


Hazardous and
Radioactive Waste

Treatment Technologies
Handbook



Hazardous and
Radioactive Waste

Treatment Technologies
Handbook

Editor-in-Chief

Chang Ho Oh, Ph.D.

Boca Raton   London   New York   Washington, D.C.
CRC Press



This book contains information obtained from authentic and highly regarded sources. Reprinted material is quoted with
permission, and sources are indicated. A wide variety of references are listed. Reasonable efforts have been made to publish
reliable data and information, but the author and the publisher cannot assume responsibility for the validity of all materials
or for the consequences of their use.

Neither this book nor any part may be reproduced or transmitted in any form or by any means, electronic or mechanical,
including photocopying, microfilming, and recording, or by any information storage or retrieval system, without prior
permission in writing from the publisher.

All rights reserved. Authorization to photocopy items for internal or personal use, or the personal or internal use of specific
clients, may be granted by CRC Press LLC, provided that $.50 per page photocopied is paid directly to Copyright Clearance
Center, 222 Rosewood Drive, Danvers, MA 01923 USA. The fee code for users of the Transactional Reporting Service is
ISBN 0-8493-9586-0/00/$0.00+$.50. The fee is subject to change without notice. For organizations that have been granted
a photocopy license by the CCC, a separate system of payment has been arranged.

The consent of CRC Press LLC does not extend to copying for general distribution, for promotion, for creating new works,
or for resale. Specific permission must be obtained in writing from CRC Press LLC for such copying.

Direct all inquiries to CRC Press LLC, 2000 N.W. Corporate Blvd., Boca Raton, Florida 33431.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation, without intent to infringe.

Visit the CRC Press Web site at www.crcpress.com

© 2001 by CRC Press LLC

No claim to original U.S. Government works
International Standard Book Number 0-8493-9586-0

Library of Congress Card Number 2001025010
Printed in the United States of America  1  2  3  4  5  6  7  8  9  0

Printed on acid-free paper

Library of Congress Cataloging-in-Publication Data

Hazardous and radioactive waste treatment technologies handbook / Chang H. Oh [editor]
p.   cm. (The mechanical engineering handbook series)

Includes bibliographical references and index.
ISBN 0-8493-9586-0 (alk. paper)
1. Hazardous wastes--Purification--Handbooks, manuals, etc. 2. Radioactive 

wastes--Purification--Handbooks, manuals, etc. I. Oh, Chang H. (Chang Ho) II. Series.
TD1060 .H35 2001
628.4′2—dc21 2001025010

CIP

http:\\www.crcpress.com


���������	

�������������	
	���
	����
��
�������������
����
����

���������������

������ !!!"��#���	�
	�	���������$�
$������%

© 2001 by CRC Press LLC



�������

����	
��	������������������������������	������������	��	��������������	�	������	����	���	���
���	�������	
�	���	��������	����	������������	������	��������������
��������������
��������������	������������	��
�	���	���
��	�������	���	�	�������	�����������������������������������
	�����	�������
���� �����	����
���������������������������	�����	���������������	�����	�����������
	������������������������	����������	��������
	�����������	������	���	��������	��������	����
�������������	���������������������������	�������	������
�����������	��������	���������	�����	�����������������������������	�����	�����������������������!�����
	�����	�������	����������	���������!�����������������"����	�����	������
�������������	�������	��������	����
��!����������

#��	������������������	�����������	���	��������	��������	����
�������	����������������	�����	�������$
��	�������������
	��������������	����������������������	�	��������������	��������	���������	��������������
����
	�������	���������������������������	��������
�������	��	��������	����	�����������	���������������	����
�����������	����� ������������������������������������������������������������	������������	�	������%����
���	����	��������	���&�	��������	���	���
��������������������	�����������������������������������������
�������$�	�	�����������������������	�����

 ����������
��	���������"���	
�������������������������'��������	�������	����������������"��	������	���
��
���������	�	��������������	���	�������	�	���������������������	������������������������������������������
����������	��������������������������'��������	��������
�������#��	���������������������������������������	���
���	������	��	�	�����	�������	�����������������������	�����������������	��������	������	������!������
��	�������������������������������������	�����"���������
�����������	����������
�����$��$�	��������$
�	������������
	����������	���������	������	����	������	�	������	���������	���������	�����	�����	��������	�
�������������

