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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: 
$ the facts related to the topic, and  
$ 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:  
$ share our experiences and expertise concerning CCB placement at coal mines, 
$ outline our reasons for taking specific actions, and   
$ give a rationale 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:  
$ present you with the best possible ideas and knowledge during each of the sessions, and  
$ 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:  
$ a copy 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. 
$ 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. 

$ At the end of the forum, an open discussion will be conducted on where we should go from here. 
$ 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. 
2. Would like to see more information on how generation of electricity impacts CCB production and quality. 
3. More information on CCBs used in reclamation of AML mine sites. 
4. Need to develop an environmental damage case study. 
5. Clarify the role of CERCLA in connection with CCB placement. 
6. Clarify the relationship in mine permits of overburden analysis and characterization/acid-base 

accounting/toxic-forming materials/PHC-CHIA analysis/CCB placement planning. 
 
Improvement of Forum Format 
 
1. The pace of the talks was very aggressive.  Would like to see more time for discussion. 
2. The first session had too much on commercial ash use. 
3. More effort to try to find credible speakers from the environmental community. 
4. Like forums that start and end at noon. 
5. Investigate better ways to encourage participants that receive complimentary registrations to stay for the entire 

event. 
6. More effort to secure an appropriate keynote speaker. 
7. Need to improve the setup for the use of overheads. 
8. Future forums should try to have a good field trip opportunity. 
9. Should improve the focus of case study presentations. 
10. Sessions should provide a better progression of speakers. 
11. 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 
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Mining Engineering Department at Southern Illinois University at Carbondale, OSM produced a post-forum 
proceedings (Chugh, 1996)1 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:  
1. Coal Combustion By-Product Characterization;  
2. Site Characterization;  
3. Regulatory Requirements;  
4. Designing/Engineering/Planning;  
5. Environment: Land and Water;  
6. Monitoring and Evaluation; and  
7. Case Studies.   
 
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 Forum2 
 
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 
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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. a user friendly guide, including abstracts, of existing scientific and technical literature;  
2. sources and location of CCB literature;  
3. access to the OSM library for copies of significant literature for loan to potential users;  
4. definitions of basic terminology;  
5. name and phone numbers of State CCB contacts;  
6. information and access to upcoming CCB special events;  
7. copies of CCB Forum Proceedings from 1996 and 2000; 
8. a chronology of relevant dates and events related to rule making by the U.S. EPA; and  
9. access to related websites that contain information on active researchers and research programs. 
 
The Use and Disposal of CCBs at Coal Mines: A Technical Interactive Forum3 
 
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:  
1. an organized format for discussion of issues concerning the use and disposal of CCBs at coal mines;  
2. an easily understood, state of the art summary talk by knowledgeable speakers;  
3. a published proceedings that summarizes the presentations and participant discussions;  
4. access to the discussions for all interested participants at the forum;  
5. opportunity for poster presentations on CCB projects and research;  
6. opportunity for exhibits of CCB use, technology, services, and equipment; and  
7. optional technical CCB workshops and field trips. 
 
The 22 talks covered four topics in the following categories: 
1. CCB Basics; 
2. Regulatory; 
3. Beneficial Uses at the Mine Site; and 
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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: 
1. CCB Basics, 
2. Testing and Terminology, 
3. Western Mining Applications/Case Studies, 
4. Environmental Impacts to Groundwater, and 
5. Regulatory Direction. 
 
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. 
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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. 14th American Coal Ash Association International Symposium on Management and Use of Coal Combustion 

Products, San Antonio, Texas 
2. 2001 U.S. Department of the Interior Conference on the Environment, Albuquerque, New Mexico 
3. 11th International Conference on Coal Science, San Francisco, California 
4. 2001 International Ash Utilization Symposium, University of Kentucky, Lexington, Kentucky 
5. 18th International Pittsburgh Coal Conference, Newcastle, New South Wales, Australia 
6. April 2002, CCBs and Western Coal Mines: A Technical Interactive Forum, Golden, Colorado 
7. 15th American Coal Ash Association International Symposium on Building Partnerships for Sustainability, St. 

Petersburg, Florida 
 

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 
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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 
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environmental impact statement. 
• 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.   

• 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: 
• 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.4  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. 

• Groundwater monitoring at SMCRA mine sites may be inadequately designed to detect toxicity. 
• 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: 
• 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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• It is 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 CCBs used as fill, and reclamation practices.  Electric utility disposal sites where toxic leachates have 
occurred are typically characterized by:  
(1) geographic placement in a floodplain;  
(2) a geologic setting of alluvial sand and gravel usually close to a river;  
(3) groundwater that is plentiful and of high quality;  
(4) all types of CCB materials are placed in these facilities in a wet slurry without any chemical 

characterization of the material;  
(5) reclamation is accomplished with a shallow layer of fill over the area and revegetated; and  
(6) 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) a geographic placement in an upland position;  
(2) a geologic setting of bedrock sandstone, shale, and limestone underlain by an impermeable fire clay below 

the lowest coal seam that was mined;  
(3) groundwater is limited and of poor quality;  
(4) only those CCBs that are leachate tested and approved in the SMCRA permit are allowed for placement on 

the mine site;  
(5) reclamation is accomplished with a deep layer of spoil over the area followed by topsoil and then 

revegetated; and  
(6) 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). 

T Y P IC A L  UT IL IT Y  CC B  
S T O R A G E /D IS P O S A L  A RE A

S A N D  &  G R A V E L

C C B SR IV E R

 
Figure 1. Typical cross-section of an electric utility disposal sites where toxic leachate has occurred. 
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T Y P I C A L  C C B  FI L L  AT  M I N E

C C B S

S P O I L

F IR E C L A Y

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

• 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.   

• 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. 

• 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 Survey5 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. 
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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 PRODUCTSCPRODUCTION 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 l990 (CAAA  90) 
(Public Law 101-549) with stringent restrictions on sulfur oxides emissions.  The sulfur dioxide (SO2) 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 SO2 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 SO2 from flue gas, but in doing so generate large quantities of FGD material, which is a mixture 
of gypsum (hydrous calcium sulfate), calcium sulfite (CaSO3), fly ash, and unreacted reagents. A number of power 
plants convert the CaSO3 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 KoreaCnot in tableCproduced 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 (NOx) emissions, many electric utilities installed no-NOx burners. No-NOx 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 SO2 emissions 
nationally at 7.72 MT/yr.  As of January 2000, there were about 10 MT of SO2 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 TABLE 2
HISTORIC COAL COMBUSTION PRODUCT PRODUCTION AND USE TOTAL COAL COMBUSTION PRODUCT PRODUCTION AND USE, 2000 1/

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

1996 1997 1998 1999 2000 Fly Bottom Boiler FGD Total
Fly ash: ash ash slag material 2/ CCPs
     Production 53,900 54,700 57,200 56,900 57,100 Production  57,100 15,400 2,440 23,300 98,200
     Use 14,700 17,500 19,200 18,900 18,200 Use:
     Percent use 27.50 32.10 33.60 33.20 31.90      Agriculture 13 4 -- 69 86
Bottom ash:      Blasting grit-roofing granules -- 133 1,900 -- 2,030
     Production 14,600 15,400 15,200 15,300 15,400      Cement clinker raw feed  1,030 158 -- -- 1,190
     Use 4,430 4,600 4,760 4,930 4,480      Concrete-grout  9,600 381 (3/) 318 10,300
     Percent use 30.40 30.20 31.30 32.10 29.10      Flowable fill  632 10 16 30 688
Boiler slag:      Mineral filler 108 93 11 (3/) 212
     Production 2,360 2,490 2,710 2,620 2,440      Mining applications 1,050 333 -- 166 1,550
     Use 2,170 2,340 2,170 2,150 2,110      Roadbase-subbase  1,100 759 (3/) 85 1,940
     Percent use 92.30 94.10 80.10 81.80 87.00      Snow and ice control 3 755 53 -- 811
FGD material: 1/      Soil modification  102 25 -- -- 127
     Production 21,700 22,800 22,700 22,300 23,300      Structural fills  2,370 1,230 32 496 4,130
     Use 1,500 1,980 2,260 4,030 4,380      Wallboard -- -- -- 3,020 3,020
     Percent use 6.96 8.67 10.00 18.10 18.80      Waste stabilization-solidification 1,800 32 -- 19 1,850
Total CCPs:      Other 413 571 89 173 1,250
     Production 92,400 95,400 97,800 97,100 98,200           Total 18,200 4,480 2,100 4,380 29,200
     Use 22,800 26,500 28,400 30,000 28,600 Individual use percentage 31.90 29.10 87.00 19.00 NA
     Percent use 24.90 27.80 29.00 30.80 29.10 Cumulative use percentage 31.90 31.30 33.10 32.80 NA
1/ FGD flue gas desulfurization. 1/ FGD flue gas desulfurization.

2/ Less than 1/2 unit.

TABLE 3 TABLE 4
DRY COAL COMBUSTION PRODUCT PRODUCTION AND USE, 2000 PONDED COAL COMBUSTION PRODUCT PRODUCTION AND USE, 2000

[In thousand metric tons.  Source:  American Coal Ash Association.  NA, not available; --, zero] [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/) -- 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. 1/ FGD flue gas desulfurization.
2/ FGD flue gas desulfurization. 2/ Less than 1/2 unit.
3/ 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 -- -- -- 4,615 7.8
      Blended cement 1,999 -- -- 1 -- -- -- 2,000 3.4
      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 3.2
      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.
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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 3. Historic Coal Combustion Product Use Date 1996-2000 (Source ACAA) 
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Figure 4. CCP Production and Use for the United States 2000.  (Source ACAA) 
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Figure 5. CCP Production by Type and Region (Source ACAA) 
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Figure 6.  Leading Fly Ash Uses 2000 (Source ACAA) 
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Figure 7.  Leading Bottom Ash Uses 2000 (Source ACAA) 
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Figure 8.  Leading Boiler Slag Uses 2000 (Source ACAA) 
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Figure 9.  Leading FGD Material Uses 2000 (Source ACAA) 
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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 500<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 et 
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 et 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 (Cdaf).  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 et 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, CO2, H2O, SO2, and NOx.   At these temperatures, minerals may oxidize, decompose, fuse, 
disintegrate, or agglomerate (Clarke and Sloss, 1992).  For instance, although some SO2 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 et 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 et 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, 1987c).  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/cm3, while the surface area varied between 0.7 and 37 m2/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). 
 

Element Crust Coal ash, 
minimum 

Coal ash, 
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 
Ni 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 

 
 
 
 

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

Element Shale Coal, 
Minimum 

Coal, 
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 
Cr 90 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 1 PRB 1 PRB 2 Vari ous3 Lig nite4 UK 5 B6 

Units wt%mm wt%mm Ma/ Mi/ T vol%mm NA NA Frequency 

# of Samples 3 1 40 34 48 ? 75 

Quartz 12 27 α    Ma  
33 

U U 63 

   β   T  cristo bolite U   

Kaolinite 13 19 Ma 10  U 73 

Illite 1 3 8  4  U 9 

Montmorillonite <1 2  1    

Feldspar <1 2  4 U   

Silicates 27 29  2 U  15 

Pyrite 16 1 T 4 U U 18 

Sulfides <1 1     2 

Siderite <1 <1     15 

Calcite 3   Mi 6 U  62 

Carbonates 2 <1  6 U  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 & 
Hydroxides 

   11   1 

1Senior et al, 2000b 
2Brownfield et al, 1999 
3Vassilev et al, 1997 
4Karayigit et al, 2001 
5Spears et al, 1999 
6Kimura, 1998 
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Table 4.  Modes of Occurrence and Maximum Concentration (ppm) of Elements in Coal. 
 

Reference Senio r et al Sha o et al Ho 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, Sl 45 

B Cly,O 500      

Ba   O, SO4 50 0    

Be C ly,O 30    Sl, O 2 

Cd ZnS 10    S 2.5 

Co   S 25  Sl, O 12 

Cr Cly, Fe, 
OOH 

100 O 80  401a Sl, O 97 

Cu S,O 200      

Fe   S 2,000  Py, Sl 2.6 %

Hg S,E 10    Py, O 0.50

K   O 14,000    

Mn O , CO3 1, 000    563a Sl, CO3 23 0 

Mo Py , O 50      

Na   O, SO4 4, 500    

Ni S,O 100 S   131a Sl, O 48 

Pb Py, S 100   Py 193a O, S, Py 25 

Sb S, Py 40     Sl, O 2.1 

Se       Py 6.1 

Sn Ox, S 20       

Sr   O, SO4 30 0     

Zn S, O 300 O, SO4 50   Sl, S, Py 190 

Py = Pyrite        S = Sulfide   Cly = Clay      CO3 = Carbonate           Sl = Silicate 
O = Organic      OOH = Oxyhydroxide         Ox = Oxide                   E = Elemental 
SO4 = 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 et 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 1 - 20    

K-feldspar m-M 1 - 10    

Micas m -M    

Mullite a-M <1 13.3  

Hematite m-M 1 - 10  4.1  

Magnetite a  7.0 2.5 

Goethite a-M   

Spinel a-m    

Gypsum  1 - 20   

Calcite   0.5 5.7 

Ettringite   3.5 7.8 

Alumino-Silicates  20 - 70   

Corundum a- M    

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 As in 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 n M ean Range n M ean Range 

Al 39 113 46-152 14 29.91 .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 18 311 .02 - 81 89 35 .009 - 675 

K 39 14.3 3-25.3 13 1.51 .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    

P 24 3 1.1-10.3 1 0.51    

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 - 7 1 0.3     

Ti 39 7 1.3 - 10 1 2     
            1Median 
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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 

Cd 2 12 17 23 .6 13 81 1 30 

Co   16 14 179 30 28 83 

Cr 29 247 651 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 

Sb 7 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  

V 35 272 652 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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Figure 2. Variation in heating value and rank with increased concentration of fixed carbon.
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Figure 3.  Generation of Coal Combustion By-Products (CCB) in a PC Utility Boiler 
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Figure 4.  Transformation of mineral matter in coal to ash (After Clarke & Sloss, 1992, p.38) 
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Figure 5.  Classification of trace elements in coal by their relative volatility (After Clarke & Sloss, 1992, p.37).
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WESTERN REGION FLY ASH SURVEY 
 

Gretchen K. Hoffman 
New Mexico Bureau of Mines and Mineral Resources 

Socorro, New Mexico 
 
 

Abstract 
 
A questionnaire to determine the factors influencing fly ash production and usage in the Western Region was sent to 
generating stations in Colorado, Wyoming, Utah, Montana, North Dakota, New Mexico, and Arizona, and to power 
plants using coal from any of these States.  David Goss of Public Service of Colorado and Co-Chair of the Western 
Region Ash Group refined the questionnaire. Topics covered included: the type and source of coal, combustion 
system, scrubbers, average percent ash, % CaO, % LOI, class of fly ash, tons fly ash produced, disposed, used, 
category of usage, transport, marketers, and market area.  Coal-fired plants using Western Region coal in Nebraska, 
Nevada, West Texas, Minnesota, and Washington are included in this report.  Of the 70 coal-fired generating 
stations in these States, 38 responded (Figure 1) and are reported in the results of this survey. 
 
Coal Areas in the Western Region 

 
Several major coal basins lie within the Western coal region of the United States including: the Williston, Powder 
River, Green River, Uinta (Wasatch Plateau), San Juan, and Black Mesa basins (Figure 1).  Coal-bearing sequences 
in these areas are of Late Cretaceous/Eocene age.  During the Late Cretaceous, foreland basins stretched along the 
western margin of the Western Interior seaway and most of the Late Cretaceous coals developed in nearshore 
environments (Table 1).  Tertiary-age coals in the Western Region are not associated with nearshore environments; 
rather they developed in inter-montane fluvial and lacustrine environments. 

  
Western Region coals vary in ash content. This region’s Late Cretaceous coals have higher ash content than those 
deposited in the Tertiary, particularly those developed in fluvial environments (Table 1).  Many of these Tertiary 
coals were developed in raised mires that tend to have less flooding and, therefore, less influx of inorganic material.  
In the Tertiary, Washington’s Eocene coals are an exception and were deposited in a lower-delta plain environment, 
similar to the Late Cretaceous coals, with concurrent volcanic activity.  Most of this region’s Late Cretaceous coals 
developed during regressive cycles brought on by increased sediment supply from tectonically active highlands. 
Volcanic activity also added inorganic material, mainly silica, reaching the mires as windblown or stream deposits.  
These differences in depositional environment are reflected in the ash percent and chemical properties of the ash by-
products produced from electrical generation. 
 

Western United States Coal Electrical Generation and Production  
 
The American Coal Ash Association (ACAA) includes all of the Western United States, Hawaii, and Alaska in 
Region VI (Figure 1).  In 1998, Region VI produced approximately 10.9 million MT of CCPs of which about 2.04 
million MT (18 percent) was used.  This is lower than the 29 percent usage of CCPs in the United States.  
 
Within ACAA’s Region VI is a major coal producing area, the Western Region.  In 1998, this region (Figure 1) 
surpassed the eastern Appalachian coal region as the leading coal-producing area in the United States.  In part, the 
demand for western low-sulfur coal was fueled by the low cost and the sulfur emissions reduction requirements of 
the 1990 Clean Air Act Amendments (CAAA) for low-sulfur coal. Demand for western coal also was enhanced in 
1998 by a large drop in hydroelectric generation in regions west of the Mississippi.  Conversely, coal production in 
the appalachian and Interior regions was hindered by mild weather and bringing back on-line significant amounts of 
nuclear-powered capacity (Freme and Hong, 2000). 

