. About
50 percent of fly ash particles are glassy spheres.

The chemical and physical properties of fly ash particles are a function of the mineral matter in the coal, combustion
conditions, and post-combustion cooling.
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Table 1. Distribution of trace elements in coal ash compared to the average concentration in the earth’s crust, ppm.

(After Nicholls, 1968).

Table 2. Trace elements in whole coal compared to concentration in shales, ppm (After Nicholls, 1968).

Element (rust Coal ash, | Coal ash,

minimum | maximum
Ag 0. 7 1 10
As 1. 8 100 900
B 10 86 5,800
Ba 42 5 300 3,500
Be 2. 8 1 30
Co 25 30 300
Cr 10 0 50 400
Cu 55 20 500
Mn 95 0 200 1,000
Mo 1. 5 10 200
INi 75 50 800
Pb 12 5 5 700
Sr 37 5 80 3,500
V 13 5 100 1,000
Zn 70 100 1,000

Element Shale Coal, Coal,
Minimum Maximum
Ag .0 7 <0.05
As 13 100
B 10 0 12 145
Ba 58 0 35 170
Be 3 <1 2
Co 19 2 20
Cr90 5 38
Cu 45 3 15
Mn 83 0 20 150
Mo 2. 6 <0.5 7
Ni 68 6 35
Pb 20 8 80
Sr 30 0 26 250
Zn 95 25 100
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Table 3. Minerals Identified in Coal.

Sample B " PRH "PRB vati  ous’ Ilig nite* UK B®
Units wtyomm | wt%mm Ma/Mi/ T | vol%mm | NA NA | Frequency
# of Samples 3 1 40 34 48 ? 75
Quartz 12 27 o Ma ) U 63

33

BT crist bolite U

Kaolinite 13 19 Ma 10 73
Mlite 1 3 8 4 9
Montmorillonite <1 2 1
Feldspar <1 2 4
Silicates 27 29 2 15
Pyrite 16 1 T 4 U] 18
Sulfides <1 1 2
Siderite <1 <1 15
Calcite 3 Mi 6 62
Carbonates 2 <1 6 56
Rutile/Anatase <1 3 T 0
Phosphates <1 6 T 3 U 47
Other 9
Micas Mi 3
Zeolites U
Barite T 1
Zircon T
Plagioclase T 12
Sulfates 10 U U 17
Oxides & 11 1
Hydroxides

'Senior et al, 2000b
*Brownfield et al, 1999
*Vassilev et al, 1997
*Karayigit et al, 2001
*Spears et al, 1999
SKimura, 1998
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Table 4. Modes of Occurrence and Maximum Concentration (ppm) of Elements in Coal.

Reference Sefio et al Sha oetalHo wer et al Palm er et al
Element Mode Max M ode Max M ode Max M ode Max
As Py 250 S 25 Py 1156a | Py, SI 45
B Cly,O 500
Ba 0, SO, 50 0
Be C ly,O 30 S1, 0 2
Cd ZnS 10 S 2.5
Co S 25 S, O 12
Cr Cly, Fe, 100 0 80 401la | SL O 97
OOH

CuS,0 200
Fe S 2,000 Py, Sl 2.6%
Hg S,E 10 Py, O 0.50
K 0] 14,000
Mn O ,CO; 1, 000 563a | SI, CO; 23 0
Mo Py ,0 50
Na 0, S0, 4, 500
Ni S,0 100 S 131a | SL,O 48
Pb Py, S 100 Py 193a | O, S, Py 25
Sb S, Py 40 S1, 0 2.1
Se Py 6.1
Sn Ox, S 20
Sr 0, SO, 30 0
Zn S,0 300 0, SO, 50 SL S, Py 190

Py="Pyritt S =Sulfide Cly=Clay CO;= Carbonate SI = Silicate

O=Organic OOH = Oxyhydroxide  Ox = Oxide E = Elemental

SO, = Sulfate a=ash
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Table 5. Minerals Identified in Fly Ash