�����	�����"�������������������	���������	�����������������	����
����	�����������
���������������
����
	������	����������������	�������	���������	����(��������	����
����������
	�������	���	��������	�����
	���	��������������	����	�����	����)������������������������	������	�	������	�����������������	���
�����������	���	�	������� ���������������
��
������������������������������	���	����������������	�������
�	������� ������������� �����	� ���	������ �	�������	������������� �����	�����*� ��������+�������� ����������	
���	����������	������	��	������	�������������������	��������������	�������	�����������������,���������������$
��$���	���������������������������
�������������	��������	�����	����������	���	�����������	�����	�����
��������	���-�
��	���������	�	������������������	������������������	����*�������	��	������$�����	�
���	�����������������������������������	�����.�	���/���	����������������������������	����������������
�����������	��������	����������������������$����$���������	�����������	����	���������������
�������	���
0�������������	�����	�����	������������	��������������������	���	�����	���������������������	�������������
����� ��������	��� 	�����	���� +� ������������������ ���� ���	����� �������$�	�� ����� ���� 
	������ ���	�����
����������-��������������	������	������������������	����1��������	���	����2���	����3���������������	����
	������������2�	�����	����(4���	���������$������������

������	�����"���������������������������	�����
��������	�����
����	�������	���	�����������2��������$
	���2���
��������������	��2���	��	�������������������������2�	��������������	�����
��
����������
	������	�����
����������	�������	������

© 2001 by CRC Press LLC



���	
������	��

����5�����$��$������������� ��� ��	�"� �����	��� ������������������	��� ������ ����� 	
	��	���� 	�������

�������������	��������������������������������������������������������������������������������������

��������	�����"������������������������������	�"��	���	���������������������	�����
������������������

�����������������������	����������������6	��������������	����#�����������	�"����������������	����������

7	���	���8�����	������	����������������������	�������	����������������������������	�������������"�

© 2001 by CRC Press LLC



© 2001 by CRC Press LLC

���
���	������

���������	�� ���	���������������������	�����'�����	�	���� ��� ����9����	�

5�����������:������ 	��� ����	����:�	������� 	�� ���� #�	���9	����	�� 5���$

�������� 	��� 5�
��������	�� 6	���	����� %#9556&� ��� #�	��� ;	���� #�	���� <�

���
���������������������	��	��	�����	������������	������=��
���������� #�	���

�������������	��	��������������������	���������������<�����	��������������

 -�5�� #��5��	��� 9-��	������
����	���
��������� -�5���	����	���������$

���������������$�	����������������%>$(*&��:���,���	�����	�7��:�����������	�

������������	���	���������-�	���=��
��������	����-�����������	�������������

	�� ���� =��
������� ��� ;�����	�� 	��� 	� ?�-�� ��� ������	�� ������������ 	�� @�����

=��
����������-������>���	�

:���,���	�����	�������	����������	������������������� -�5�����	�$

�����	��� �����	�� ����	������ ����	���� ������������� 	��� �����	�� ����	������ ��

�����	�� ��	����� ��������� <�� �	�� ����������	��� �������	�� 	�������� ��� ���$

��
������ '����	��� �����	��&'(�)�*�������� '�
��������� *����������+
����	�,����������
���	���)�
���

��	�-�
������������'����������#9556����(31/��<���	�������	���
���������	��������	�����������������	��

�	�	�������� �����	�� ����	������ ��� �����	�� ��	����� ��������� 	��� ��	�� ��	������ 	��� ������ ����

������������



© 2001 by CRC Press LLC

Contributors

Martyn G. Adamson
Lawrence Livermore National Laboratory
Livermore, California

Michael L. Aident
IT Corporation
Knoxville, Tennessee

P. Agamuthu
Institute of Postgraduate Studies and Research
University of Malaya
Kuala Lumpur, Malaysia

Bryan Balazs
Lawrence Livermore National Laboratory
Livermore, California

Michael A. Beckett
Department of Civil Engineering Purdue University
West Lafayette, Indiana