 
Although western coals are considered low sulfur, 44 percent of the units at the power plants surveyed have some 
form of scrubber system.  Both units at the Springerville plant (Arizona) have dry scrubbers and none of this fly ash 
is marketed.  The Wyodak No.1 unit (Wyoming) has a dry scrubber and all of the ash from this unit is placed in 
disposal ponds. The Hayden (Colorado), Rawhide (Colorado), and Stanton (North Dakota) plants all have spray 
dryer scrubbers that contaminate the fly ash and effectively make this material unusable.  At the Sherburne station, 
two units have wet scrubbers and the third unit has a spray dryer scrubber.  In all three units, the alkaline fly ash is 
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used as a sorbent in the scrubber to replace all or a portion of the lime.  All fly ash from this plant is high in SO3 and 
does not meet ASTM C618 (1995) specifications (Michael R. Thomes pers. communication, 2000).  Units 1 and 2 at 
Cholla (Arizona) have wet venturi scrubbers and the fly ash is contaminated.  The remaining plants surveyed have 
scrubber systems that do not contaminate the fly ash.  Fly ashes contaminated by FGD material are not classified as 
C or F fly ash and are not included in the following discussion.  
 

Classification of Western coal fly ash 
 

Lignite, subbituminous, and bituminous coals are burned at Western power plants and produce both Class F and 
Class C fly ash. The Class C fly ashes typically come from Tertiary coals that developed in fluvial environments 
(Table 1).  The following ash and CaO percentages are plant averages.  Twelve surveyed plants burn Powder River 
Basin (Wyoming) subbituminous coal, producing Class C fly ash (Figure 2) that typically have >15 percent CaO.  
Eocene Fort Union Powder River Basin coals are low in ash (4B5 percent), but the Dave Johnston plant burns 
Wasatch Formation coal from the Powder River Basin that has 8 percent ash. Fly ash from this plant is much lower 
in CaO (8 percernt) than the Fort Union Formation ashes that range from 21B30 percent CaO.  The Dave Johnston 
material is the only low-calcium Class C fly ash in this group.  The Arapahoe station burns various Powder River 
Basin coals and some Green River coal, probably lowering the CaO content.  The remaining Class C fly ash is 
produced from Williston Basin lignite (North Dakota).  Coal Creek station burns Fort Union Formation coal from a 
different bed than the Powder River Fort Union coal.  The percent ash is higher than in any of the Powder River 
coals and the percent CaO of the fly ash is lower. 

 
Class F fly ashes are produced from subbituminous and bituminous coals from the Green River Basin, Uinta Basin, 
Wasatch Plateau, San Juan Basin, Black Mesa area, and Washington (figures 1 and 3).  These coals are consistently 
higher in ash than those producing Class C fly ash and were developed in lagoonal back barrier or interdeltaic mires 
(Table 1). The Uinta and San Juan Basin fly ashes have very low CaO (<5 percent). San Juan Basin coals produce 
the greatest quantities of ash, especially Fruitland Formation coals.  Fly ash from this formation has some of the 
lowest CaO percentages of all reported in the survey (Figure 3).  None of the Class F fly ashes in this group would 
be classified as high calcium, but Wasatch Plateau fly ash is consistently higher in percent CaO.  A few stations that 
replied to the survey burn several types of coal and produce both Class F and Class C fly ash.  These stations are not 
shown on figures 2 and 3. 
 
Generally, plants reporting Class C fly ash have less than one percent LOI content.  The Arapahoe (Colorado) and 
Sheldon (Nebraska) stations are exceptions with two percent LOI and 30 percent LOI, respectively.  Cyclone 
burners at Sheldon are a major reason for the high LOI content.  Sheldon fly ash is only used for soil modification. 
 
Plants reporting Class F fly ash show more variation in LOI content.  Nine of these plants have less than two percent 
LOI. The three Utah plants have from three percent to 12.5 percent LOI. Only the Hunter plant, with three percent 
LOI, has minimal use of fly ash and the rest is disposed.  Cherokee (Colorado) averages 6.25 percent LOI and both 
Cameo (Colorado) and W.N. Clark (Colorado) have very high LOI content.  The W.N. Clark fly ash is collected 
with the bottom ash in a silo. This material is used for deicing winter roads and occasionally as a soil stabilizer.  
None of the Cherokee station fly ash is used because of the high percentage of inert material, a constituent of the 
LOI (Dave Goss personal communication, 2000). 
 

Fly Ash Market in the Western United States 
 
Market Areas 
 
Most power plants use ash marketers to sell their fly ash.  Major marketers in this region are ISG Resources, Boral 
Materials Technologies, Mineral Solutions, Phoenix Cement, and Depauw Fly Ash.  The western United States fly-
ash market is limited by the distance to market, a result of relatively few large population centers (Figure1) and 
power plants that are often located near coal sources, rather than near large cities (Figure 1). Although true for most 
of the plants surveyed, several plants are located near two large populations centers, Minneapolis and Denver 
(Figure 1).  Black Dog and High Bridge (Mineral Solutions) sell all but a minor amount of their fly ash in the 
Minnesota and Wisconsin markets, and Riverside sells 50 percent of their fly ash. The remaining plants (A.S. King, 
Sherburne County) have ash that either is contaminated by FGD or is produced from a blend of coal and petroleum 
coke, not meeting classification standards. Seven of the Colorado plants surveyed are near Denver.  Three plants are 
within the Denver Metropolitan area, but only the Cherokee plant sells a large percentage (51 percent) of their fly 
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ash.  The Pawnee plant (Boral), east of Denver has markets in Nebraska, Kansas, and Colorado and sells 65 percent 
of the fly ash they produce.  The remaining plants in Colorado sell little or no fly ash because of scrubber system 
contamination, collection of fly ash with bottom ash, or LOI content.  All of the fly ash from Centralia in 
Washington is sold.  ISG markets this fly ash in nearby Portland and Seattle and has storage facilities in these cities 
(Tom Fox ISG personal communication, 2000). 
 
Arizona and California have a high population density (Figure 1) and are market areas for the Mojave, Apache 
(Boral), Cholla, Four Corners, and San Juan (Phoenix Cement) power plants.  Except for San Juan, which was just 
beginning to market fly ash in 1998, all of these plants sell greater than 50 percent of their fly ash in Arizona and 
California as well as New Mexico, Utah, and Colorado.  These plants produce Class F fly ash that is desirable in this 
area to prevent ASR in concrete.  Although Utah is a relatively populated State, very little fly ash from the Utah 
power plants surveyed is sold because of inconsistency or low quality.  Wyoming is very sparsely populated and 
only the Jim Bridger plant (ISG Resources) markets a large percentage (86 percent) of the Class F fly ash produced.  
The Naughton plant produces Class F also, but because of unburned organic material only 17 percent of the fly ash 
is marketed.  Scrubber contamination, quality problems, or distances to market are factors affecting the fly ash usage 
from other Wyoming plants.  North Dakota and Montana are also sparsely populated States.  Two of the three plants 
in this area sell 25-35 percent of the fly ash produced.  The cold climate limits the construction season and the cost 
to transport fly ash to more populated areas with longer seasons is prohibitive.  The two plants in West Texas 
(DePauw Fly Ash) sell 100 percent of their Class C fly ash in Texas, New Mexico, Oklahoma, and Kansas. 
 
Fly Ash Quality 
 
The classification and quality of fly ash can be very important in determining whether fly ash is sold.  Fly ash 
contaminated by FGD by-products is a major factor.  Seven of the 38 responding power plants list FGD material 
collected with some or all of the fly ash as the reason their material is not sold, amounting to 1.44 million MT of 
disposed fly ash.  
 
Percent LOI, either inert material or unburned carbon, is a limiting factor as well.  Fly ash with LOI greater than 6 
percent does not meet ASTM C 618 (1995) specifications.  Low NOx burners burn the coal at a lower temperature, 
leaving more carbon in the ash. Twenty-five of the reporting power plants have one or more units with low NOx 
burners. However, when the respondents were asked if low NOx burners played a role in making their fly ash 
unmarketable, only three of the 25 thought it was a factor.  LOI content influences the fly ash color.  Color can be 
very important for some applications and markets.  Light-colored fly ash is preferred for cement or concrete 
products, particularly in California.  The type of unburned carbon remaining in the fly ash is important when AEA is 
used for frost resistance.  This can be a limiting factor for some fly ash usage in the northern States of the Western 
region. 
 
ASR is a problem throughout the Western United States because of the aggregate available, and many western 
States limit the CaO content of the fly ash that can be used when the aggregate is potentially reactive.  Class F fly 
ash is often preferred to limit the effects of ASR.  
 
Transportation and Storage 
 
Although the Western United States and particularly Wyoming have a good railroad network, very few marketers 
transport fly ash by rail.  The Wyoming Jim Bridger plant (ISG Resources) is an exception shipping 90 percent of 
the fly ash sold to markets in California and Utah.  The San Francisco Bay area is a major consumer of this fly ash, 
and ISG has fly ash storage facilities here (Tom Fox personal communication, 2000).  The Four Corners plant (New 
Mexico) ships 60 percent of their fly ash sold by truck to a railhead several kilometers away where it is then shipped 
to California and Arizona markets.  The Arizona Cholla plant ships 40 percent by rail to California.  Phoenix 
Cement markets both the Four Corners and Cholla fly ash and has storage facilities in each major market area (Ron 
Helms personal communication, 1999).  More fly ash is produced in the winter months especially in the northern 
States, but without storage facilities, this fly ash can’t be saved for the summer months when there is a construction 
market. The fly ash must have characteristics that give it greater marketability to justify the expense of storage 
facilities.  
 
Coal Creek (North Dakota) ships 40 percent of its fly ash by rail to nearby markets of Montana, North Dakota, 
Minnesota, and Canada. The Gerald Gentleman plant (Nebraska) uses rail to ship 18 percent of their fly ash to the 
Denver market.  Most of the fly ash shipped by rail is Class F and is from plants located great distances from their 
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markets.  These producers ship large quantities making rail transport economically viable.  Fly-ash producers using 
truck as their main mode of transportation are either closer to their markets, do not have rail load out facilities, or 
can not market large enough quantities of fly ash to make rail transport economically viable.  
 

Summary and Conclusions 
 
Both Class F and Class C fly ash are produced in the Western United States.  The Class C fly ash is generally high in 
calcium and produced from subbituminous and lignite coals from the Powder River and Williston basins, 
respectively.  Class F fly ash is low in calcium and produced from bituminous and subbituminous coals in the Green 
River, Wasatch, San Juan, Black Mesa, and Centralia regions.  
 
Fly ash has many characteristics making it attractive as an admixture to concrete, including strength, lowering heat 
of hydration, workability, and resistance to ASR.  Use of fly ash lowers the cost of the concrete, saves energy, and 
reduces CO2 production.  In the Western United States, 1.509 million MT of fly ash is sold for concrete products and 
0.4 million MT is sold for use in cement.  Other major uses include backfill (662 thousand MT), stabilization (182 
thousand MT), and road base (109 thousand MT).  Class C fly ash has more diverse in application but there is more 
Class F fly ash sold. 
 
Several factors influence the marketing of fly ash in the Western United States:  

$ Quality, consistency, and class of fly ash are very important in determining usage and market area; 
$ FGD contamination restricts a significant amount of fly ash from use; 
$ LOI content can limit usage because of unburned carbons (AEA) or color characteristics; 
$ Transportation infrastructure is important, but truck transport is preferred except when large quantities can 

be sold to distant markets; 
$ Storage facilities at different locations in the market area increase sales, but are only economically viable if 

the quality of the product is in demand; 
$ Western fly ash usage can’t be entirely predicted by proximity to market; the quantity sold and market area 

is often determined by the quality of the fly ash. Fly ash produced at a power plant some distance from a 
market but of superior quality has the potential to be shipped greater distances, such as the fly from the Jim 
Bridger plant.  Fly ash of lesser or inconsistent quality from a plant near a market may have limited usage, 
such as the Utah fly ash.  In this respect, fly ash can act as a specialty mineral instead of a commodity 
mineral. 

  
Gretchen Hoffman has 21 years experience as a Senior Coal Geologist with the New Mexico Bureau of Geology and 
Mineral Resources in Socorro, New Mexico.  She holds a B.A. in Geology and Archeology from Adams State 
College in Alamosa, Colorado and a M.S. in Geology from the University of Arizona. 
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Table 1. Western US coal basin- depositional environment and ash content. 
Basin abbreviation in parenthesis is shown on Fig. 1. 

 
 

Area Basin Formation Age Coal Type Depositional 
environment 

Ash 
content* Stations Reference 

Canada, 
North 
Dakota 

Williston 
(WB) Fort Union Paleocene Lignite Fluvial-deltaic 

raised swamp Medium 3 
Flores & 
Keighin 
1999 

Wasatch E ocene Subbituminous Fluvial Medium 1 
Wyoming 

Powder 
River 
(PRB) Fort Union Paleocene Subbituminous Fluvial-raised 

swamp Low 16 

Flores & 
Bader 
1999 

Hanna Paleocene Bituminous Low-lying fluvial Low-
medium 1 Flores et 

al. 1999 S. Central 
Wyoming 

Hanna 
(HB) 

Ferris Paleocene Bituminous  Medium  

Fort Union Paleocene Subbituminous Low-lying, 
fluvial Medium  

Flores & 
Bader 
1999 

Williams Fork Late 
Cretaceous Bituminous I nterdeltaic Medium 7  

SE 
Wyoming, 
NE 
Colorado, 
NW Utah 

Green 
River- 
Hams Fork 
(GRB) 

Adaville Late 
Cretaceous Subbituminous I nterdeltaic Low 1  

NE Utah, 
W. 
Colorado 

Uinta- 
Wasatch 
Plateau 
(UB) 

Black Hawk Late 
Cretaceous Bituminous Lagoonal, back-

barrier Medium 3  

Fruitland High 2  NW New 
Mexico, 
SW 
Colorado 

San Juan  
(SJB) Menefee 

Late 
Cretaceous 

Subbituminous-
Bituminous 

Lower delta, 
back-barrier Medium-

high 2  

Arizona Black Mesa 
(BM) Wepo Late 

Cretaceous Subbituminous Lower delta, 
back-barrier Medium 1  

Washington Centr alia Skookumchuck Eocene Subbituminous Back- barrier Medium 1  
*Low Ash- <8%, Medium Ash 8-15%, High Ash  >15% 
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Figure. 1. Western United States with ACAA regions, Western Region coal basins, surveyed generating stations, 
and population data. Abbreviations for coal basins are defined in Table 1 from Hoffman, 2002. Printed 
with permission from the Geological Society of London.  
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Figure 2. Average percent ash from coal and average percent CaO from fly ash for plants reporting Class C fly ash. 
Number in parenthesis identifies plant on Figure 1.  Modified from Hoffman, 2002. Printed with 
permission from the Geological Society of London. 
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Figure. 3 Average percent ash from coal and average percent CaO from fly ash for plants reporting Class F fly ash. 
Number in parenthesis identifies plant on Figure 1.  Modified from Hoffman, 2002.  Printed with 
permission from the Geological Society of London. 
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Abstract 
 
The American Society for Testing and Materials (ASTM) E 50 Committee on Environmental Assessment and 
Subcommittee E 50.03 on Environmental Risk Management/Sustainable Development/Pollution Prevention initiated 
several standards related to the placement of coal combustion by-products (CCBs) in 1998.  These standards, which 
are in various stages of the ASTM balloting process, are as follows: 

$ Guide for the Use of Coal Combustion By-Products for Underground Mine Backfill 
$ Guide for the Use of Coal Combustion By-Products for Surface Mine Reclamation: Recontouring and 

Highwall Reclamation 
$ Guide for the Use of Coal Combustion By-Products for Surface Mine Reclamation: Revegetation and 

Mitigation of Acid Mine Drainage 
 
The common goal of these standards is to provide guidelines for appropriate selection, testing, and placement 
techniques when CCBs are placed in mine settings.  Each standard has a specific scope based on the type of mine 
placement.  The surface mining standards address different types of beneficial uses for CCBs.  The standards will 
supplement the existing requirements by which the U.S. Department of the Interior Office of Surface Mining (OSM) 
ensures the environment is protected during coal mining and reclamation.  The standards provide information on 
appropriate testing and suggest specific tests.  The standards provide guidance on how this information can aid 
individuals/groups associated with the proper placement of CCBs in mine settings. 
 

Introduction 
 
The U.S. Department of the Interior Office of Surface Mining (OSM) is charged with the responsibility of ensuring 
that the national requirements for protecting the environment during coal mining are met and making sure the land is 
reclaimed after it is mined. When coal combustion by-products (CCBs) are used at surface coal mines, State or 
Federal coal mining regulators are involved to the extent that SMCRA (Surface Mining Control and Reclamation 
Act) requires 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 ground or surface water (30 CFR 816/817.41). 

$ The proposed land use does not present any actual or probable threat of water pollution (30 CFR 
816/817.133). 

$ The permit application contains a detailed description of the measures to be taken during mining and 
reclamation to ensure the protection of the quality and quantity of surface and groundwater systems, both 
on- and off-site, from adverse effects of the mining and reclamation process (30 CFR 780.21). 

$ The rights of present users of such water are protected (30 CFR 816/817.41).  Any disposal of CCBs at 
mine sites must be in accordance with those standards and with applicable solid waste disposal 
requirements (30 CFR 816/817.89). 

 
SMCRA gives primary responsibility for regulating surface coal mine reclamation to the States, and 24 coal-
producing States have chosen to exercise that responsibility.  On Federal lands and Indian reservations (Navajo, 
Hopi, and Crow) and in the coal States that have not set up their own regulatory programs (Tennessee and 
Washington), OSM issues the coal mine permits, conducts the inspections, and handles the enforcement 
responsibilities.  As a result of the activities associated with SMCRA, coal mine operators now reclaim as they mine, 
and mined lands are no longer abandoned without proper reclamation.  OSM also collects and distributes funds from 
a tax on coal production to reclaim mined lands that were abandoned without being reclaimed before 1977.  OSM 
has a Coal Combustion Residues Management Program that focuses on providing expert technical information on 
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the use of CCBs in mine reclamation for the mining industry, regulatory agencies, and other stakeholders. 
 