Reference

Vassilev &
Vassileva, 1996

Yamashita et
al, 1998

Hower et al,
1999

McCarthy ef al, 1999

Class F

Class C

Units

M-m-T-a

wt%

wt %

wt%

wt %

Quartz

M

5-40

<0.5

7.1

Cristobalite a-M

Kaolinite

Illite M

Plagioclase

m-M

K-feldspar

m-M

Micas m

Mullite a-M

<1

133

Hematite

1-10

4.1

Magnetite a

7.0

2.5

Goethite a-M

Spinel a-m

Gypsum

Calcite

0.5

5.7

Ettringite

3.5

7.8

Alumino-Silicates

20-70

Corundum a-

Gibbsite a-M

Rutile a-m

Lime a-M

Portlandite a-M

Anhydrite M

Amorphous

50 -90 vol %

75-86

64.5

74.8

M-m-T-a = Major, minor, Trace, accessory
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Table 6. Trace Element Association in Fly Ash

Reference

Huggins et al, 1997

Asin FA is As (V); 25% of As in BA is As(III), < 5% of Cr is toxic Cr(VI); Ni is
+2 valence and Se may be selinide or selenate.

Finkelman et al, 1997

As =170 ppm in FA from high S coal and 54 ppm in FA from low S, primarily
condensed on ash surfaces. Cr enriched in the Fe-oxide phases, such as spinel.
70 pct of Cr in the glassy silicate. Similar results for Ni and Co. Sb and Zn
present in more than one ash phase.

Senior et al, 2000

Elements vaporized during combustion: 40 to 80 % of As & Sb, residual may
dissolve in silicates or form Ca compounds; > 80 % Se and Zn volatilized; <40 %
Cr in vapor state.

Furminsky, 2000

Most As, Pb, and Cd in FA; Se and Hg vaporized. Air/coal ratio affects
partitioning of elements in vapor and solid phases, shifts condensation to lower
temperature.

Hulett et al, 1980

Ba, Sr, Ti, As, Se concentrated in amorphous phase. V, Cr, Mn, Ni, Zn and Cu
concentrated in Fe oxide/spinel

Table 7. Major element concentrations in fly ash samples, g/kg.

Element EPRI Data CIBO Data PADEP Data

n Mean | Range nM ean Range nM ean Range
Al 39 113 46-152 | 14 29.9' .02-176 89 30 .012 - 140
Ca 39 62 7.4-223 2 56 37-74 19 50 .003 - 265
Fe 39 76 25-177 | 18| 31 .02 -81 89 35 .009 - 675
K39 14.3 3-253| 13 1.5' .001-15
Mg 39 11.8 1.6-41.8 1 10 22 139 .005 -4
Na 39 9.1 1.3-62.5 1 5
P24 3 L1-103 | 1 0.5'
S 39 12.6 1.3-64.4 2 15 8-21
Si 39 209 90-275 2| 115 90—-115
Sr 39 1.3 2-17 1 0.3
Ti 39 7 1.3-10 1 2
Median
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Table 8. Trace element concentration in fly ash, mg/kg.

Element EPRI Data CIBO Data PADEP Data

n Mean | Maximum n| Median Maximum n Median Maximum
Ag 19 1 39 78 0.4 22
As 39 156 385 23 12 46 92 20 21,030
Ba 39 1,880 10,850 20 320 7,700 93 212 2,960
Be 13 2 12
B 11 90 652 80 50 3,995.4
Cd2 12 17 23 .6 13 81 1 30
Co 16 14 179 30 28 83
Cr29 247 651 23 29 141 92 40 360
Cu 39 185 1,452 20 43 99 91 41 474
Hg 22 3 7 84 0.4 5.44
Mn 39 357 1,332 15 126 57,700 86 79 27,614
Mo 36 44 236 21 6 61 79 12 108
Ni 39 141 353 22 35 1,020 91 39 752
Pb 39 171 2,120 24 15 73 93 33 225
Sb7 43 131 17 5 1,370 64 27 140
Se 30 14 49 22 5 46 77 3 201
Sn 18 44 56
Th 12 3 25
V35 272 652 13 61 1,120
Zn 39 449 2,880 22 36 105 93 41 1,196
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Figure 1. The generation of fossil fuel resources due to the migration of carbon from the biosphere to the lithosphere
within the carbon cycle.
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