Rabindra Biyani
Department of Ecology
State of Washington
Kennewick, Washington

Matt Cage
Duratek, Inc.
Kingston, Tennessee

Eric Chai
StatSolutions
Houston, Texas

Zoher Chiba
Lawrence Livermore National Laboratory
Livermore, California

Jerry D. Christian
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

John J. Coogan
Triton Thalassic Technologies, Inc.
Ridgefield, Conneticut

John F. Cooper
Lawrence Livermore National Laboratory
Livermore, California

William J. Cooper
Department of Chemistry
University of North Carolina
Wilmington, North Carolina

Rick L. Demmer
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Richard K. Farnsworth
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Paul E. Flathman
National Center of Excellence for Environmental 

Management
University of Findlay
Findlay, Ohio

Terry R. Galloway
Intellergy Corporation
Berkeley, California

Steven C. Goheen
Pacific Northwest National Laboratory
Richland, Washington

R. Scott Herbst
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho



© 2001 by CRC Press LLC

Peter C. Hsu
Lawrence Livermore National Laboratory
Livermore, California

Inez Hua
Department of Civil Engineering 
Purdue University
West Lafayette, Indiana

Chin-Pao Huang
Department of Civil and Environmental Engineering
University of Delaware
Newark, Delaware

Seung-Young Jeong
Argonne National Laboratory
Argonne, Illinois

James J. Jessmore
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Innocent Joseph
Duratek, Inc.
Columbia, Maryland

Paul D. Kalb
Brookhaven National Laboratory
Upton, New York

K. Thomas Klasson
Oak Ridge National Laboratory
Oak Ridge, Tennessee

Margaret (Peggy) A. Knecht
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Christine A. Langton
Savannah River Technology Center
Aiken, South Carolina

Guy R. Lanza
Environmental Sciences Program
University of Massachusetts
Amherst, Massachusetts

Jack D. Law
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Patricia R. Lewis
Lawrence Livermore National Laboratory
Livermore, California

Guy G. Loomis
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

R. (Mali) Mahalingam
Department of Chemical Engineering
Washington State University
Pullman, Washington

Vince Maio
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

John P. Maney
EMA
Gloucester, Massachusetts

John N. McFee
IT Corporation
Englewood, Colorado

John Meagher
The International Center for Environmental Technology 

(INTERCET, LTD)
McLean, Virginia

Richard H. Meservey
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Bruce J. Mincher
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Robert A. Montgomery
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Norvell J. Nelson
CerOx Corporation
Sunnyvale, California



© 2001 by CRC Press LLC

Michael G. Nickelsen
Department of Chemistry
University of North Carolina
Wilmington, North Carolina

Chang H. Oh
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Sibel Pamukcu
Department of Civil and Environmental Engineering
Lehigh University,
Bethlehem, Pennsylvania

Ian L. Pegg
Vitreous State Laboratory
The Catholic University of America
Washington, D.C.

Bernie Penetrante
Lawrence Livermore National Laboratory
Livermore, California

Robert A. Pierce
Savannah River Technology Center
Aiken, South Carolina

Charles Pfrommer, Jr.
IT Corporation
Knoxville, Tennessee

Louis A. Rosocha
Los Alamos National Laboratory
Los Alamos, New Mexico

Paul A. Sadler
Focus Environmental Inc.
Knoxville, Tennessee

Phillip E. Savage
Department of Chemical Engineering
University of Michigan
Ann Arbor, Michigan

Jennifer D. Schramm
Department of Civil Engineering
Purdue University
West Lafayette, Indiana

William E. Schwinkendorf
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Rajan R. Shah
Chemet Engineering Group
Strathfield, Australia

Dileep Singh
Argonne National Laboratory
Argonne, Illinois

Tom Snyder
Duratek, Inc.
Kingston, Tennessee

Nicholas R. Soelberg
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

George L. Stegemeier
GLS Engineering
Houston, Texas

Thomas Tobien
Department of Chemistry
University of North Carolina
Wilmington, North Carolina