There is considerable variation in State-mandated permitting and other regulatory requirements for CCP utilization.  
Some States have specific beneficial use policies, while other States have no regulations or guidance addressing 
beneficial use.  Although the National Environmental Policy Act (NEPA) strictly applies only to Federally funded 
projects, many States have similar mechanisms for assessing the environmental impacts of nonfederal projects.  
These mechanisms may require State permits that address any or all of the following issues: wetlands/waterways, 
National Pollutant Discharge Elimination System (NPDES) discharge, underground injection, erosion and sediment 
control, air quality considerations, and storm water management. 
 
In 1999, the U.S. Environmental Protection Agency (EPA) completed a two-phased study of CCBs for the U.S. 
Congress as required by the Bevill Amendment to the Resource Conservation Recovery Act (RCRA).  At the 
conclusion of the first phase in 1993, EPA issued a formal regulatory determination that the characteristics and 
management of the four large-volume fossil fuel combustion waste streams (i.e., fly ash, bottom ash, boiler slag, and 
flue gas emission control waste) do not warrant hazardous waste regulation under RCRA and that utilization 
practices for CCBs appear to be safe.  In addition, EPA “encourage[d] the utilization of coal combustion by-products 
and support[ed] State efforts to promote utilization in an environmentally beneficial manner.” In the second phase of 
the study, EPA focused on the by-products generated from fluidized bed combustion (FBC) boiler units and the use 
of CCBs from FBC and conventional boiler units for mine reclamation, among other things.  Following completion 
of the study, EPA issued a regulatory determination that again concluded that hazardous waste regulation of these 
combustion residues was not warranted.  However, EPA also decided to develop national solid waste regulatory 
standards for CCBs, including standards for placement of CCBs in surface or underground mines, either under 
RCRA, SMCRA, or a combination of the two programs (65 CFR 32214, May 22, 2000). 
 
In 1998, the American Society for Testing and Materials (ASTM) E 50 Committee on Environmental Assessment 
and Subcommittee E 50.03 on Environmental Risk Management/Sustainable Development/Pollution Prevention 
initiated several standards related to the placement of CCBs to involve the CCB industry in aiding appropriate use of 
CCBs in underground and surface mine settings.  The common goal of these standards is to provide guidelines for 
appropriate selection, testing, and placement techniques when CCBs are placed in mine settings. 
 

Background 
 
Three standards related to the use of CCBs in mine settings are in preparation and/or ballotting under ASTM E50.03: 

$ Guide for the Use of Coal Combustion By-Products for Underground Mine Backfill 
$ Guide for the Use of Coal Combustion By-Products for Surface Mine Reclamation: Recontouring and 

Highwall Reclamation 
$ Guide for the Use of Coal Combustion By-Products for Surface Mine Reclamation: Revegetation and 

Mitigation of Acid Mine Drainage 
 
The focus of these standards is to provide guidance on assessment, selection, and placement of CCBs in either 
underground or surface mine settings.  The CCB industry is well represented on Subcommittee E50.03 and is 
developing standards to facilitate appropriate evaluation of CCBs for use in mine settings.  The standards under 
development are “Standard Guides.”  ASTM defines guides as “a series of options or instructions that do not 
recommend a specific course of action” (ASTM, 1989).  ASTM E50.03 has opted to develop a series of standard 
guides as the first step toward developing standard practices and performance specifications for several CCB use 
applications.  These guides provide “options or instructions” that help a specifier or user of CCBs understand the 
character and appropriate use of CCBs. This is the course of action for the series of mining standards under 
development.  With input from the users of the standard guides, other more specific standards are likely to be 
developed for discreet applications where performance criteria can be identified and appropriate tests and limits can 
be set. 



 
 53 

 
Summary of Standards in Preparation 

 
Guide For the Use of Coal Combustion By-Products for Underground Mine Backfill 
 
This standard guide covers the use of coal combustion by-products (CCBs) for underground mine backfill 
applications, for the purpose of controlling mine subsidence or for the remediation of acid mine drainage. It does not 
apply to surface mine reclamation applications.  There are many important differences in physical and chemical 
characteristics that exist among the various types of CCBs available for use in underground mine backfill.  Because 
of physical and chemical characteristics, CCBs commonly used in mine backfill applications are fly ash, flue gas 
desulfurization (FGD) material, and FBC fly ash.  CCBs proposed for each project must be investigated thoroughly 
to identify the appropriate mix proportions to meet the project objectives.  This guide provides procedures for 
consideration of engineering, economic, and environmental factors in the development of such applications. 
 
The testing, engineering, and construction practices for using CCBs in mine backfill are similar to generally 
accepted practices for using cement or concrete in mine backfill.  CCB-based grouts and flowable fill should be 
designed with generally accepted engineering practices. 
 
The underground mine standard guide incorporates information on formulating the grout for injection; on-site issues 
such as storage of CCBs, access to water, and site access; and grout injection.  

 
Guide for the Use of Coal Combustion By-Products for Surface Mine Reclamation: Recontouring and 
Highwall Reclamation 
 
This standard guide covers the use of CCBs for surface mine reclamation applications, as in beneficial use for 
reestablishing land contours, highwall reclamation, and other reclamation activities requiring fills or soil 
replacement.  The purpose of this standard is to provide guidance on identification of CCBs with appropriate 
engineering and environmental performance appropriate for surface mine recontouring and highwall reclamation 
applications.  It does not apply to underground mine reclamation applications.  There are many important differences 
in physical and chemical characteristics among the various types of CCBs available for use in mine reclamation.  
CCBs proposed for each project must be investigated thoroughly to design CCB placement activities to meet the 
project objectives.  This guide provides procedures for consideration of engineering, economic, and environmental 
factors in the development of such applications and should be used in conjunction with professional judgment.  This 
guide is not intended to replace the standard of care by which the adequacy of a given professional service must be 
judged, nor should this guide be applied without consideration of a project’s unique aspects. 
 
The testing, engineering, and construction practices for using CCBs in mine reclamation are similar to generally 
accepted practices for using other materials, including cement and soils, in mine reclamation. Physical properties are 
generally key to the use of CCBs in recontouring and highwall reclamation. 
 
Guide for the Use of Coal Combustion By-Products for Surface Mine Reclamation: Revegetation and 
Mitigation of Acid Mine Drainage 
 
This standard guide covers the use of CCPs for surface mine reclamation applications related to area mining, contour 
mining, and mountaintop removal mining.  The issues addressed include: beneficial use for abatement of acid mine 
drainage, treatment of mine spoils, and revegetation. It does not apply to underground mine reclamation applications. 
 There are many important differences in physical and chemical characteristics that exist among the various types of 
CCBs available for use in mine reclamation.  CCBs proposed for each project must be investigated thoroughly to 
design CCB placement activities to meet the project objectives.  This guide provides procedures for consideration of 
engineering, economic, and environmental factors in the development of such applications. 
 
As in the previous standard guide, the testing, engineering, and construction practices for using CCBs in mine 
reclamation are similar to generally accepted practices for using other materials. The chemical properties of CCBs 
are of great importance in identifying appropriate CCBs for revegetation and mitigation of acid mine drainage. 
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Use of CCBs for Mine Reclamation  
 
Fly ash, bottom ash, boiler slag, FGD material, and FBC ash, or combinations thereof, can be used for mine 
reclamation.  Each of these materials typically exhibits general physical and chemical properties that must be 
considered in the design of a mine reclamation project using CCBs.  The specific properties of these materials vary 
from source to source, so environmental and engineering performance testing is recommended for the material(s) or 
combinations to be used in mine reclamation projects.  Depending on the mine reclamation application, fly ash, 
bottom ash, boiler slag, FGD material, FBC fly ash, FBC bottom ash, or combinations thereof may have suitable 
and/or advantageous properties.  Each of these materials typically exhibits general engineering properties that must 
be considered in engineering applications.  These general engineering properties are discussed in the following 
subsections; however, it should be noted that the specific engineering properties of these materials can vary greatly 
from source to source and must be evaluated for each material or combination of materials to be utilized for a 
structural fill.  Some of these properties are: unit weight, compaction characteristics, strength, consolidation 
characteristics, permeability, erosion characteristics, swelling, liquefaction and frost heave, specific gravity, grain-
size distribution, moisture, and thixotropy.  Many CCBs exhibit advantageous performance for use in mine settings.  
The standards identify which of these properties should be evaluated and, in many cases, provide ranges of expected 
behavior. The performance of CCBs can then be compared to other materials with which the specifier, regulator, or 
user is familiar. 
  
The major elemental components of CCBs are silicon, aluminum, iron, calcium, magnesium, sodium, potassium, and 
sulfur.  These elements are present in various amounts and combinations dependent primarily on the coal type 
(bituminous, subbituminous, or lignite) and type of CCB (such as coal fly ash, FBC fly ash, FGD material, etc.). 
Trace constituents may include trace elements such as arsenic, boron, cadmium, chromium, copper, chlorine, 
mercury, manganese, molybdenum, selenium, or zinc (Batelle, 1987).  The primary elemental constituents of CCBs 
are present either as amorphous (glassy) phases or crystalline phases.  Coal combustion fly ash is typically 
70+percent amorphous material.  FGD and FBC products are primarily crystalline, and the crystalline phases 
typically include calcium-based minerals. 
 
Properties that are indicative of performance and based on the chemical composition of a CCB include alkalinity, 
pozzolanic activity, and hygroscopy.  Environmental performance is directly linked to the chemical composition of a 
CCB and should be evaluated for CCBs to be used in mine settings.  An understanding of the environmental 
performance of CCBs is needed to determine the potential for impacts on groundwater and surface water to ensure 
protection of human health and the environment. 
 

Future Standards 
 
The mine-related standards described are in various stages of preparation and balloting.  It is anticipated that these 
three standard guides will be approved through the ASTM process before EPA finalizes standards for placement of 
CCBs in surface or underground mines.  Discussions in ASTM E50.03 have already begun to broach the topic of 
development of more specific standard performance specifications or standard practices related to mine placement of 
CCBs. 
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Abstract 
 
The burning of coal in electric utility boilers generates residual materials including fly ash, bottom ash, boiler slag, 
and wet flue gas desulfurization (FGD) scrubber sludge/solids.  These residual materials are collectively referred to 
as “coal combustion residues” (CCRs). Currently more than 70 percent of the CCRs are land-disposed, and the other 
30 percent are reused or recycled for commercial uses such as production of wallboard, cement, and asphalt.  Use of 
mercury emission control technologies on coal-fired electric utility boilers will probably increase the amount of 
mercury in certain types of CCRs and also could change the composition and physical properties of these materials, 
possibly impacting their suitability for commercial reuse and recycling applications.  Many of the potential retrofit 
mercury control technologies for coal-fired electric utility power plants remove mercury from the flue gas and 
concentrate the captured mercury into CCRs (i.e., fly ash collected by particulate matter (pm) control devices or 
solids/sludges generated by wet FGD scrubbers).  Concern has been raised as to whether the mercury in the CCRs 
may later be re-released back into the environment.   
 
A life-cycle evaluation is being conducted by National Risk Management Risk Laboratory (NRMRL) to help 
evaluate any potential environmental trade-offs and to ensure that there is not an increased environmental risk for the 
management of CCRs resulting from mercury control technologies.  In support of this evaluation, NRMRL is 
gathering data and information to assess future increases in mercury concentrations in CCRs resulting from 
applications of mercury emissions control requirements to coal fired electric utility boilers.  I will summarize some 
of the CCR information gathered by NRMRL to date and identify major information gaps and priorities of EPA’s 
research to ensure that mercury controlled at the coal fired electric utility power plant stack is not later released from 
the CCRs in an amount that is problematic for the environment. 
 

Introduction 
 
The burning of coal in electric utility boilers generates residual materials including fly ash, bottom ash, boiler slag, 
and wet FGD scrubber solids/sludges.  These residual materials are collectively referred to as “coal combustion 
residues” (CCRs).  Currently, about 70 percent of the CCRs are land-disposed, and the other 30 percent are reused or 
recycled for commercial uses such as production of wallboard, cement, and asphalt.  Use of Hg emission control 
technologies on coal fired electric utility boilers will probably increase the amount of Hg in certain types of CCRs, 
and also could change the composition and physical properties of these materials, possibly impacting their suitability 
for commercial reuse and recycling applications.  Many of the potential retrofit Hg control technologies for coal 
fired electric utility power plants (discussed in Chapter 7 of Reference 9) remove Hg from the flue gas and 
concentrate the captured Hg into CCRs (i.e., fly ash collected by PM control devices or solids/sludges generated by 
wet FGD scrubbers).  Concern has been raised as to whether the Hg in the CCRs may later be re-released back into 
the environment.  
 
A life-cycle evaluation is being conducted by NRMRL to help evaluate any potential environmental trade-offs and to 
ensure that there is not an increased environmental risk for the management of CCRs resulting from Hg control 
technologies.  In support of this evaluation, the NRMRL is gathering data and information to assess future increases 
in Hg concentrations in CCRs resulting from application of Hg emissions control requirements to coal fired electric 
utility boilers.  This chapter summarizes some of the CCR information gathered by NRMRL to date and identifies 
the major data gaps and priorities of EPA’s research to ensure that Hg controlled at the coal fired electric utility 
power plant stack is not later released from CCRs in an amount that is problematic for the environment. 
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CCR Types 
 
The coal combustion process generates many different types of residues. At a given power plant, CCRs can be 
grouped as those generated on a continuous basis in high-volume quantities and those generated either continuously 
or intermittently in low-volume quantities.  These low-volume CCRs include those resulting from maintenance and 
coal cleaning. However, the focus of this chapter is on high-volume CCRs. High-volume CCRs include the bottom 
ash or slag removed directly from the boiler furnace and the fly ash collected by downstream PM control devices. 
For those coal fired electric utility boilers using wet FGD scrubbers for SO2 emissions control, large quantities of 
scrubber solid wastes and sludges are generated.  Nationwide quantities of high-volume CCRs generated in 1999 
from coal combustion are available from data prepared by the American Coal Ash Association (ACAA).1  Table 1 
summarizes the characteristics and nationwide generation quantities for the major types of CCRs resulting from 
combustion of coal in power plants. 
 

CCR Mercury Concentrations 
 
An initial review by NRMRL indicated that limited laboratory data were available on Hg concentrations in CCRs.  
Therefore, a nationwide Hg mass balance approach was taken to estimate Hg concentrations in CCRs. This Hg mass 
balance approach used data from the EPA Parts II and III ICR databases on coal Hg concentrations and control 
device Hg capture efficiencies.  The EPA ICR data were used with additional ACAA data on CCR generation rates, 
to estimate Hg concentrations in various CCRs.  The Hg concentrations estimated with the nationwide mass balance 
approach are shown in Table 2.  Table 2 shows calculated mean, 5th percentile, and 95th percentile values for Hg 
concentrations in CCRs.  Mercury concentrations are projected to be highest in fly ash, with a mean value of 0.33 
ppm and a 95th percentile value of 1.2 ppm.  Mercury concentrations in wet FGD scrubber solids/sludges are 
calculated to have a mean value of 0.20 ppm and a 95th percentile value of 0.72 ppm.  Mercury concentrations in 
bottom ash and boiler slag were calculated to be much lower, with mean values of 0.067 ppm, and 0.042 ppm, 
respectively. 
 

Table 1. Coal combustion residues 
 

Coal 
Combustion 

Residue 
 

Description  Average Quantity 
Generated Per Ton 
of Coal Burned a 

 

Total Nationwide 
Quantity Generated 

in 1999b 

Fly ash Fine, powdery non-combustible 
mineral matter in the boiler flue gas 
and collected by electrostatic 
precipitator or fabric filter. 

160 lb/ton 63,000,000 tons 

Bottom ash Dark gray, granular, porous non-
combustible mineral matter heavier 
than fly ash and collected in bottom 
of the boiler furnace. 

40 lb/ton 17,000,000 tons 

Boiler slag Coarse, black, glassy mineral 
matter that forms when molten 
bottom ash contacts quenching 
waters in wet-bottom furnaces. 

100 lb/ton 3,000,000 tons 

Wet FGD 
scrubber 
solids/sludges 

Solid material or sludge generated 
by scrubbing processes used to 
remove sulfur from the flue gases. 

350 lb/ton 25,000,000 tons 

(a) Source: Reference 2. 
(b) Source: Reference 1. 
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Table 2. Calculated Hg concentrations in CCRs using EPA ICR data. 
 

Coal Combustion 
Residue 

Hg Concentration (ppm) a 
 
 

 5th Percentile Mean 
 

95th Percentile 

Fly ash              0.062 0.33 1.20 
Bottom ash              0.019 0.067 0.16 
Boiler slag              0.012 0.042 0.10 
Wet FGD scrubber 
solids/sludges 

             0.038 0.20 0.72 

 (a) Changes in Hg control technology requirements for coal fired electric utility power plants will cause changes in the Hg concentration in fly 
ash and wet FGD scrubber solids/sludges. 
 
 
Subsequent to performing the nationwide Hg mass balance to determine Hg concentrations in CCRs, more extensive 
laboratory data became available from the Electric Power Research Institute (EPRI) and the University of North 
Dakota Environmental and Energy Research Center (UND/EERC).  A summary of available laboratory 
measurements of Hg in CCRs is shown in Table 3.  The laboratory measurements in Table 3 generally show good 
correlation with the nationwide mercury mass balance predictions in Table 2.  For example, the EPRI fly ash data 
(382 samples) have a mean mercury concentration of 0.44 ppm, with a 95th percentile value of 1.13 ppm, and the 
UND/EERC data (20 samples) have a mean Hg concentration of 0.22 ppm, and a 95th percentile value of 1.03 ppm. 
 Both these sets of data correlate well with fly ash calculations obtained by the nationwide Hg mass balance, which 
indicates a mean concentration of 0.33 ppm and 95th percentile value of 1.2 ppm. 
 
 
 

Table 3. Summary of available test data on Hg concentrations in major types of CCRs. 
 
 

Coal Combustion 
Residue 

Test Data Source 
(Reference) 

Number of 
Samples 

HG Concentration (ppm) 

 Min. 5th 
Percentile 

Median Mean 95th 
Percentile 

Max. 

Fly Ash EPRI 
(Reference3) 

382   0.0002  0.0002     0.09 0.44 1.13 27.7 

Fly Ash UND/EERC 
(Reference 4) 

20    <0.002 0.002 0.076 0.22 1.03  1.24 

Fly Ash EPA (Reference 
5) (fine fly ash) 

 

n.r.  0.005 n.r.     0.10 n.r. n.r.  2.50 

Fly Ash EPA (Reference 
5) (mechanical 

hopper) 
 

n.r.  0.008 n.r. 0.073 n.r. n.r.   n.r. 

Fly Ash EPA (Reference 
5) (1993 Data) 

 

n.r.  0.013 n.r.     0.10 n.r. n.r.   n.r. 

Bottom Ash EPA (Reference 
5) 

12  0.003 n.r. 0.009 n.r. n.r.  0.040 

Bottom Ash EPA (Reference 
6) (combined 
bottom ash & 

slag) 
 

n.r.  0.005 n.r. 0.023 n.r. n.r.  4.2 

Boiler Slag EPA (Reference 
5) 

12  0.005 n.r. 0.023 n.r. n.r.  4.2 

Wet 
FGD/Solids/Sludges 

EPA (reference 5) 15  0.073 n.r.     4.8 n.r. n.r. 39.0 

(a)n.r. = not reported.
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Nationwide Management Practices 
 
A summary comparison of the quantities and management techniques for various CCRs is presented in Figure 1.  
The CCRs are either land-disposed (in a monofill or surface impoundment) or are being used for commercial 
applications.  In the United States in the year 1999, approximately 110 million tons of CCRs were generated. 
Approximately one-third (31 percent) of these materials were reused or recycled in various commercial uses, with 
the remainder being land-disposed. 

 

 
   

Annual disposal or use (millions of tons per year) 
 
Figure 1.     Nationwide CCR management practices in the year 1999 (source: Graph prepared using data  
                   from Reference 1).  
 
 
Reuse and Recycling of CCRs 
 
The primary commercial uses of CCRs are listed in Table 4.  The table presents how each of four types of high-
volume CCRs were used for commercial application in 1999.  The use of fly ash as a replacement ingredient for 
concrete or grout is the most common use for any CCR.  In this application, the fly ash can serve as a replacement 
for sand or as a partial replacement for portland cement in the concrete mix.  Significant amounts of fly and bottom 
ash are used for structural fills (e.g., creation of highway embankments).  The addition of CCR to form a road base 
allows for greater long-term strength development than conventional materials.  Bottom ash is used as a substitute 
for salt for road de-icing operations.  Almost all of the boiler slag generated in 1999 was used as blasting grit or 
roofing granules.  Wet FGD scrubber solid wastes and sludges that do not contain high levels of fly ash can be used 
either directly or, with additional processing, in the production of gypsum wallboard.  The substitution of wet FGD 
scrubber solids/sludges for natural gypsum in wallboard manufacturing has been growing rapidly. 
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Table 4. Primary Commercial Uses of CCRs. 
 

Commercial 
Application or 
Use 

 

Coal Combustion Residue 
 
               Fly Ash                 Bottom Ash                     Boiler Slag                    Wet FGD  
                                                                                                                           Solid/Sludge 
 

      Tons             %            Tons            %               Tons              %             Tons             % 
 

Nationwide 
Total (tons) 

 

Concrete/ grout 10,000,000   49    700,000   13     11,000 0.5   290,000    6.6 11,000,000 
Waste stabilization/ 
solidification 

  1,900,000    9.3      69,000    1.3              0 0     16,000    0.4   2,000,000 

Structural Fill   3,200,000   15 1,400,000   26     52,000 2.2   580,000  13   5,200,000 
Mining applications   1,500,000    7.3    150,000    2.8     10,000 0.4   230,000    5.2   1,900,000 
Raw Feed for 
Cement Clinker 

  1,300,000    6.1    160,000    2.9              0 0              0    0   1,500,000 

Road base/ subbase   1,200,000    5.9 1,100,000   20       5,500 0.2     17,000    0.4   2,300,000 
Flowable Fill      850,000    4.1      13,000    0.2              0 0              0    0      860,000 
Other      460,000    2.2    450,000    8.3     76,000 3.2   180,000    4.1   1,200,000 
Mineral Filler      160,000    0.8      63,000    1.2     12,000 0.5              0    0      240,000 
Soil Modification        78,000    0.4      17,000    0.3     13,000 0.5       2,100 <0.1      110,000 
Agriculture        78,000    0.4      43,000    0.8              0 0     80,000    1.8      200,000 
Snow and Ice 
Control 

         3,200    0.1   1,100,00   20     51,000 2.2              0    0   1,200,000 

Blasting Grit/ 
Roofing Granules 

               0    0    160,000    2.9 2,100,000 90              0    0   2,300,000 

Wallboard                0    0              0    0              0 0 3,100,000   69   3,100,000 
Nationwide Totala 21,000,000 100    540,000 100 2,300,000 100 4,500,000 100 33,000,000 

 
(a) Sum of individual values may not equal total due to rounding. 

 
For some commercial uses of CCRs, there is concern regarding the potential re-release of Hg, particularly for those 
uses involving high-temperature processes. In cement manufacturing, for example, the high temperatures in the 
cement kiln will revolatilize the Hg contained in the coal fly ash that is used as a material substitute. Questions exist 
regarding the fraction of Hg in the fly ash that may be emitted when fed to a cement kiln. Other commercial 
processes that expose CCRs to elevated temperatures include wallboard manufacturing (during the drying process) 
and when CCRs are used as fillers in asphalt. 
 
For some of the other commercial uses, it appears unlikely that significant Hg in CCRs would be re-introduced into 
the environment. For example, Hg is unlikely to be re-volatilized or leached from concrete, flowable fill, or 
structural fill. However, the various commercial uses will be evaluated to determine if there is any significant 
increase in environmental risk as a result of changes occurring to CCRs. 
 
Land-Disposal of CCRs 
 
There are currently approximately 600 waste disposal units (monofills or surface impoundments) being used for 
disposal of CCRs from electric utility coal-fired electric utility power plants in the United States.5   The monofills 
used for these residues may be located either on-site at the power plant or off-site. Surface impoundments are almost 
exclusively located at the power plant site.  While the distribution of units presently is about equal between 
monofills and surface impoundments, there is an increased trend to use monofills as the primary disposal method. 
 
On May 22, 2000 the EPA made the regulatory determination that the disposal of CCRs does not warrant regulation 
under subtitle C of RCRA and retained the hazardous waste exemption for these materials provided under RCRA 
section 3001(b)(3)(C).7  However, the EPA also determined that national regulations under subtitle D of RCRA are 
warranted for CCRs when they are disposed of in landfills or surface impoundments, and that regulations under 
subtitle D of RCRA [and/or possibly modifications to existing regulations established under authority of the Surface 
Mining Control and Reclamation Act (SMCRA)] are warranted when these materials are managed in surface or 
underground mines. The national regulations will apply to disposal of coal combustion wastes that are generated at 
electric utility and independent power producing facilities and managed in surface impoundments, landfills, and 
mines. 
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The EPA will re-evaluate the risk posed by managing coal combustion residues if levels of Hg or other hazardous 
constituents change due to any future Clean Air Act air pollution control requirements for coal burning utilities.  
When any rule making under the Clean Air Act proceeds to the point where an assessment of the likely changes to 
the character of CCRs is completed, EPA will evaluate the implications of these changes relative to existing or 
planned national RCRA regulations governing these materials and take appropriate action. 
 

Current Status of CCR Research Activities 
 

The EPA/NRMRL is preparing a report on characterization and management of CCRs from coal fired electric utility 
power plants.  The report examines changes in the Hg content of CCRs that potentially could occur as the result of 
implementing different control technologies to reduce stack emissions of Hg from coal fired electric utility power 
plants.  This report is scheduled to be published in the near future. 
 
Test methods to characterize CCRs and to determine Hg volatilization and leaching from CCRs in various 
management practices are being reviewed by EPA/NRMRL.  The goal of this review is to ensure that leaching and 
volatilization testing conducted by all parties, inside and outside of the EPA, is uniform and appropriate. 
 
Multiple-site, full-scale field test programs are currently being conducted under a DOE/NETL cooperative 
agreement to obtain performance and cost data for using different Hg control technologies to reduce Hg emissions 
from existing coal fired electric utility power plants (discussed in Chapter 7 of Reference 9).  As part of these test 
programs, field data are being collected that will help determine changes in the Hg content of CCRs as a result of 
implementing these Hg controls technologies.  In addition, CCR commercial applications requiring elevated 
temperature processes, such as cement manufacturing and wallboard production, are being evaluated to determine 
the amount of Hg revolatilization that occurs, and the impacts of this revolatilization on the environment. 
 
The EPA/NRMRL is planning to prepare a report, scheduled for publication in 2003, presenting data and other 
information relating to changes to CCRs as a result of implementing different Hg control technologies.  This report 
also will help identify any potential concerns due to increased environmental risk from the management of CCRs 
resulting from Hg control measures. 
 

Future CCR Research Activities and Needs 
 

Coordination with industry and others will continue to identify available data and information that will help to 
characterize any changes to CCRs as a result of Hg control measures.  Different methods are being used to 
characterize CCRs, which result in data of questionable value.  The EPA ORD/NRMRL is working closely with 
EPA/OSW to identify methods for characterizing CCRs to identify potential changes to CCRs as a result of Hg 
control measures. 
 
Samples of the resulting CCRs from the ongoing full-scale field test programs of different Hg control technologies 
will be collected to characterize the resulting CCRs and to identify any changes occurring to CCRs that would 
increase environmental risk from waste management and potential commercial applications. 
 
Questions regarding the potential release of Hg from land-disposal result in the need to conduct field test 
measurements to ensure that Hg is not being emitted through either biological processes or leaching.  Opportunities 
will be identified to help address questions regarding any increased environmental risk due to changes occurring to 
CCRs. 
 
Questions also exist relating to CCRs being used in high-temperature processes such as cement manufacturing and 
wallboard production.  Effort is needed to determine the amount of Hg that may be released during the 
manufacturing process and other life-cycle stages, including final disposal in a landfill. 
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Abstract 
 

This paper is directed to defining the usage of various terms for coal combustion by-products (CCBs) and coal 
combustion products (CCPs) that are associated with their utilization in coal mining reclamation applications 
throughout the United States, with an emphasis on the Western States.  It addresses a need that has been recognized 
by the ACAA and others in the industry on listing and defining the usage of the various terms and phrases that are 
commonly used by those who are involved with the management and use of coal ash and coal combustion by-
products/products.  Also, it addresses a specific need that was mutually identified by the ACAA and the Utility Solid 
Waste Activities Group (USWAG) for more precise definitions of coal combustion by-products/products terms.  
This need has developed as a result of the use of the term flue gas desulfurization material and other coal ash terms 
in coal mining reclamation applications.  This paper draws on the more precise definition of terms that are embodied 
in an ASTM E 50.  The draft standard terminology of coal combustion products in ASTM E 50 focuses on the usage 
of terms in standards that exist, are under development, or are proposed by ASTM E50.03 where the focus is not on 
the use of coal combustion products/by-products in standards by other ASTM committees.  Also, this paper draws on 
the ACAA draft document titled Glossary of Terms Concerning the Management and Use of Coal Combustion 
Products, which is a comprehensive usage of CCBs and CCPs terminology.  The objective of this paper is to help 
users of coal combustion by-products/products in coal mining reclamation applications understand the terminology 
associated with these by-products/products both from the precise usage and the general usage standpoints.  
 

Introduction 
 
The terms Coal Combustion Products (CCPs) and Coal Combustion By-Products (CCBs) in the title of this paper 
and the term Coal Combustion Products and the acronym CCB in the title and program of this interactive forum 
provides an insight into the current usage of these two particular terms by industry and its various stakeholders, 
Federal and State government regulatory and other agencies, and ultimately the general public.  Other insights on 
usage are: the reference in the Office of Surface Mining (OSM) home page (www.mcrcc.osmre.gov/ccb) for this 
forum that CCBs include fluidized bed combustion residues and flue gas desulfurization sludge, which may not be 
considered as being appropriate by the CCPs industry because of the use of the words “residues” and “sludge”; the 
definition also on this home page for Flue Gas Desulfurization (FGD) material shown in the CCB Information 
Network Guide to the Literature Terms and Definitions (Updated 10/14/98), which differs from the current ASTM 
definitions and which will be addressed later. 
 
The collective terms CCBs and CCPs are used to define or refer to the Industry that is involved with the management 
and use of coal ash, CCPs, and CCBs.  1CCPs are defined as B “fly ash, bottom ash, boiler slag, fluidized-bed 
combustion (FBC) ash, or flue gas desulfurization (FGD) material produced primarily from the combustion of coal 
or the cleaning of the stack gases.”  The term CCPs was first used in this country in 1998.  It has become the 
preferred Industry term for coal ash that is used, and industry has used it to replace the term CCBs.  The basis for 
this change was to emphasize the value that the materials from the combustion of coal or the cleaning of the stack 
gasses have when they are manufactured or processed to meet certain technical standards and when they are used 
commercially.  Many government agencies (Federal and State) and other organizations continue to use the term 
CCBs.  In addition, the terms coal combustion wastes (CCWs), coal combustion residues (CCRs), or fossil fuel 
combustion wastes (FFCWs) are used in Federal regulations in the same context as the term CCBs.  As a result of 



 
 68 

the interchangeable use of these terms (CCBs, CCPs, CCWs, CCRs, and FFCWs) there has been an industry 
movement to provide clarity based on use of these by-products.  2The term “products” applies when the material is 
used and the term “wastes” applies when the material is discarded.  However, this clarification is not accepted 
universally due in part to the many factors that may require a by-product to be disposed rather than utilized. As an 
example, the quote from an 3article by Debra Pflughoeft-Hassett in the 4Energeia Newsletter states: “70 percent of 
CCBs are being placed in permanent disposal sites in the United States annually, so the term waste is often 
applicable.  However, the term wastes more appropriately refers to the missed opportunity from disposal of these 
materials rather than utilizing them.”  
 

Background 
 
The majority of the terms associated with the CCPs/CCBs industry are defined in various publications that include 
standard making organizations such as ASTM and ACI, Federal and State government regulatory or other agencies, 
etc.  However, there is an issue with consistency in the usage of collective terms and with the definition for FGD 
material as can be observed from usage of the collective terms mentioned and the reference to the lack of 
conformance of the definition for FGD material to the current definitions.  A case for the need for practical working 
definitions was made in the previously mentioned article in Energeia by Debra Pflughoeft-Hassett.  Ms. Pflughoeft-
Hassett was a part of a movement by industry, including ACAA, the Utility Solid Waste Activities Group 
(USWAG), and other stakeholders, to provide for a more precise definition of coal combustion by-products/ 
products terms.  The need was identified as a result of the use of the term flue gas desulfurization material and other 
coal ash terms in coal mining reclamation applications.  This movement has resulted in the development of two 
documents that further define terms and usage.  The first is a “draft standard terminology for CCPs” that has been 
developed by the coal ash task group of ASTM Subcommittee E 50.03 and is about to become a standard 
terminology for CCPs.  The second is a draft document titled Glossary of Terms Concerning the Management and 
Use of Coal Combustion Products that has been published by the ACAA for its members.  
 

ASTM Subcommittee E50.03 
   
Currently this subcommittee deals with coal ash, sustainability, risk management, and pollution prevention.  A 
restructuring plan has been proposed for this subcommittee to have a more defined focus that will involve “the 
promotion of knowledge, stimulation of research, development and maintenance of standards and related documents 
for pollution prevention, and beneficial use.”5  The subcommittee has developed two existing standards regarding 
beneficial use of CCBs, which are:  
$ E1861-97 Guide for the Use of Coal Combustion By-Products in Structural Fills 
$ E2060-00 Guide for the Use of Coal Combustion Products for Solidification/Stabilization of Inorganic Wastes  
 
The subcommittee is working on new standards as follows:  
$ Standard Guide for Terminology of Coal Combustion Products  
$ Guide for the Use of Coal Combustion By-Products for Surface Mine Reclamation: Recontouring and Highwall 

Reclamation  
$ Guide for the Use of Coal Combustion By-Products for Surface Mine Reclamation: Revegetation and Mitigation 

of Acid Mine Drainage. 
 
The focus of the draft of the Standard Guide for Terminology of Coal Combustion Products is on the usage of terms 
in standards that exist, are under development, or are proposed by ASTM E50.03.  It does not address the use of coal 
CCPs in standards by other ASTM committees. 
 
ASTM uses a procedure of consensus in developing standards.  The definitions from the draft standard terminology 
of CCPs document reflect that a consensus has been achieved.  
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ACAA Glossary of Terms 
 
The terms and phrases in this glossary are associated both with the production, handling, storage, and use of CCPs, 
and with coal ash disposal.  Additionally, some environmental and regulatory terms associated with the use and 
disposal of these materials are included. This is a continuing effort and it is the best effort of the ACAA to reflect 
common usage in the industry.  The terms and phrases have not been developed by consensus. 
 