Terry A. Todd
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Julia L. Tripp
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Robin VanHorn
Idaho National Engineering 

Environmental Laboratory
Idaho Falls, Idaho

Harold J. Vinegar
Shell International Exploration 

and Production, Inc.
Houston, Texas



© 2001 by CRC Press LLC

Arun S. Wagh
Argonne National Laboratory
Argonne, Illinois

Chien M. Wai
Department of Chemistry
University of Idaho

Guanming Zhang
Department of Civil Engineering

Purdue University

West Lafayette, Indiana
Moscow, Idaho



© 2001 by CRC Press LLC

Reviewers

Ed Alperin
IT Corporation
Knoxville, Tennessee

Neal M. Askew
Savannah River Technology Center
Aiken, South Carolina

Bryan Balazs
Lawrence Livermore National Laboratory
Livermore, California

Charles M. Barnes
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Ralph S. Baker
TerraTherm Inc.
Fitchburg, Massachusetts

Gary Banuelos
U.S. Department of Agriculture
Fresno, California

William Bath
Environmental Management Department
Lockheed Martin Astronautics
Denver, Colorado 

Adolph Beyerlein
Department of Chemistry
Clemson University,
Clemson, South Carolina

Paul L. Bishop
Department of Civil and Environmental Engineering
University of Cincinnati
Cincinnati, Ohio 

Richard D. Boardman
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho 

Margaret M. Bonn
Haley & Aldrich
Rochester, New York

Donald A. Burge
Savannah River Technology Center
Aiken, South Carolina

Heather Holmes Burns
Solid Waste Department
Westinghouse Savannah River Company
Aiken, South Carolina

Marty Cahill
STL, St. Louis
Earth City, Missouri

James A. Campbell
Analytical Chemistry
Pacific Northwest National Laboratory (PNNL)
Richland, Washington 

E. Carter
Carter Technologies
Sugarland, Texas

Joe Carigan
TLG Services
Hixon, Tennessee 

Jerry D. Christian
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho 

Jerry Cole
HbT, Inc.
Long Beach, California

Tom Conley
Oak Ridge National Laboratory
Oak Ridge, Tennessee



© 2001 by CRC Press LLC

Jesse R. Conner
Pittsburgh Pennsylvania 

Carl Cooley
DOE/EM-50
Germantown, Maryland

John F. Cooper
Lawrence Livermore National Laboratory
Livermore, California 

William J. Cooper
Department of Chemistry
University of North Carolina
Wilmington, North Carolina 

Alan Crockett
Idaho Falls, Idaho

Randy D. Curry
Missouri Water Resource Center
Department of Electrical Engineering
University of Missouri-Columbia
Columbia, Missouri

Robert Daniel
U.S. Army Research Laboratory
AMSRL-WM-MA
Aberdeen Proving Ground, Maryland 

Tapas K. Das 
Washington Department of Ecology 
Olympia, Washington 

Paul dePercin
US. EPA
Office of Research and Development
Cincinnati, Ohio

Shirshak Dhali
Department of Electrical Engineering
Southern Illinois University
Carbondale, Illinois

Daniel Dworkin
Roy F. Weston, Inc. 
West Chester, Pennsylvania

Joseph C. Farmer
Lawrence Livermore National Laboratory
Livermore, California

Xiangdong Feng
Ferro Corporation
Technical Center
Independence, Ohio

Kenneth E. Fischer
Horne Engineering Services, Inc.
Fairfax, Virginia 

Sandra K. Fiskum
Radiochemical Processing Laboratory
Pacific Northwest National Laboratory (PNNL)
Richland, Washington 

William Fortune 
U. S. Department of Energy
Washington, D.C. 

Peter Gehringer
Austrian Research Center Seibersdorf,
Department of Chemistry
Seibersdorf, Austria.