Is There an Appropriate Collective Term? 
 
The current usage of the collective terms CCBs, CCPs, CCWs, CCRs, and FFCWs by different stakeholders for 
referring to essentially the same materials is a factor that must be understood and recognized.  Industry has avoided 
the interchangeable use of the terms CCWs, CCRs, and FFCWs with CCBs and CCPs because the usage of CCWs, 
CCRs, and FFCWs is in the context that these are “solid wastes” which have to be disposed.  The recognition that 
these materials have value and could be used in various commercial applications resulted in a normal marketing 
approach in order to avoid the use of the term “wastes” and the connotation or association with that use.  The main 
challenge with the “wastes” designation is the body of government regulations that exists to protect public health and 
safety when a material is designated as a solid waste and the difficulty in getting the government regulators to 
recognize and allow for “beneficial use.”  The CCPs industry effort to avoid using the word wastes is not unique. It 
is common to other commercial or industrial processes that produce by-products in their effort to promote  
“beneficial use” and address solid waste regulatory requirements.  The usage of the collective term CCBs recognizes 
that the coal ash or other materials are the by-products of a coal fired power plant combustion or flue gas cleaning 
process.  The usage of the collective term CCPs recognizes that (1) gypsum that is manufactured as a part of the flue 
gas cleaning process at the coal fired power plant or (2) fly ash that is produced at the power plant to meet standards 
such as ASTM C 618 and that may involve the use of specific technologies are products.  As a result, the usage of 
these two termsCCCBs or CCPsCare appropriate and one can add a caveat “depending on the context.”  The ACAA 
addresses this usage of the various collective terms in its publications and communications by describing its 
preferred term CCPs.  This is a practice that is generally employed by University and other nongovernmental 
organizations in their usage of CCPs or CCBs.  The usage of the other collective terms will continue and the 
potential exists for government departments and agencies such as the USDOE National Energy Technology 
Laboratory (NETL) to develop additional collective terms to incorporate by-products from other processes such as 
gasification. 
 

What is this authors perspective 
on usage of the terms associated with the management and use of CCPs? 

 
The use of English words take on different meanings over time.  This is supported by situations that have been 
reported in the press where public or other officials have been severely criticized because of their use of words 
whose meaning have changed over time for a number of reasons and whose current use was considered 
inappropriate.  Words and phrases are constantly being added to the English language to meet the needs of the 
various stakeholders in the society and can be euphemisms, jargon, bureaucratese, etc. The Federal and State 
Government through regulations or other initiatives, the CCPs industry, University researchers, and others are 
contributing to this addition of words and phrases in order to meet communication and other needs associated with 
the management and use of CCPs.  Each stakeholder generally defines these words and phrases and the pecking 
order of our society will result in the Government usage dominating or being referenced by the CCPs industry 
regardless of the origins of the use of these words and phrases.  The words and phrases associated with CCPs 
management and use are influenced or affected by their usage in other standards such as ASTM or ACI and by their 
usage in different regions of the country.  
 
 

What are some of the key CCPs terminology 
that affects the utilization of CCPs in coal mining reclamation applications? 

 
The terminology for CCPs that is presented in this section addresses the key or major terms and definitions from the 
draft standard terminology for CCPs as referenced above.  Also, a commentary is provided for each of the definitions 
using information from the ACAA Glossary of Terms as referenced above or from other sources.  The order of the 
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information is not alphabetical and is as follows: 
 
Coal ash B a collective term referring to any solid materials or residues (such as fly ash, bottom ash, or boiler slag) 
produced primarily from the combustion of coal. 
 

CommentaryCCoal ash is a widely used term in the industry and it is included in the definition of CCPs and 
CCBs. The ACAA Glossary provides additional information to this definition as follows: ACollective term 
referring to any materials or residues produced directly from the combustion of coal and especially from coal-
fired power plants. 6>It is much like volcanic ash.  It consists of limestone, iron, aluminum, silica sand, and clay. 
In addition it contains trace quantities (in the parts per million range) of the oxidized forms of other naturally 
occurring elements.  These same elements exist in soil, rock, and coal.=  The coal can be bituminous, 
subbituminous, lignite, or a mixture of these coals.  The residues of mixtures of small quantities of other fuels, 
such as petroleum coke, fuel oil, etc., with coal also are referred to as coal ash.  Current usage of the coal ash 
collective term is synonymous with the term coal combustion ash and coal combustion residue (CCR). Also, 
coal ash is a component of the term coal combustion by-product (CCB) covering only the materials or residues 
associated with the combustion of coal and not the residues from flue gas cleaning.@ 

 
The reference to mixtures of other fuels in this commentary is a condition that is coming to the forefront as to 
when is coal ash not coal ash because of the percentage of ash from the mixtures of other fuels which could be 
biomass. This determination could have implications for use in coal mining and other applications. 

 
Fly Ash B coal ash that exits a combustion chamber in the flue gas and is captured by air pollution control equipment 
such as electrostatic precipitators, baghouses, and wet scrubbers. 
 

CommentaryCFly ash is included in the definition for CCPs or CCBs. Fly ash is historically the most commonly 
marketed coal combustion product. The ACAA Glossary provides additional information to this definition as 
follows: 

 
AFly ash is typically a pozzolan.  Some fly ashes also exhibit self-hardening properties in the presence of 
moisture.@ 

 
Fly ash has various uses in coal mining applications throughout the country. Fly ash that does not conform to 
ASTM C 618 offers a low cost advantage for uses in coal mining applications that does not involve its use as an 
admixture in concrete. Fly ash in the Western States is sometimes a part of dry scrubber material. 

 
Fly ash-lime content B the total calcium content of fly ash, including reactive and non-reactive calcium species 
expressed as calcium oxide (CaO). 
 

CommentaryCFly ash from bituminous coals usually has a relatively low calcium oxide content (less than 2 
percent) when compared to fly ash from subbituminous or lignite coals (generally more than 10 percent).  

 
Cementitious ash B fly ash that hardens irreversibly when mixed with water.  Also referred to as self-cementing ash. 
 

CommentaryCClass C fly ash is cementitious. 
 
Cementitious mixture B A combination of more than any one of the following materials to make a cement paste: 
hydraulic cement, portland cement, coal fly ash, FBC ash, lime, ground granulated blast furnace slag, lime kiln dust, 
and cement kiln dust.  It may be used by itself for grout, to bind aggregates or fine materials to make concrete or 
controlled low strength materials (CLSM), or for soil stabilization and solidification. 
 

CommentaryCThis definition references CCPs to a greater extent than other definitions. 
 
Class C fly ash B fly ash that meets criteria defined in ASTM C618 for use in concrete.  
 

CommentaryCThe phrase Afor use in concrete@ has been added for clarification. 
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Class F fly ash B fly ash that meets criteria defined in ASTM C618 for use in concrete. 
 

CommentaryCThe phrase Afor use in concrete@ has been added for clarification. 
 
Conditioned ash B ash that has been moistened with water during the load out process at the temporary storage silo 
at the power plant to allow for its handling, transport, and placement without causing fugitive dusting. 
 

CommentaryCConditioned ash is usually designated for placing in a landfill, although it can be used in 
beneficial applications that include coal mining reclamation projects. 

 
Dry fly ash B fly ash that has been collected by particulate removal equipment such as electrostatic precipitators, 
baghouses, mechanical collectors, or fabric filters. 
 

CommentaryCDry fly ash is transported in bulk carriers (truck or rail cars or barges). 
 
Ponded ash B ash that is in an ash pond or that has been excavated from an ash pond. 
 

CommentaryCPonded ash is being used in construction and coal mining reclamation applications  
 
Bottom ash B agglomerated ash particles formed in pulverized coal boilers that are too large to be carried in the flue 
gases and impinge on the boiler walls or fall through open grates to an ash hopper at the bottom of the boiler.  
Bottom ash is typically grey to black in color, is quite angular, and has a porous surface structure. 
 

CommentaryCBottom ash is used as an aggregate in construction and coal mining applications.  
 
Boiler slag B a molten ash collected at the base of slag tap and cyclone boilers that is quenched with water and 
shatters into black, angular particles having a smooth, glassy appearance. 
 

CommentaryCBoiler slag is in high demand for beneficial use (blasting grit, roofing granules, etc.), but 
supplies are decreasing because of the removal from service of power plants (due to their age) that produce 
boiler slag. 

 
Fluidized-bed combustion (FBC) ash B the fly ash and bed ash produced by an FBC boiler. 
 

CommentaryCThe ACAA Glossary expands on this definition by stating AFBC fly ash is removed from the flue 
of an FBC boiler using a baghouse filter or electrostatic precipitator.  FBC bed ash is the residue that is 
removed from the bottom of the FBC boiler.  Some FBC fly ashes exhibit self-hardening properties in the 
presence of moisture.@  The FBC ash from high sulfur coals has been identified to have chemical characteristics 
that can cause it to swell when water is added due to the formation of ettringite. 

 
Fluidized-bed combustion (FBC) bed ash B the spent bed material that is produced by an FBC boiler. The bed ash 
is usually collected separately and can be considered as being equivalent to bottom ash in dry bottom or wet-bottom 
wall-fired furnace. 
 

CommentaryCFBC bed ash must be tested for the formation of ettringite.  
 
Fluidized-bed combustion (FBC) products B the unburned coal, ash, spent bed material, and unreacted sorbent 
produced by an FBC boiler. 
 

CommentaryCFBC products possess chemical characteristics that could be of advantage in acid mine drainage 
and mine-land reclamation applications. FBC products must be tested for the formation of ettringite. 

 
Flue gas desulfurization (FGD) B removal of gaseous sulfur dioxide from boiler exhaust gas.  Primary types of 
FGD processes are wet scrubbers, dry scrubbers, and sorbent injection.  Sorbents include lime, limestone, sodium-
based compounds, and high-calcium coal fly ash. 
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Dry FGD ash B see dry FGD material. 
 

Dry FGD material B the product that is produced from dry FGD systems and consists primarily of calcium 
sulfite, fly ash, portlandite (Ca(OH)2), and/or calcite. 

 
Fixated FGD material B a designed mixture of dewatered FGD sludge that is primarily calcium sulfite with 
either a high-lime fly ash or a low-lime fly ash combined with a cementitious material.  FGD sludge is also 
known as scrubber sludge, scrubber material, FGD solids, filter cake, or centrifuge cake. 

 
Lime spray drier ash B see dry FGD material. 

 
Stabilized FGD material B another name for fixated FGD material. 

 
Wet FGD products B the product of wet FGD processes or systems.  It is composed primarily of water, calcium 
sulfite/sulfate solids, and small quantities of fly ash.  Wet FGD products can be thixotropic. 

 
FGD gypsum B gypsum formed from an oxidizing and calcium-based flue gas desulfurization process.  

 
FGD material B a product of an FGD process typically using a high-calcium sorbent such as lime or limestone.  
Sodium-based sorbent and high-calcium coal fly ashes also are used in some systems.  The physical nature of 
these materials varies from a wet thixotropic sludge to a dry powdered material depending on the process.  

 
FGD material dry scrubbers B the dry powdered material from dry scrubbers that is collected in a baghouse 
along with fly ash and consists of a mixture of sulfites, sulfates, and fly ash. 

 
CommentaryCThe format of the definitions of the materials presented above is intended to provide users with 
an understanding of the FGD process and the materials from the various FGD processes.  These definitions are 
precise and should clear up the inappropriate use and definitions for FGD material.  

 
Beneficial use of a CCP - the use of or substitution of the coal combustion product (CCP) for another product based 
on performance criteria.  For purposes of this definition, beneficial use includes but is not restricted to raw feed for 
cement clinker, concrete, grout, flowable fill, and controlled low strength material; structural fill; road base/subbase; 
soil-modification; mineral filler; snow and ice traction control; blasting grit and abrasives; roofing granules; mining 
applications; wallboard; waste stabilization/solidification; soil amendment and agriculture. 
 

CommentaryCThere are various regulatory definitions of beneficial use. This definition is for beneficial use of a 
CCP.  

 
Product B any object possessing intrinsic value, capable of delivery either as an assembled whole or as a component 
part or parts, and produced for introduction into trade or commerce. 
 

CommentaryCThis definition provides the basis for the collective term CCPs. 
 
Ammoniated ash B ash that contains ammonia and/or ammonium salts as a result of the addition of ammonia or 
ammonium salts to the flue gas at the power plant. 
 

CommentaryCThis definition is provided to make users in coal mining reclamation applications aware of the 
existence of this ash. 

 
What are some of the terms, which are covered in the ACAA Glossary,  

that are relevant to this discussion? 
 

The definition of the collective terms that are not presented in the section above and are covered in the ACAA 
Glossary are presented as follows: 
 
Coal combustion ash B collective term referring to any materials or residues produced from the combustion of coal. 
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CommentaryCThis is the same definition that is used by the OSM on its website. The OSM identifies other 
collective terms under this definition that includes coal ash, coal combustion residue, and coal combustion 
material. 

 
Coal combustion by-products (CCBs) B collective term referring to fly ash, bottom ash, boiler slag, fluidized bed 
combustion ash or flue gas desulfurization (FGD) material resulting from the combustion of coal and the cleaning of 
the stack gases.  Also a collective term referring to any large volume material or residue produced from the 
combustion of coal or the cleaning of the stack gasses, regardless of ultimate commercial application or disposal. 
 

CommentaryCThis is the same definition that is used by the OSM on its website except that the sentences are 
not in the same order. 

 
Coal combustion residue (CCR) B collective term referring to any materials or residues produced from the 
combustion of coal.  CCR has been a term used in scientific literature and by the United States Environmental 
Protection Agency (EPA) and environmental groups, but used little by the coal ash industry. 
 

CommentaryCThis definition is the same as that for coal combustion ash described above except for the 
clarification on usage. 

 
Coal combustion wastes (CCWs) B a collective term for materials or residues produced from the combustion of 
coal or the cleaning of stack gases that are disposed of as a solid waste.  This term is used in Federal and State 
regulations and by environmental groups. 
 

CommentaryCThe OSM definition states: AA collective term for materials or residues produced from the 
combustion of coal or cleaning of stack gasses for which there are no commercial markets and they are 
disposed of as a solid waste.@ 

 
Ettringite B a highBcalcium sulfoaluminate mineral (Ca6.Al2(SO4)3(OH)12.26H2O) that is expansive because of its 
crystal structure; a mineral composed of hydrous basic calcium and aluminum sulfate that expands when wet upon 
forming its crystalline structure.   
 

CommentaryCThe definition in the draft terminology ends after the formula.  
 
Ettringite formation B the phenomenon that leads to the formation of ettringite and can occur in coal 
ash/lime/sulfur mixtures.  Ettringite is formed by the combination of aluminum from the coal ash, lime, and sulfates 
from the scrubber process and water. These four substances are required for ettringite to form.  Swelling problems 
due to ettringite formation have occurred with coal ash that contains scrubber or FBC residue. Swelling problems 
rarely occur with coal ash that does not contain scrubber or FBC residue. 
 

CommentaryCThis definition is not in the draft terminology for CCPs. 
 
Flowable fill B a material that flows like a liquid, is self-leveling, requires no compaction or vibration to achieve 
maximum density, hardens to a predetermined strength, and is sometimes a controlled low strength material 
(CLSM). Coal combustion products (CCPs) are used in manufacturing flowable fills.  The proportion of the CCPs in 
the flowable fill mixture can be 100% for an all ash flowable fill that consists of a combination of a Class C (high 
lime) fly ash and a Class F fly ash and water.  It can be a major portion of a mixture that consists primarily of fly ash 
or fly ash and bottom ash and a small amount of cement or cement and lime.  Also, it may consist of only a high lime 
Class C fly ash (derived from the burning of Powder River Basin subbituminous coal) and sand with no addition of 
cement.  The term flowable fill also applies to fixated FGD material that is enhanced with added lime or cement and 
that is used in underground mine filling applications. 
 

CommentaryCThe draft terminology for CCPs has a definition for flowable fill but it is not as complete as this. 
 
Fossil fuel combustion wastes (FFCWs) B a collective term utilized by the EPA for materials or residues produced 
from the combustion of coal or the cleaning of stack gasses. 
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CommentaryCThis is the same definition that is used by the OSM on its website. 

 
Conclusion 

 
The draft terminology for CCPs should become a standard guide in the near future.  At that time it will be available 
from ASTM.  Users of CCPs in coal mining applications are encouraged to acquire a copy of this Standard Guide 
for Terminology of Coal Combustion Products. 
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Abstract 

 
Good instrumentation is becoming more available for the chemical analyst to determine the elemental and trace 
element content of coal ash by-products.  The trick needed, to instill engineering confidence and receive good or 
even great analysis, is to be able to apply the appropriate instrument to the matrix at hand.  In this presentation, I will 
present a brief overview of analytical instrumentation commonly in use in many analytical laboratories and a little on 
how to apply the instrument to a coal ash or fly ash matrix.  Unfortunately, some of the following explanations of the 
analytical techniques have to be abbreviated and necessarily simplified because of shortness of time and writing 
ability.  However, be assured that many books, articles, and more books explaining theoretical and practical 
applications have been written and will be written on each of the analytical techniques given in this short 
presentation. 
 