Dirk Gombert
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho 

Trevor Jackson
Portage Environmental, Inc.
Idaho Falls, Idaho 

Mark Jensen
Argonne National Laboratory
Argonne, Illinois

Dennis J. Helfritch
Environmental Elements Corp.
Baltimore, Maryland 

Kamal Hadidi
Massachusetts Institute of Technology
Plasma Science and Fusion Center
Cambridge, Massachusetts 

Margaret Hinman
Hinman Law Office,
Idaho Falls, Idaho 

Greg Hulet
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho



© 2001 by CRC Press LLC

John M. Keller
Chemical & Analytical Sciences Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee

Margaret A. Knecht
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho 

Jonathan D. Kuhns
Hawk Consulting
Lenhartville, Pennsylvania 

Wes Lawrence
Battelle
Pacific Northwest National Laboratory
Richland, Washington

Gregg J. Lumetta
Pacific Northwest National Laboratory
Richland, Washington 

Vince Maio
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

John P. Maney
Environmental Measurements Assessment
S. Hamilton, Massachusetts 

Celeste M. Marsh
Delphi, Inc., 
Grand Junction, Colorado 

R. McCollum
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho 

John A. McCray
Idaho National Engineering and Environmental 

Laboratory 
Idaho Falls, Idaho

Gene McGill
Gene McGill & Associates, Inc
Skiatook, Oklahoma

Walt McNab
Lawrence Livermore National Laboratory
Livermore, California 

Norvell Nelson
CerOx Corporation
Sunnyvale, California

Barry  O’Brien
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho 

Chang H. Oh
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho 

W. Brent  Palmer
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho 

Steve Phillips
AGEC
Richland, Washington 

Chuck Ramsey
Envirostat
Fort Collins, Colorado 

Steven A. Rock
U.S. EPA
National Risk Management Research Laboratory
Cincinnati, Ohio 

Coby A. Scher 
First Environment 
Riverdale, New Jersey 

Henry D. Schreiber
Department of Chemistry
Virginia Military Institute
Lexington, Virginia

William E. Schwinkendorf
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Richard B. Sheldon
GE Corporate Research and Development Center
Schenectady, New York 

Wayne H. Smith
Los Alamos National Laboratory
Los Alamos, NM 



© 2001 by CRC Press LLC

William Smith
ATG, Inc
Fremont, California 

Nicholas R. Soelberg
Idaho National Engineering and Environmental 

Laboratory
Idaho Falls, Idaho

Roger Spence
Oak Ridge National Laboratory
Oak Ridge, Tennessee 

Carl Stephensen
RIO Technical Services
Fort Worth, Texas 

Greg Thoma
Department of Chemical Engineering
University of Arkansas
Fayetteville, Arkansas 

Richard D. Thomas
INTERCET, LTD
McLean, Virginia

Major C. Thompson
Savannah River Technology Center
Aiken, South Carolina 

James Tripodes
Department of Environment, Health & Safety
University of California
Irvine, California

John S. Vavruska
Equinox, Ltd.
Santa Fe, New Mexico 

J.S. Watson
Oak Ridge National Laboratory
Oak Ridge, Tennessee

Laura A. Worl
Los Alamos National Laboratory
Los, Alamos, New Mexico 

Charles A. Whitaker
The Woodlands, Texas

Charles M. Wilk
Public Works Department 
Portland Cement Association
Skokie, Illinois 

Katherine L. Yuracko
Center for Life Cycle Analysis
Oak Ridge National Laboratory
Oak Ridge, Tennessee 



© 2001 by CRC Press LLC

������
���
	��	��

�*
�'���21�

(� ,
��
�������=�-��;����	��6	���	��������	������ ����������������	�������	������
%,%&%�.�
��&

�*
�'���'$2

)� �	������	�	������	�����	�����	������	����
)�( -	���������������:������%*%�%�,��
�&

)�)  �	�����	�������������%/%(%�0��

�&

)�* -�	������	��#���������%)%1%�(���&

)�. �������	������	�	������	�����%�%&%�,�����
��&

�*
�'���'*���

*� -�	�	�����������!���
*�( '��/���������	������������	���	����-��������5������"�������7���������

%/%�����������	�(%�%�+����&

*�) ��������-�	�	�����%.%�%�.������&

*�* -�	�	���������	����������������� !�������������	����-���������=�����

6�!���E6�!����5���	������7���������%�%&%���		��*%2%�3�#����	��%/%�+
���&

�*
�'���"28�

.� �����	�����	������������������
.�( #������	�����-�������%*%4%�,�-

��(%�������
���*�%����	�,%3%�&�	
�&

.�) B�������	�����%'%3%��
�����	�'%�*��
$�&

.�*  ���	��������-��	�$�������������B	���������������	���	���
���	����
(T.R. Galloway, M. Cage, and T. Snyder)



© 2001 by CRC Press LLC

.�. ���� ���,���	�����%�%/%�/������	��%�,���������&

.�/ -���������	���	����,���	�����%�%)%�/�5��
���	�(%+%���&

.�0 �����	��:��������

.�0�( �����	�������������<�	���������'��/��������	��:������������-����

%0%3%�/
�
�
�
����	�+%*%�6��
���&

.�0�) )7�/��������	��:���������%�%�/�	�
�&

.�+ �������-	���,���	�����%�%(%�+�����	�,%0%�&	�����&

.�1 ;��������$?����	����	�����%*%2%�(�������&

�*
�'���"+0�

/� 9��$�����	�����	������������������
/�( -���������	��;�����5���	���������������������9����	���	�����	�	�������

%(%,%�8��&

/�) 5������������	�����:������������	��,���	����

/�)�( ����	����5������������	��,���	�����=�����-��
���	������	���?	����-�������

%�%�����9���:%�(��������	�,%0%�&	�����&

/�)�) ������ ����,���	�����%�%&%���
��
&

/�)�* ����	����5������������	��,���	���������������	�����%4%�4
����&

/�)�. :������������	��,���	�����=�����7�����������	���%*%-%�(��$
���0%�%�����9���

�%(%�+�����%�3
#�����	�,%0%�&	�����&

/�* 5����������	������	
��	�����	���-���������%,%&%��
��
��*%2%�/��������

0%�:��������	�'%�+��&

/�. A	��7�	���:����������

/�.�( 5��������?�	��7�������������B��	�����,��	�������������%�%,%��
�
���
&

/�.�)  ���	���������5�������$:����	����:��
���9��$�����	��7�	��	�����

<	�	������������	��:����������������������	�������	������

%3%&%�����������	�*%*%�(�����&

/�/� �	��	����$#�������,���	����

/�/�( 5��������?�	��7������������	�������	������%8%�(��$
���,%�4���
��
���

�%�����
�����	��%*%�,����
�&

/�/�) <����5������7������������	�������	������%�%*%�,����
����	�8%*%�(��$
�&

/�0 7����������	�����%0%�%�3��9����	��%)%�-������&

�*
�'���(+6

0� -�	�����	�����	���-��������	�����������������
0�( ,
��
��������������	����-��������	�����	���-�	�����	�������������%6%(%�,���&

0�) ������	��;��	�����	���-�	�����	�����%(%&%�3�����&



© 2001 by CRC Press LLC

0�* ������	����?������7����	������	���������-�	�����	�����	���

-��������	���������������	����%&%/%�8�����2%�/��������	�/%;1%�*
���&

0�. 7�����������������������	���	�����

%�%.%�����������%�&����������	��%�,���������&

0�/ 7������������5��	���	�����%�%2%�.���&

0�0 -������7�������5��	���	�����%�%2%�.���&

0�+ '��/���?�������	����-�	�����	�����=�����8���A��������

%0%0%�3��������%.%�-����#�������	�*%*%�*
�����
&

�*
�'���(�0�1

+� ,��$A	���������������������	���������	�����	������-�������

%4%�/�
��
��&

�*
�'����+�*'

1 :�����	���	�����

%*%3%����$$���%+%�2
��
�����	��%3%�,
�
�5
�&

�*
�'���1+1�

3 -������#�����	�����	���:��������
3�( ����#�����	���������������	�������	�����������	��5�
��������	��	���F�	�����

�	�	�������-������%*%-%�,
���
�&

3�) ���"� �	������	��������������%�%3%�6��+���&

�*
�'���'�1

(4 7�	�����6���$�����������5����	����%8%)%�/��#���
�	���"