Atomic Absorption Spectrophotometer (AA) 
 
“Atomic absorption spectrometry is based upon the absorption of resonance radiation by an atomic vapor of the 
analyte.  The resonance radiation corresponds to the wavelengths associated with the excitation of ground state 
gaseous analyte atoms.”1  
 
For coal combustion products, this statement has some sinister meanings.  It means to the analyst in the chemistry 
lab that the sample must be in a form to use the AA instrument to obtain the desired analysis.  It calls for total 
solubilization or a 100 percent extraction with acid or bases to obtain the desired analyte, either in a water-soluble 
form or a vapor.  Sometimes this is not the easiest thing to do for coal combustion products, especially when dealing 
with very insoluble material like calcium sulfate or many barium compounds.  When the material is presented to an 
AA in the appropriate form, the solution is then aspirated through a flame, which desolvates the material and causes, 
in most cases, a sufficient amount of analyte to not only ionize but also a portion of the species to be in a ground 
state of zero.  That’s the portion of the sample that we deal with.  By the use of a lamp which contains a small 
amount of the element that is being analyzed, emitting light specific to that element is shown through the now 
desolvated elemental species, which is in the ground state zero causing the element to absorb the light and jump to 
an excited state.  This absorption, or really lack of light shining through the flame, can be qualitatively sorted with 
grating or prism and the response, or really the decrease in response, can be quantified with photo multipliers and 
equated to standards in the appropriate matrix.  Methods exist for the use of AA when analytically applied to fly ash 
or coal ash and have been used to determine majors and minors in fly ash or coal ash.  Drawbacks include the 
difficulty in dissolution of the ash especially for silicon, titanium, and barium compounds. 
 

Graphite Furnace Atomic Absorption (GFAA) 
 
Graphite Furnace Atomic Absorption Spectrophotometer (GFAA) is another way to vaporize an analyte from a 
solution into an optical path for determining the absorption signal.  “Electrically heated graphite tubes, which are 
more efficient than flames in atomizing the sample, are commonly used for producing atomic vapors. Only micro 
liter quantities of the sample solution are required for the determination of analyte at concentrations two to three 
orders of magnitude below those measurable by conventional flame atomization.”1  The graphite furnace or graphite 
rod is normally a pyrolyzed, trace element free, graphite that is heated very rapidly by resistive heating to very hot 
temperatures, on the order of 1000 to 3000 oC.  Drying and ashing steps can be included in the ramped heating 
stages, which can help when analyzing trace elements in organics.  As in the case of flame AA, generally only one 
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element at a time is determined.   
 

Inductively Coupled Plasma Optical Emission Spectrometry  
(ICP-OES or more commonly ICP) 

 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES or more commonly ICP), again uses a 
solution, usually aqueous, that is to be analyzed by aspirating a portion of the sample in the form of a fog, into an 
argon plasma torch where the fogged solution is sent through an extremely hot argon plasma at about 10,000oK 
(10,273 oC) where most contained elements are excited and emit light that is characteristic of the contained elements. 
 When the elements return to a lower or normal electronic state, which is characteristic of the elements ionized, the 
emitted light can be quantified by using a prism or grating to sort, according to wavelength, and quantified by 
impinging the identified wavelength on a photo multiplier.  The ICP is calibrated versus standards containing known 
amounts of the analyte elements.  Standard solutions should match as closely as possible the analyte sample matrix.  
Disadvantages to this instrument are that the ICP combines to a large extent the disadvantages of AA along with 
those of emission spectrography, all in one instrument.  In AA, the sample must be a form that can be vaporized, 
which normally means aqueous solubilization or, at the very least, 100 percent extraction of the analyte, which can 
be difficult to achieve.  Emission spectrograph (or spectrometry) has many spectral and molecular interferences 
because gratings that achieve ultra high resolution to minimize spectral overlap haven’t been invented.  The only 
thing that saves the ICP from abject trashing of the technique is the ultra hot argon plasma torch.  Most elements 
when subjected to 10,000oK tend to excite and consequently emit light that can be quantified very well.  Detection 
limits with ICP are very good for most elements.  Many samples and many elements per sample can be analyzed 
quickly making ICP a workhorse in most laboratories.  Drawbacks, in a similar fashion to AA methods include (1) 
difficulty in dissolution of the ash especially for silicon, titanium, and barium compounds, and (2) matching the 
matrix of coal combustion products. 
 

Inductive Coupled Plasma/Mass Spectrometry2 (ICP/MS) 
 
Inductive Coupled Plasma/Mass Spectrometry2 (ICP/MS) analysis is a different way of looking at elemental 
analysis. The sample, normally in a aqueous solution, is ionized in the argon plasma, as in the case with ICP-OES.  
Then, a portion of the argon/sample plume is taken through a “skimmer cone” that goes from essentially atmospheric 
pressure to a vacuum and in a very short distance into a low resolution mass spectrometer source that operates at a 
vacuum.  Instead of looking at emitted light from the ionized element, the ions resulting from the ICP plume are 
mass analyzed.  Interferences in the low-resolution quadrupole ICP/MS are many and varied.  The mass analyzer 
normally used is a quadupole mass spectrometer, which means that, at best, resolution in the mass analyzer is unit 
resolution.  Resolution in a mass spectrometer is defined as the ability of the mass analyzer to separate elemental 
species from isotopic and positively charged molecular interferences that are common in ICP/MS.  These 
instruments are good production instruments with very low detection limits, but again, the sample must be in 
aqueous solution.  The disadvantage is that the instrument cannot handle high “salt” concentrations.  Therefore, for 
coal combustion products, after dissolution, the aqueous sample must be diluted up to 500 to 1000 times, causing 
dilution errors as well as possible misidentification of mass spectra or contamination from reagents.  A way around 
this, for ICP/MS, is to use a high resolution MS, which has a better chance of sorting out the elemental ions from 
interferences.  For production instruments, resolutions on the order of 5,000 to 10,000 are necessary which means a 
magnetic sector instrument.  But (isn’t there always a but), the use of the magnetic sector instrument means that the 
throughput of the sample/time period falls and that the electronic and mechanical maintenance of a magnetic sector 
instrument is considerably higher. 
 

X-ray Fluorescence Spectrometry (XRF) 
 

In the analysis of coal combustion products, an analytical instrument that would analyze solids without being matrix 
dependent and have high precision would be very helpful, especially in the analysis of major concentrations of the 
elements determined.  X-ray Fluorescence Spectrometry (XRF) comes close.  There are two major different types of 
XRF instruments: wavelength dispersive (WDXRF) and energy dispersive (EDXRF).  EDXRF is very fast in 
acquiring spectra and is a very good choice of instrumentation when qualitative and a minimum of quantitative 
analysis is needed.  The second general type of instrument is wavelength dispersive X-ray fluorescence 
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spectrometer.  The WDXRF is better suited to fly ash and coal combustion product analysis than almost any other 
analytical instrument.  The WDXRF analyzes primarily solids, but can be used for liquids in special cases.  Most 
instruments can be used to analyze elements in the periodic table from atomic number 11 (sodium) and up.  Sample 
preparation is everything for this instrument and particle size, crystal effects, and matrix corrections must be 
carefully controlled.  If the sample matrix is close to a standard matrix, then standardization is fairly simple.  If not, 
then an “analytical trick” can be used to level the matrix so that every sample looks very similar in elemental 
composition to the instrument.  That “analytical trick” is lithium borate fusion, in which fly ash, cements, iron ores, 
concrete, and many other sample types are diluted and fused with a mixture of lithium tetra borate and lithium 
carbonate to a fairly high dilution, say 10:1, before presenting to the WDXRF.  Sensitivity for most elements in this 
dilution is sufficient to achieve good peak intensity and counting rates.  The WDXRF shines when it comes to 
precision in determining relative intensity of the appropriate element peaks.   
 

X-ray diffraction (XRD) 
 

X-ray diffraction (XRD) is used to identify crystalographic3 changes, stability of phases, unit cell dimensions, degree 
of crystalinity, molecular weights, atomic structure, and allotropic modifications.  In normal analysis, XRD has but 
limited use in the analysis of fly ash and coal combustion products, except when the analysis just listed could 
become important.  Generally, the limits of detection when applied to identification of a crystal species doesn't go 
much below 2.5 percent of the amount of analyte species, so XRD is best used when high concentrations are to be 
identified. 
 

Glow discharge mass spectrometry4 (GDMS) 
 

Glow discharge mass spectrometry4 (GDMS) is a mass spectrometric analytical technique applicable to the analysis 
of inorganic composition of solids, especially for determining trace element composition.  Since the instrument is a 
mass spectrometer, it is also capable of determining isotopic composition simultaneously with elemental content. 
 

Spark Source Mass Spectrography (SSMS) 
 

The development of spark source mass spectrography (SSMS) in the late 1960s parallels current GDMS 
development in that solids are analyzed with little or no sample preparation and a mass spectrometer is used to 
differentiate the output signal.  SSMS will very quickly scan most liquids (through evaporation on a conductive 
substrate) and most solids after mixing with a conductive substrate for major, minor, and trace element identification. 
 After qualitative identification of elements with the SSMS, the next question is always “how much” of the analyte is 
present.  Semiquantitation for trace elements (0.1 to 100 ppm) is possible; however, precision is a major stumbling 
block for the SSMS technique.  The basic problem with the SSMS is the source:  the rf driven spark is erratic in 
nature and it is difficult to reproduce sparking conditions from sample to sample.  In fact, the spark source, since it is 
so erratic, requires a total integrating ion detector, such as a photoplate, to average the variations over time. 
  
The glow discharge source, in contrast to the spark source, provides a stable source of ions for mass spectrometric 
analyses.  In a direct current source mode, which is the normal source mode, the GDMS is used to run conducting 
samples, such as metals and semiconductors.  A newer source called a radio frequency (rf)-source will allow the 
analysis of nonconductors, such as fly ash, by using radio frequency to generate elemental ions from the sample.   
 
A stable source of ions allows sequential scanning of the ion beam for the mass to charge ratios of interest using a 
Faraday detector or Daly detector.  It allows for faster, more precise quantitation of elemental content.  The 
quanitation of trace, minor, and major elements is possible over nine orders of magnitude.  Since the instrument is a 
mass spectrometer, it also has the capability to do isotopic analysis and isotopic dilution in a wide variety of solids 
and liquids. 
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Abstract 
 

Determining the environmental performance of CCBs is no small task and has long been investigated, scrutinized, 
and debated by groups interested in the environmentally safe management of CCBs.  A regulatory perspective of this 
issue frequently requires some predetermined testing of CCBs based upon the designation of solid waste under 
RCRA (Resource Conservation and Recovery Act) Subtitle D.  A variety of laboratory leaching methods have been 
developed and/or applied to CCBs.  These include batch tests, column tests, and serial and sequential leaching tests, 
but few of these procedures are designed specifically for CCBs.  Because the tests are not designed for use with 
CCBs, they do not account for several typical reactions in CCBs under hydration.  It has long been known that 
laboratory leaching procedures cannot precisely simulate field conditions nor predict field leachate concentrations.  
However, with careful application of scientifically valid laboratory procedures, it is possible to improve laboratory-
field correlations and modeling efforts focused on predicting field leachate concentrations.  
 
The CCB industry needs to develop a selection of laboratory leaching procedures that more closely simulate field 
management scenarios.  These procedures need to follow guidelines raised by the U.S. Environmental Protection 
Agency (EPA) in its recent reevaluation of waste characterization.  It is anticipated that a limited number of 
procedures can be identified and selected to accomplish goals for various management options.  Some of the 
technical/scientific variables that need to be addressed for different scenarios are: 
$ Long-term hydration reactions that can impact leachate concentrations of several constituents of interest. 
$ The means by which water contacts the CCB in order to simulate the reduced permeability frequently exhibited 

in CCB utilization applications. 
$ Impact of pH and other CCB properties on the leachate and resultant leaching. 
$ Prediction of, and changes in, leaching over time. 
 
A discussion of these issues is intended to initiate an industrywide evaluation of the use of laboratory evaluations to 
predict environmental performance of CCBs in mine settings and in other management scenarios. 
 

EPA Leachate Methods 
 
According to the U.S. Environmental Protection Agency (EPA), the following information relates to SW-846: 

1. Any reliable analytical method may be used to generate the vast majority of environmental data for the 
Superfund and Resource Conservation and Recovery Act (RCRA) programs. 

2. EPA regulations do not routinely restrict the choice of analytical methods to those published in SW-846. 
3. The choice of methods other than SW-846 methods, or modifications of SW-846 methods, is encouraged to 

improve site-specific analytical performance. 
     
This is good news to those who recognize the limitations of toxicity characteristic leaching procedure (TCLP) 
leaching when used to evaluate CCBs for potential for environmental impact. 
 
The TCLP is often used in a generic manner for the prediction of leaching trends of wastes, although the intent of 
this test was for the prediction of leaching under co-disposal conditions in sanitary landfills.  The application of 
acidic conditions to predict field leaching that can occur under a wide range of conditions may lead to false 
prediction of leaching trends.  Additionally, conditions imposed on leaching systems by inappropriate leaching 
solutions may alter the distribution of redox species that would be found in the field and, in some cases with reactive 
wastes, 18 hours, as specified in the TCLP and other short-term leaching tests, may be an insufficient equilibration 
time.  In order for a batch leaching test to be useful in determining potential for environmental impact, several 
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qualities must be embodied by the protocol: 
1. The test must be relevant with respect to providing both scientifically and legally 

defensible data. 
2. The test must be relatively easy to conduct. 
3. When being used with CCBs, the test must take into account the unique properties of the material, 

especially the hydration reactions of alkaline CCBs. 
 

Synthetic Groundwater Leaching Procedure (SGLP) 
 
A generic test of leachability, the synthetic groundwater leaching procedure (SGLP), with a long-term leaching 
(LTL) procedure, developed at the Energy and Environmental Research Center (EERC) at the University of North 
Dakota, has been used for nearly 20 years to predict leaching of coal combustion residues and other similar solid 
waste materials under field conditions (Hassett, D.J., 1987; 1997). Specific uses have included characterization of 
coal ash disposed of in monofills and prediction of mobility of selenium in mined areas.  In many applications, this 
test has demonstrated trends significantly different from TCLP and other commonly used leaching protocols.  In the 
case of coal ash, the trends indicated for leaching by the SGLP show very different trends than the TCLP.  These 
differences can be explained by the fact that many commonly used leaching tests impose conditions different from 
those in a field environment on samples and, thus, bias data in a manner leading to inappropriate interpretation for 
environmental impact.  Elements most often affected include arsenic, boron, chromium, vanadium, and selenium.   
 
Long-Term Leaching 
 
Long-term leaching using the LTL procedure, which is an extended-time SGLP, is used for waste materials after 
disposal that may undergo hydration reactions upon contact with water.  The implication for the usefulness of these 
tests is magnified by the increase in reactive wastes that will be produced using advanced combustion systems to 
comply with the Clean Air Act. These materials, which are almost always reactive, behave much differently under 
field conditions than would be predicted using the TCLP or other short-term leaching procedures.  At the present 
time, the SGLP test, along with long-term leaching, has been used in a number of States, including Minnesota, North 
Dakota, and Indiana, for determination of environmental impacts of coal conversion solids. The test has been written 
up in draft form for consideration by the American Society for Testing and Materials (ASTM) as a standard for 
leaching of coal ash. 
 
Since many CCBs are reactive materials that become chemically altered upon contact with water, leaching tests must 
be based on an experimental protocol that takes this into account. Appropriate leaching must include long-term 
contact between water and ash to allow chemical and mineralogical changes to take place.  The inappropriate or 
premature removal of leachate constituents must be absolutely avoided.  Sequential batch and column leaching often 
remove potentially reactive constituents from ash-water systems and, although appropriate for other uses, will 
provide misleading information when applied to CCBs.  Static, long-term batch leaching most appropriately mimics 
natural conditions of ash disposal with water infiltration since fly ash typically becomes relatively impermeable upon 
contact with water.  The use of a batch leaching test where ash-water equilibrate for up to 30 or 60 days allows for 
the formation of important secondary hydrated phases such as ettringite and promotes equilibrium conditions with 
respect to environmentally important major, minor, and trace elements.  Because of the importance of hydration 
reactions, interpretation of the potential for environmental impact should be based upon the longest-term leaching 
test results.  
 
Liquid-to-Solid Ratio 
 
The SGLP is appropriate for the screening of ash for potential environmental impact. The liquid-to-solid ratio, at 
20:1, is the same as specified in the EPA TCLP and has a scientific basis for determining hazardousness.  As with 
the TCLP, end-over-end agitation is used; however, the leaching solution in the SGLP is dependent on local 
conditions at the disposal location and also determined by the solution most likely to contact the waste material.  
Solutions that have been used include: synthetic acid precipitation, distilled deionized water, and groundwater either 
from the site or prepared in the laboratory based on groundwater analyses from the disposal site. Although not 
perfect, this type of batch leaching test is, for the present time, what is being used and is considered by many to be 
adequate, perhaps even conservative. Arguments have been made for alternative tests.  Although arguments can be 
made for the use of these alternative tests, they are usually made in the absence of an understanding of the 
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fundamental nature and chemistry of CCBs.  For this reason, arguments that may appear reasonable may, in the 
broader context of ash hydration mechanisms and ash chemistry, be fundamentally flawed and provide misleading 
information if used to predict the environmental impacts of CCBs.  
 
The proposed test is intended to provide a true indication of leachability of ash constituents based on a current state-
of-the-art understanding of ash chemistry, mineralogy, and hydration reactions.  Certain chemical reactions can 
occur when ash and water are mixed, which are referred to as hydration reactions.  Although the common 
understanding of hydration is usually limited to incorporation of water, the term is used in this document in a broader 
sense to refer to all reactions, including incorporation of water, that ash undergoes when contacted by water, either 
as groundwater or rain infiltration.  Although the simple introduction of water does not ensure that leachate will be 
generated, it can be assumed that in the case of reactive ash, there will be chemical reactions (ash-ash interactions) 
forming, what are generally referred to as, secondary hydrated phases. 
 
Ettringite Formation 
 
The most notable of these hydrated phases is ettringite.  Ettringite is a mineral with the nominal composition 
Ca6Al2(SO4)3(OH)12 $ 26H2O.  Ettringite is also the family name for a series of related compounds.  Ettringite 
formation can result in the chemical incorporation of trace elements that exist as oxyanions in aqueous solution.  
These include, but are not limited to arsenic, boron, chromium, molybdenum, selenium, and vanadium.  In the 
incorporation of these trace elements into ettringite, the trace element is substituted for the sulfate in the nominal 
structure.  Thus, true chemical fixation is the most important removal mechanism, although sorption of arsenic 
species has been reported in the literature.  
 
The general conditions that allow for ettringite formation are the presence of soluble aluminum, calcium, and sulfate 
and a source of alkalinity.  A pH environment of between about 11 and 12.5 is most favorable, although ettringite 
has been known to form in pH environments below these limits.  Since calcium, aluminum, and sulfate are involved 
in ettringite formation, it is not uncommon to see reductions in the solution concentrations of these constituents as 
ettringite forms.  Further, ettringite consists of more than 38 percent water.  Thus, ettringite formation is often 
accompanied by an apparent drying of the material in which it is forming.  Ettringite formation can occur over 
several hours or can take months, depending on the availability of the essential constituents required for synthesis.  
The solubility of calcium, aluminum, and sulfate is highly variable between ash types.  The rates of solubility can 
vary between the three constituents.  This means that the rate of formation of ettringite is difficult to predict from a 
simple chemical analysis of the ash and will generally be related to the rate of availability of one limiting constituent. 
 In areas with high-sulfate groundwater, cases have been documented where infiltration of natural waters through 
CCBs has resulted in an improvement of water quality.  
 
Estimation of Leachate Mobility 
 
The SGLP provides data that can be used for the estimation of mass of analyte that can be mobilized in short-term 
and long-term field leaching scenarios.  Additionally, this test can predict analyte concentration evolution, meaning 
in higher concentrations approaching an equilibrium concentration or decreasing concentrations leading to 
equilibrium concentrations that will be lower than predicted by a short-term batch leaching test.  Column leaching 
tests are generally not applicable to the leaching of potentially reactive wastes described above.  In column tests, 
flow through the waste can deplete readily mobilized constituents, several of which, including aluminum, calcium, 
and sulfate, are necessary for ettringite formation. In addition to potentially minimizing the formation of secondary 
hydrated phases, column tests are often run at artificially high flow rates.  A measurable flow is necessary for a 
laboratory test in order to generate sufficient leachate for analysis.  In many ash monofills, the compacted ash can 
have a lower hydraulic conductivity than surrounding sediments.  
 

Summary 
 
The information presented above has described a leaching method suitable for use with alkaline CCBs or other 
reactive alkaline finely divided materials.  The method described will generate legally and scientifically defensible 
data for the evaluation of CCBs for potential environmental impacts.  While there are few researchers who rely on 
TCLP leaching to determine potential environmental impacts of CCBs, some regulatory agencies still routinely 
mandate this test. Because of the importance of the potential implications related to the disposal of up to  
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100 million tons of material each year, the significance of generating scientifically and legally defensible data cannot 
be overemphasized.  
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Abstract 
 
Physical evaluation of CCBs in the laboratory and their subsequent performance in a field setting can at times be 
vastly different.  It is an important aspect of CCB utilization that is often overlooked by engineers and end users.  
The focus of this paper is on two applications of fly ash used as a means for stabilizing native soils.  Extensive 
laboratory testing was performed on several different soils and fly ash mixtures as well as on the soils and fly ash 
alone.  Predictions of field performance were then determined from these laboratory tests.  Field-testing methods 
were then determined in order to verify the performance of the actual field applications. 
 
The laboratory methods for mixing and moisture control were very exact and therefore difficult to replicate in the 
field setting.  Recognition of this in determining optimum field design mixes is extremely important.  Field 
application, therefore, leads to the use of volumetric measurements that were easy to control.  Predetermined 
physical areas of soil and known truck volumes of fly ash were utilized in order to obtain the desired level of 
stabilization.  Testing of the field mixes determined that the method, though somewhat subjective, achieved the 
desired levels of replacement. 
 

Introduction 
 

The Coal Creek Station (CCS) facility is a two-unit 1100-megawatt lignite-fueled power plant located 50 miles 
northwest of Bismarck, North Dakota that has been in operation since 1980.  CCS has consistently produced a high 
quality fly ash that has been demonstrated over the years to effectively enhance the performance of concrete.  The 
use of the ash as a soil enhancement method had not been demonstrated.  The Falkirk Mine (FALKIRK) supplies 
fuel for CCS and utilizes 160-ton haul trucks to move the lignite fuel to the plant.  Poor soil conditions and road 
construction in regraded areas has been an area of concern and high costs for the mine. 

 
The primary goal of this effort was to demonstrate the improved engineering performance and cost benefit of CCS 
fly ash in the construction of haulroad subgrade and subcut.  CCS fly ash was used in conjunction with spoils and/or 
subsoil in haulroad subgrade and subcut construction at the site.  A section of haulroad subgrade and subcut was 
constructed in May of 2000 using CCS fly ash blended with spoils and with subsoil while the remaining haulroad 
subgrade and subcut was constructed using conventional spoils and subsoil (unmodified soils).  Construction 
techniques were the same for the entire haulroad subgrade and subcut placed and the haulroad was surfaced with 
gravel prior to use.  This construction provided an excellent opportunity to monitor the performance of a fly ash 
enhanced haulroad subgrade and subcut and compare it to the performance of a conventional haulroad subgrade and 
subcut constructed at the same site with native soils. 
 

Approach 
 
Power Products Engineering (PPE) of Minneapolis, Minnesota and Midwest Testing (MT) of Bismarck, North 
Dakota were retained to assist in the development of CCS fly ash and soil blends for use in the construction and to 
monitor field demonstration.  The project team worked closely with the North Dakota Department of Transportation 
(NDDOT), the Public Service Commission (PSC) and the North Dakota Department of Health (NDDOH) in all 
phases of the project. 
 
Phase I of the project was initiated on August 18, 1999 and was completed with laboratory testing results exceeding 
the project expectations.  This phase was initiated immediately after the project was approved for funding by both 
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the Lignite Energy Council (LEC) and the North Dakota Industrial Commission (NDIC). 
 
Laboratory Testing 
 
As of April 1, 2000, all of the laboratory strength testing had been completed on mixes containing 10%, 15%, 20%, 
and 25% CCS fly ash by dry weight and 10% portland cement.  The laboratory testing was performed during 
October and November of 1999 at MT’s Bismarck facility. 

 
A summary of the laboratory results for 3-day and 28-day strengths can be found in tables 1 and 2 below.  The 
original goal of the project was to achieve a minimum strength gain of 25% above the native soils, or a minimum of 
150 psi.  Overall, the strength gains achieved for the laboratory mixes far exceeded the expectations of the project 
team, thus verifying that CCS fly ash can be beneficial for soil enhancement. 
 

Table 1. Sandy Lean Clay 
 

 
Test Duration 

 
% Fly Ash 

 
Soil Strength (psi) 

Optimum 
Moisture (%) 

 
% Gain 

3 Days 0  197  9.0 - 
 15  219 10.1  11 
 20  235  9.5  19 
 25  232  8.6  18 
  

28 Days 0  197  9.0 - 
 15 480 10.3  144 
 20  537  11.8  173 
 25 447 10.7  127 

 

 

Table 2. Fat Clay 

 
Test Duration 

 
% Fly Ash 

 
Soil Strength (psi) 

Optimum 
Moisture (%) 

 
% Gain 

3 Days 0  186  7.8 - 
 15  209 10.9  12 
 20  214  10.8  15 
 25  219  10.8  18 
   

28 Days 0  186  7.8 - 
 15 636 11.3  242 
 20 668 11.0 259 
 25 605  10.7  225 

 
 
Laboratory testing was completed on the 15% and 20% mixes to determine the California Bearing Ratio (CBR) 
values at points above and below optimum moisture.  This CBR testing is a standard that is utilized by the NDDOT 
for determining adequate bearing capacity of road bases.  The CBRs were run on samples that were 100% 
compacted per the modified proctor test at 7 days of curing and a 96-hour soak. 
 
The NDDOT requested an additional set of tests be performed at a 10% fly ash replacement level.  This set of tests 
was conducted and is for NDDOT information only.  Tests were done on both the Sandy Lean Clay and the Fat Clay 
at -4% and -2% and optimum moistures for 3, 7, and 28-day cures. 
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Testing of a portland cement mix at a 15% replacement level also was performed as requested by the NDDOT.  This 
testing was done in order to compare the fly ash performance to an equal replacement of portland cement on both the 
engineering level and the economic level.  The resulting strengths are extremely high and demonstrate the overkill 
represented by using portland cement. 

 
Field Demonstration 

 
FALKIRK obtained bids from several contractors for field construction and ultimately chose Donn Brown 
Construction of Des Lacs, North Dakota as the general contractor.  Jost Cement of Burlington, North Dakota was 
hired to load, haul, and place the fly ash for the project. 

 
A project pre-construction participant meeting was held May 9, 2000 at the offices of The Falkirk Mining Company. 
 Attending the meeting were representatives of Donn Brown Construction, Jost Cement, Great River Energy, 
Industrial Services Group, The Falkirk Mining Company, The Coteau Properties, and PPE, Inc.  Discussions 
centered on the results of the laboratory testing completed to date, future testing needs, and the field-testing and 
placement program.  These discussions encompassed both performance testing and environmental testing. 
 
Field placement of the fly ash modified soils began on May 22, 2000 and was completed on May 31, 2000.  The 
demonstration was performed on 1900 feet of haulroad, centerline stations 216+00 to 235+00, located in the 
Riverdale Mine area south and west of the FALKIRK office complex.  A level of 15% fly ash addition was placed in 
each of the test sections.  This level was determined to be the best for this application based on the requirements of 
the haulroad and the laboratory test results. 
 
The amount of fly ash to be placed in each section was determined based upon a direct volume of soil to be placed in 
a given segment and the required number of cubic yards of fly ash to equal 15% of that soil volume.  The compacted 
lift thickness was determined to be 6 inches and the weight of the dry fly ash was used to determine the number of 
loads to be placed in a lift based on a 25 ton load per truck.  An example calculation is outlined below:  
$ Soil Volume in a Subgrade Segment = 500= x 70= x 4=/27 cubic feet per yard = 5186  yds3  
$ Ash Volume = 15% of 5186 yds3 = 778 yds3 
$ Loads per Lift = (778 yds3 x 27 ft3/ yds3 x 75lb/ ft3)/2000lb/ton = 788 tons/segment.  For an average load of 25 

tons per truck and 8 lifts per segment, the loads per lift = 4. 
 
Station 216+00 to 220+00 had sandy lean clay (mine subsoil) placed in a subgrade application; this application was 
shortened by 100 feet due to wet conditions caused by heavy rains over the weekend prior to placement.  Station 
220+00 to 225+00 had fat clay (mine spoils) placed in a subgrade application.  Station 225+00 to 230+00 had fat 
clay (mine spoils) placed in a subcut application.  Station 230+00 to 235+00 had sandy lean clay (mine subsoil) 
placed in a subcut application. 

 
PPE and MT provided technical support during the time of the haulroad subgrade and subcut construction.  Both 
firms were present on the construction site at the time of fly ash haulroad subgrade and subcut construction to offer 
technical advice and input to the FALKIRK construction crew.  

 
Construction of the road was generally performed in the following steps: 
$ FALKIRK retained the services of Jost Cement to provide pneumatic tankers to haul fly ash from the CCS silo to the 

jobsite.  FALKIRK, PPE, and Jost Cement worked with GRE and ISG to provide the appropriate amount of CCS fly 
ash to the site on a schedule determined by GRE, ISG, and FALKIRK.   

$ FALKIRK utilized two 657 tractor scrapers to place the soil on the roadbed.  The soil was placed in loose lifts 
approximately 8 inches in depth. The material was obtained from stockpiles located south of the haulroad. 

$ Fly ash was transported from the CCS to the construction site in the pneumatic trucks and spread evenly over 
the loose material in four truck widths for the length of the test segment. 

$ The fly ash and soil was then mixed using a set of disks pulled by a tractor; due to the wetness of the existing 
subsoil and spoils, no water was added.  It was found that the soils had approximately 22% moisture and after 
mixing with the fly ash the moisture was found to be reduced to between 10% to 12%. 

$ After the fly ash was thoroughly mixed with the soil, it was respread with a blade and compacted with a sheep=s 
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foot roller.  In some cases, the FALKIRK scrapers also were utilized for compaction.  Final compaction at the 
end of each shift consisted of several passes with a rubber-tired roller to seal the surface. 

$ After each lift was placed, MT performed moisture and density tests and collected samples for laboratory 
testing. 

$ After compaction and testing, the process was repeated until the specified grades and slopes were obtained. 
 
Testing of the fly ash haulroad subgrade and subcut was accomplished through field sampling and nuclear density 
testing of each lift performed by MT.  Sampling consisted of performing field proctor tests on a daily basis and 
retaining these samples for laboratory testing at 7 and 28 days.  Nuclear density and moisture tests were performed 
on each lift to determine the amount of compactive effort obtained.  The field requirements were for 95% of 
modified proctor to be obtained. 

 
A total of 95 field density and moisture tests were performed on the fly ash modified soil sections as well as the 
control sections.  Of the 54 tests performed on the modified soils, 11 were below 95% compaction; however, all of 
the failed tests were determined to be at 90% of modified proctor and were accepted by FALKIRK as passing.  Of 
the 31 tests performed on the unmodified soils, 4 failed to meet 95%, but were well above 90% and were accepted 
by FALKIRK as passing. 

 
The NDDOT was on-site on June 13, 2000 to perform the falling weight deflectometer testing.  The results of those 
tests could not be processed due to an equipment problem; a letter discussing the problem is included in Appendix I. 
 The one-year tests, conducted in July 2001, were completed and are discussed later in this Final Report.  
Additionally, NDDOT personnel were on-site on May 31, 2000 to observe the placement of fly ash and to collect 
samples for testing in their laboratory. 
 
One-Year Testing 
 
A one-year evaluation was performed on the sections constructed in May 2001 to determine the long-term ability of 
the soils to stand up to haulroad traffic as well as the water monitoring reports.  The Standard Penetration Tests 
results indicate no substantial change in the N values for the material.  Tests were performed on May 23, 2001 at the 
same locations as the original tests of June 12, 2000.  Table 3 outlines the results of the two sets of tests.  In all but 
four of the test locations, the N values increased over the course of a year and numerous freeze-thaw cycles.  This 
indicates the typical fly ash benefit of increased strength over time. 
 
The NDDOT performed falling weight deflectometer testing on the haulroad in July of 2001.  The general 
conclusions of the testing were that the fly ash in Application 1 enhanced the fly ash and soil mix, and Application 2 
indicated that the fly ash soil mixture didn’t perform as well as the control.  The caveat here is that the equipment 
utilized by the NDDOT does not perform well on soils that are not underneath pavement sections.  As the report 
states “Limited FWD test results appear to indicate that the use of fly ash as a stabilizing agent provides an increase 
in soil strength when incorporated in Application 1.  Similar increases were not measured when fly ash was 
incorporated into Application 2; however, insufficient data prevents the formulation of final conclusions or 
recommendations.” 
 

Conclusions 
 
The field test performed at FALKIRK was an overwhelming success.  The results (1) of the construction and 
subsequent year of haul truck traffic and (2) the freeze-thaw cycles and testing all point to the fact that the road has 
not only performed well, but the test indicates an overall increase in the strength.  Correlation to the laboratory test 
increases were difficult to measure in the field due to the type of testing required.  However, the standard penetration 
test indicates a general improvement in the soils, which demonstrated the fact that the calculations for field 
placement of fly ash were accurate. 
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Table 3. Standard Penetration Test Results 
 

Boring Station N- Values N- Values 
  Test Interval: 0 to 1&1/2 Feet Test Interval: 2 to 3&1/2 Feet 
  June 2000 May 2001 June 2000 May 2001 

      
1 217+00 51 50 45 57 
2 218+00 38 53 41 47 
3 219+00 37 60 44 61 
4 221+00 28 57 - - 
5 222+00 31 51 - - 
6 223+00 33 52 - - 
7 226+00 42 24 24 50 
8 227+00 29 37 - - 
9 228+00 31 35 - - 
10 231+00 32 38 - - 
11 232+00 38 53 - - 
12 233+00 29 50 - - 
13 238+00 26 39 31 49 
14 239+00 29 35 41 39 
15 240+00 32 34 36 35 

 
      
The benefits of using fly ash to stabilize the soils are seen in the reduced amount of rebuilding required and the 
improved performance.  These are benefits that will add to the mine’s ability to haul more coal with less damage to 
equipment.  A side benefit to the direct economics is that the fly ash actually can be counted on to take a very wet 
soil and dry it enough to make it very usable.  Finally, with regards to specific applications at FALKIRK and other 
mine mouth facilities where fly ash is available, the true costs for using fly ash are far lower.  Typically, the power 
plants will have excess fly ash that is not being sold for beneficial use and, therefore, they will give this to their 
mining partners at little or no cost. 
 
The recommendation of the project team is that there is a need to work with the NDDOH and the PSC to get rules 
and or guidelines in place for the use of fly ash at the mines.  These rules and guidelines are vital to the continued 
use of fly ash to enhance the mining operations.  With rules and guidelines, the mining facilities will be able to use 
fly ash in their day-to-day operations as a matter of standard practice. 
  