2001 by CRC Press LLC

Chapter One



2001 by CRC Press LLC

1
Overview of U.S. Federal 
Laws and Regulations 
Affecting Mixed Waste 
Treatment
Margaret A. Knecht
Idaho National Engineering and Environmental Laboratory
Idaho Falls, Idaho

Introduction

This chapter focuses on the federal legislative framework and regulatory requirements applicable to treat-
ment of radioactive wastes that are also designated as hazardous wastes under the Resource Conservation
and Recovery Act (RCRA) — “mixed waste.” In addition, the chapter addresses radioactive wastes contam-
inated with polychlorinated biphenyls (PCBs) regulated under the Toxic Substances Control Act (TSCA)
and radioactive and hazardous or toxic remediation-derived waste and environmental media subject to
treatment/clean-up requirements under the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA).

The need for mixed waste treatment, the technical specifications that the treated waste must meet,
and the process operation, effluent, and emission controls required at treatment facilities are driven by
statutory and regulatory requirements designed to protect public health and the environment and to
provide some aspects of worker safety. One purpose of this chapter is to provide an understanding of
the regulatory requirements to treat mixed wastes before land disposal and the specifications that the
treated waste must meet. It also summarizes regulatory requirements that mixed waste treatment facilities
must meet. Developers and users of mixed waste treatment technologies must understand both sets of
requirements: for the waste itself and for the treatment facilities. This chapter provides an overview of
such requirements as implemented by the Environmental Protection Agency (EPA), the Nuclear Regu-
latory Commission (NRC), and the Department of Energy (DOE).

A myriad of laws are in effect implementing regulations, policies, guidance, and site- and waste-
specific regulatory agency decisions that may govern waste treatment and treatment facility design and
operation. These requirements, for example, provide assurance of protection of human health and the
environment and address historic, cultural, and other important issues. Therefore, the reader should
recognize that discussions provided by this chapter might not cover all the requirements potentially
applicable to a specific situation. For example, the EPA and NRC can delegate portions of their regulatory
responsibilities to a state. When the EPA delegates portions of its RCRA authority to a state (e.g., for
issuing hazardous waste regulations, permitting facilities, and related enforcement), the state implements
the delegated element(s) of the RCRA waste management program and is termed an “authorized state.”
To extend delegated RCRA authority to mixed waste, the EPA must have additionally granted a state
specific mixed waste RCRA authorization. An authorized state’s RCRA program must not be less
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stringent than the EPA’s, but can be broader and more stringent. For example, some authorized states’
regulations include more hazardous wastes and more hazardous constituents than in EPA’s hazardous
waste regulations. Similarly, when the NRC agrees to delegate portions of its regulatory authority for
radioactive materials and their handling facilities to a state, the state is termed an NRC “agreement
state.” Agreement states’ regulations must also be at least as stringent as the corresponding NRC
regulations. Again, however, agreement states can have more stringent regulations and enforcement
policies than those of the NRC. Requirements in addition to those explicitly addressed in the regu-
lations may be applied to certain mixed wastes or mixed waste management facilities as required
conditions in the RCRA permit and NRC license. Site- and waste-specific requirements relevant to
waste derived from RCRA or CERCLA clean-ups would typically be found in a Record of Decision
(ROD), Consent Agreement, or Consent Order.

In addition to being complex and differing among states, the laws, regulations, policies, and guidance
that govern the treatment of mixed waste and the treatment facilities change frequently. In 1998, for
example, the EPA formally embarked on an ambitious plan to comprehensively reevaluate the LDR
regulations to improve, where needed, their protectiveness, flexibility, scientific basis (including rela-
tionship to risk posed), multimedia approach, and applicability. As part of this “reinvention” process,
the EPA is expected to examine and potentially revise treatment standards for LDR wastes, beginning
with mercury-bearing wastes. Regional and local regulatory authorities may also be involved in setting
the complete catalog of requirements for management of specific wastes, in particular those derived
from site clean-ups. It is of utmost importance, therefore, to research the latest and most complete
versions of all applicable laws, regulations, policies, guidance, RODs, consent agreements, and consent
orders, as well as the corresponding proposed regulations that might soon become applicable, when
regulatory information to develop or implement a waste treatment technology is required. Consultation
with the appropriate regulators is invaluable in determining specific requirements when questions
remain.