Andrew Stewart is a Product and Project Consultant with Power Products Engineering in Eden Prairie, Minnesota.  
He is a Registered Professional Engineer in North Dakota and Minnesota with more than 20 years of experience in 
energy/power generation and civil engineering environments. He has technical abilities enhanced by proven skills as 
a project manager and team leader. He holds bachelor of science degrees in Civil Engineering and Chemistry. 
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Abstract 
 
In 1994, an abandoned coal mine in east-central Ohio was reclaimed with 125 tons per acre of pressurized fluidized 
bed combustion (PFBC) by-product generated at an experimental coal-burning power plant in eastern Ohio.  The dry 
PFBC by-product and 50 tons per acre of yard-waste compost were applied to the surface of a 7-acre area and disked 
into the spoil. Assessing and documenting the environmental effects of this and other coal combustion by-products 
(CCBs) is essential for regulatory agencies to approve CCB use in this setting.  This is especially important with 
regards to trace elements including arsenic, selenium, and boron, which are found in elevated concentrations in many 
CCBs. 
 
Properties and constituents of water derived from the PFBC by-product that may serve as environmental tracers 
include boron concentrations, magnesium-to-calcium (Mg:Ca) mole ratios, and sulfur-isotope ratios (δ34S).  In this 
context, an environmental tracer is defined as any conservative constituent or characteristic of a sample that can be 
used to indicate that leachate has mixed with or influenced the chemistry of that sample.  For example, boron was 
used as a tracer of PFBC by-product because it is present as an uncharged, and thus conservative, species (boric acid 
as H3BO3 or B(OH) 3(aq)).  Boron was found in elevated concentrations (median of 690 µg/L) in interstitial-water 
samples from the PFBC by-product application area, but was found in significantly lower concentrations outside the 
application area (median of 70 µg/L). Similarly, Mg:Ca mole ratios and δ34S of interstitial water from within the 
PFBC by-product application area were elevated as compared to those in interstitial-water samples from outside the 
application area.  Because dolostone was used as the sorbent in the PFBC process, water samples that contain PFBC 
by-product leachate had Mg:Ca ratios greater than 1, whereas all other water samples had Mg:Ca ratios less than 1.  
Mixing diagrams that include sulfur-isotope ratios and other conservative tracers provide estimates of the relative 
contribution of sulfate derived from the PFBC by-product.  Sulfur-isotope ratios of sulfate from the PFBC by-
product (maximum of +4.8 per mil) and solid-phase sulfide in pyrite from the mine site (minimum of -26.3 per mil) 
were used as end members.  The resulting mixing equation indicated that as much as 75 percent of the sulfate in 
interstitial waters was derived from the PFBC by-product.  Similar mixing evaluations done for ground and surface 
waters indicated that only very small amounts, if any, of the dissolved sulfate was derived from the PFBC by-
product.  No deleterious concentrations of toxic trace elements from the PFBC by-product, including arsenic and 
selenium, were observed in any water samples obtained at the site. 
 
Waters influenced by leachate from the PFBC by-product could be distinguished from other waters at the site 
because the feed coal and sorbent originated from a different mine (and different geologic environment) than the 
reclamation site.  Thus, the isotope signatures and geochemistry of the PFBC by-product as compared to spoil and 
rocks found at the site were distinctly different.  Monitoring at the study site concluded in September 2001, and no 
further monitoring is planned. 
 

Introduction 
 
Many abandoned coal mines in Ohio and throughout the Appalachian coal region are characterized by acid mine 
drainage (AMD).  These mines typically are reclaimed with alkaline amendments such as crushed limestone or 
agricultural lime to raise the pH of soil so that vegetation can be reestablished (Barton, 1978).  Abandoned mine sites 
also commonly have limited, if any, topsoil so amendments may be necessary to improve water-holding properties of 
the soil. Flue-gas desulfurization (FGD) by-products are desirable in this application because they are alkaline, they 
typically have high calcium-carbonate equivalents, and they may improve soil texture.  However, before beneficial 
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uses of FGD by-products can be supported by regulatory agencies and the electric-power industry, environmental 
data must be collected to show potential influences on water quality in the environmental settings of interest.  
Specifically, questions remain regarding the transport and fate of major elements such as sulfur and trace elements 
such as arsenic, selenium, and boron that may be derived from the FGD by-product. 
 
In late 1994, an abandoned surface coal mine in eastern Ohio (from hereon referred to as the Fleming site) was 
reclaimed with pressurized fluidized bed combustion (PFBC) by-product generated at American Electric Power=s 
Tidd Plant in Brilliant, Ohio.  Workers at The Ohio State University tested the mine spoil from the Fleming site and 
analyzed the PFBC by-product to determine that the mine spoil required approximately 125 tons per acre of PFBC 
by-product to attain a pH of 7 (Stehouwer and others, 1996).  The PFBC by-product was applied to the surface and 
was disked into the spoil.  Site instrumentation and monitoring of vadose-zone water (interstitial water), ground-
water, and surface water from springs began soon after reclamation to determine the mobility and fate of elements 
derived from the PFBC by-product.  This paper presents some of the constituents and properties of water that were 
used as environmental tracers to identify leachate derived from the PFBC by-product in an abandoned mine setting. 
 
The Fleming site is located within the Pottsville and Allegheny system of Pennsylvanian-age sedimentary rocks of 
eastern Ohio.  The Lower Kittanning (No. 5) coal was mined from the site by surface operations over a 20-year 
period approximately corresponding to 1950 through 1970. The mine site was abandoned after depletion of the coal 
and clay reserves in the early 1970s. Soon thereafter, local residents lodged complaints regarding flooding and 
sedimentation along a nearby road.  Springs were discharging AMD with pH less than 4 and high concentrations of 
dissolved solids, including iron and sulfate.  Reclamation of the site was completed in the late summer and fall of 
1994 by regrading the spoil to the approximate pre-mining topographic contour and applying composted yard waste 
and PFBC by-product. 
 
The site was instrumented after reclamation so that changes in water quality could be assessed through time.  Soil-
suction lysimeters were installed in the PFBC by-product application area and in a control area reclaimed by 
traditional methods (graded spoil covered with approximately one foot of topsoil).  Attempts were made to extract 
interstitial water from all lysimeters during each sampling round; however, small sample yields resulted in 
insufficient sample volumes for some analyses. Water samples were collected from the lysimeters, monitoring wells, 
and springs in June 1995 (sampling round 1), January 1996 (round 2), June 1996 (round 3), June 1997 (round 4), 
June 1998 (round 5), June 2000 (round 6), and June 2001 (round 7). 
 
Water samples were analyzed in the laboratory by methods described in Stehouwer and others (1996), Haefner 
(1998), and Dick and others (1999). The USGS National Water Quality Laboratory in Denver, Colorado and the 
Ohio Agricultural Research and Development Center laboratory in the Department of Natural Resources in Wooster, 
Ohio analyzed water samples for major and trace constituents.  Water-quality constituents selected for analysis were 
based on known composition of PFBC by-product and acid mine drainage, and on anticipated water-rock 
interactions.  The USGS Isotope Laboratory in Reston, Virginia analyzed water samples for sulfur-isotope ratios. 
 

Results 
 
The by-product was produced as the result of a PFBC process and is not strictly an FGD by-product.  Chemical 
reactions in the FGD process are similar to the PFBC process; thus, the PFBC by-product is chemically and 
physically comparable to other FGD by-products.  The solid-phase chemistry of the PFBC by-product is dominated 
by calcium, magnesium, sulfate, and aluminum (Table 1).  The PFBC by-product also contains elevated levels of the 
trace elements arsenic, boron, barium, chromium, nickel, lead, and selenium.  For comparison, Table 1 also includes 
maximum concentrations of trace elements in spoil and aquifer materials.  These results indicate that, for many 
constituents, concentrations of elements can be higher in the mine spoil and aquifer materials than they are in the 
PFBC by-product.  Only boron is found at greater concentrations in the PFBC by-product than in the spoil and 
aquifer materials.  Additional descriptions of chemical and physical properties of PFBC by-products are reported in 
Stehouwer and others (1996), Haefner (1998), and Dick and others (1999). 
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Table 1. Solid-phase composition of PFBC by-product and mine spoil and aquifer materials from the Fleming 
abandoned mine site, Tuscarawas County, Ohio. 
 

 
 

 
 
 
 
 

PFBC By-
product 

 
Maximum 

concentration from 
mine spoil and 

aquifer materials 

 
Major-oxide abundance (percent of total by weight) 

 
CaO 

 
34 

 
-- 

 
MgO 

 
17 

 
-- 

 
SO4 

 
16 

 
-- 

 
Al2O3 

 
14 

 
-- 

 
H2Oa 

 
10 

 
-- 

 
FeO 

 
6 

 
-- 

 
K2O 

 
2 

 
-- 

 
Trace-element concentration (parts per million) 

 
As 

 
75 

 
91 

 
B 

 
190 

 
120b 

 
BE 

 
3 

 
9 

 
BA 

 
150 

 
730 

 
Cd 

 
<2 

 
<2 

 
Cr 

 
37 

 
210 

 
Ni 

 
23 

 
100 

 
Pb 

 
15 

 
110 

 
Se 

 
1.3 

 
21.5 

 
Sr 

 
160 

 
720 

 
a. Water was added after the PFBC process to reduce fugitive dust. 
b. Botomon and Stith (1978). 

 
Haefner (1998) and Dick and others (1999) describe the properties and constituents that can be used to differentiate 
between water types found at the Fleming site. These include specific conductance, pH, selected major ions and 
trace elements (calcium, magnesium, sulfate, and boron), magnesium-to-calcium (Mg:Ca) mole ratios, and sulfur-
isotope ratios. To illustrate these differences, bar graphs of median values of selected constituents in interstitial water 
are shown in Figure 1. The median pHs for all sampling rounds were at least one order of magnitude greater in 
application-area interstitial-water samples as compared to interstitial water from the control area. Median 
concentrations of elements such as boron and sulfate are greater in application-area interstitial waters than in control-
area interstitial waters by more than a factor of two. 
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Figure 1. Bar graphs of median values for selected constituents from each sampling round from water samples 

collected at the Fleming abandoned mine site, Tuscarawas County, Ohio. 
 
Boron (as H3BO3 or B(OH)3(aq)) was used as an “environmental tracer” of PFBC by-product because it is present as 
an uncharged and conservative species.  In this context, an environmental tracer is defined as any conservative 
constituent or characteristic of a water sample that indicates that leachate has mixed with or influenced the chemistry 
of that sample.  Boron was present in elevated concentrations (median of 690 micrograms per liter) in interstitial-
water samples from the PFBC by-product application area, but was found in much lower concentrations outside the 
application area (median of 70 micrograms per liter).  Elevated concentrations of boron may be a concern because at 
higher concentrations, boron is known to be phytotoxic to some plants (Pierzinski and others, 1994); however, 
maximum concentrations of boron (1.7 milligrams per liter in a sample of application-area interstitial waters) did not 
approach phytotoxic levels at the rate applied in this study.  Although not shown here, the median concentrations of 
chloride, fluoride, potassium, and strontium also were greater in the application area than in the control area.  
Elements that have lower median concentrations in the PFBC by-product application area included iron, nickel, and 
zinc, presumably because of pH dependence on the solubility of these elements and their related solid phases.  
Concentrations of arsenic and selenium were at or near the detection limit in all water samples (2 micrograms per 
liter). 
 
A plot of sulfate concentrations as a function of magnesium-to-calcium (Mg:Ca) mole ratios shows distinction 
between waters influenced by PFBC by-product leachate and all other water samples (Figure 2).  Elemental ratios 
are ideal for detecting the leachate because they are less influenced by precipitation or dilution.  Samples of 
interstitial water from the application area have Mg:Ca ratios greater than 1, whereas all other water samples have 
ratios equal to or less than 1. Upgradient and downgradient groundwaters plot in different regions on Figure 2 mostly 
due to higher sulfate concentrations in downgradient groundwater; however, down-gradient groundwaters also have 
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slightly higher Mg:Ca mole ratios which may indicate that a small amount of leachate derived from the PFBC by-
product has reached groundwater. 
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Figure 2. Magnesium-to-calcium mole ratios as a function of sulfate concentrations for water samples from the 

Fleming abandoned mine site, Tuscarawas County, Ohio. 
 
Sulfur-isotope ratios (δ34S) were measured to determine whether they could be used as a tool to trace leachate 
derived from the PFBC by-product in an environment where water quality is already influenced by high sulfate 
concentrations.  The sulfur-isotope composition of spoil and aquifer materials from the Fleming site is reported in 
Haefner (1998) and ranges from  B26.3 to +13.6 per mil.  The most negative values are associated with materials that 
have the highest sulfur content, thus the dominant source of sulfate at the mine site has relatively depleted sulfur-
isotope ratios (Haefner, 2001).  For coal sequences, bacterial reduction of sulfate in seawater during deposition 
results in coal seams with sulfide that have isotope ratios ranging from B30 to +20 per mil (Thode and others, 1949). 
 This wide range of sulfur-isotope ratios is most likely due to infiltration of sulfate from seawater or non-marine 
water.  Sulfur-isotope ratios also were measured in the PFBC by-product and ranged from +4.6 to +4.8 per mil. 
 
The median sulfur-isotope ratio in dissolved sulfate for all water samples from the application-area interstitial waters 
was B4.1 per mil; whereas the median for control-area interstitial waters was B14.5 per mil. The relatively higher 
sulfur-isotope ratios in application-area interstitial waters reflect the influence of the positive ratio of the PFBC by-
product.  Sulfur-isotope ratios of sulfate in surface water are essentially the same as down-gradient groundwater and 
reflect the relatively negative isotopic composition of aquifer materials and spoils.  The median values in interstitial 
waters for each sampling round shows that the sulfur-isotope ratios increase between sampling rounds 2 and 3, but 
decrease between all subsequent sampling rounds (Figure 1). Sulfur-isotope ratios in groundwater (not shown here) 
show a continuing decreasing trend over all seven sampling rounds, indicating that the source of the sulfate in 
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groundwater is likely from the disturbance of the mine spoil during reclamation, not the PFBC by-product.  If the 
source of increased sulfate were the addition of PFBC by-product, the sulfur-isotope ratio should increase (become 
less negative). 
 
A plot of the inverse of sulfate with respect to sulfur-isotope ratios also shows a clear distinction between water 
samples influenced by PFBC by-product leachate and those that were not (Figure 3).  These relations were used in 
an isotope-mixing model reported in Haefner (2001). Using the positive value of the PFBC by-product (+4.8 per mil) 
as one end member of mixing and the most negative value from pyrite obtained from the mine spoil and aquifer 
materials (-26.3 per mil) as the other end-member of mixing, the mixing model provided estimates that up to 75 
percent of the sulfate in application-area interstitial waters was derived from the PFBC by-product leachate during 
round 3 (June 1996).  The contribution of sulfate from the PFBC by-product has decreased since round 3 to a median 
value of slightly greater than 20 percent in round 7 (June 2001).  Similar mixing evaluations done for ground and 
surface waters indicated that only very small amounts of the dissolved sulfate was derived from the PFBC by-
product. 
 
These results indicate that little, if any, leachate from the PFBC by-product has reached groundwater or down-
gradient springs.  The primary reason that these graphical techniques allow clear distinction between the water types 
at the Fleming site is that the coal burned (Pittsburgh No. 8) and the sorbent used (dolomite from northwest Ohio) in 
the PFBC process were from different formations than those at the Fleming site.  These methods may not prove as 
successful in haulback situations, where coal and (or) the sorbent was retrieved from the same mine where the by-
product is placed.  
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Figure 3. Sulfur-isotope ratios from water samples from the Fleming abandoned mine site, Tuscarawas County, 

Ohio. 
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Summary and Conclusions 
 
A seven-acre abandoned mine site (the Fleming site) in eastern Ohio was reclaimed with 125 tons per acre of 
pressurized fluidized bed combustion (PFBC) by-product and 50 tons per acre of yard-waste compost.  The 
hydrology and water quality at the site was studied over a 7-year period to determine the environmental effects of 
reclamation with this material.  The two main processes of interest in this study were (1) dissolution and leaching of 
PFBC by-products applied to the surface of the study area, and (2) the generation of acid mine drainage (AMD) in 
spoil left at the surface of the site after mining ceased.  Addition of alkaline PFBC by-product was intended to 
increase pH, thereby reducing the solubility of major and trace elements. 
 
Water quality in application-area interstitial waters clearly showed the influence of leachate derived from the PFBC 
by-product.  Application-area interstitial waters had elevated pH and specific conductance along with higher 
concentrations of boron, calcium, chloride, fluoride, magnesium, potassium, strontium, and sulfate as compared to 
water samples taken in a control area where traditional reclamation strategies were employed.  Of these elements, 
only boron presents potential difficulties because boron is known to be phytotoxic at higher concentrations and one 
of the goals of abandoned mine reclamation is reestablishment of vegetation.  Analysis of magnesium-to-calcium 
mole ratios of water samples provided evidence that interstitial waters from the PFBC by-product application area 
had higher Mg:Ca ratios than all other waters at the mine site.  Sulfur-isotope ratios also showed the influence of 
PFBC by-product leachate because sulfate derived from the PFBC by-product had relatively positive isotope ratios 
as compared to spoil and aquifer materials.  Increases in pH appear to have reduced the solubility of some elements, 
thus the median concentrations from application-area interstitial waters were lower for iron, nickel, and zinc than in 
the control area.  These graphical techniques were successful with Fleming site waters because the coal and sorbent 
used in the PFBC process were from different formations than those at the Fleming site and thus had different 
geochemical signatures. 
 
Reclamation of the site was successful in that vegetation was reestablished and erosion was reduced.  It also was 
successful in the sense that water quality in the PFBC by-product application area shows higher pH and reduced 
concentrations of dissolved iron, nickel, and zinc. Except for potentially phytotoxic concentrations of boron, 
concentrations of elements of concern were only detected at or near the detection limits. 
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