Federal Authorities that Govern Mixed Waste

Table 1.1 presents a chronology of major U.S. federal laws and regulations that govern mixed waste
identification and cradle-to-grave management. EPA requirements applicable to the treatment and dis-
posal of the hazardous component of mixed wastes differ, depending on the statutory authorities under
which the waste is regulated (e.g., under RCRA, CERCLA, or TSCA). The radionuclides in mixed waste
are regulated under the authority of the Atomic Energy Act (AEA) as amended, including the Energy
Research and Development Act and the Energy Reorganization Act. These acts collectively authorize NRC
and DOE to regulate radioactive materials, including wastes, and the facilities that generate or manage
these materials. The AEA also authorizes the EPA to provide radiological standards for radioactive
material and waste management. In general, the AEA and its amendments and the Nuclear Waste Policy
Act authorize what is now the NRC to regulate, among other things, commercial generation and handling
of radioactive materials and wastes, and all high-level radioactive waste (HLW) disposal. The AEA and
its amendments, the Energy Research and Development Act, and the Energy Reorganization Act collec-
tively authorize what is now the DOE to regulate DOE facilities that generate and manage radioactive
materials and wastes — including DOE low-level waste (LLW), transuranic (TRU) waste, mixed LLW
and mixed TRU waste, HLW, and wastes that contain accelerator-produced, AEA 11(e) by-product, or
naturally occurring radioactive materials (NORM). The DOE and NRC must also implement the EPA’s
40 CFR Part 191 and other standards for the disposal of TRU waste and HLW.
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TABLE 1.1 Chronology of Major U.S. Laws and Regulations Governing Mixed Waste Treatment

Year Law or Regulation

1954 AEA authorizes Atomic Energy Commission (AEC) and AEC regulation of radioactive materials defined in 
AEA. 

1965 Solid Waste Disposal Act sets the stage to improve management of “solid waste.”
1970 National Environmental Policy Act (NEPA) governs potential federal projects that may affect the environment, 

requires consideration of alternatives, environmental review, and, for certain major projects, public 
participation in decision-making.

The EPA is created by Executive Order and authorized to implement federal environmental legislation.
The Clean Air Act (CAA) and subsequent amendments require the EPA to regulate point sources of air 

pollution and develop ambient air standards.
1972 Federal Water Pollution Control Act and subsequent amendments [now known as the Clean Water Act 

(CWA)] initiate EPA regulation to control pollution of surface waters.
1974 Energy Reorganization Act abolishes AEC and divides regulation of all radioactive materials between the 

Energy Research and Development Administration (ERDA) and the NRC. ERDA regulates primarily 
defense-related materials and NRC regulates commercial, industrial, medical, and university owned 
materials and some classes of DOE facilities (e.g., HLW storage).

1976 RCRA Subtitle C (actually amendments to Solid Waste Disposal Act) requires the EPA to regulate hazardous 
waste identification and management by waste generators, transporters, and owners/operators of 
hazardous waste treatment, storage, and disposal facilities (TSDFs). RCRA Subtitle C specifically excludes 
“source, special nuclear, or by-product material,” as defined by AEA, from the definition of “solid waste” 
(and therefore from the definition of hazardous waste).

TSCA authorizes the EPA to control certain hazardous chemicals (e.g., PCBs, cradle-to-grave).
1977 Clean Water Act (CWA) initiates National Pollutant Discharge Elimination System (NPDES), authorizing the 

EPA to regulate, via permits, point source industrial discharges of pollutants to surface waters.
Department of Energy Organization Act creates the DOE, which incorporates ERDA and other agencies and 

programs, and clarifies DOE’s environmental functions.
1980 CERCLA authorizes the EPA to regulate management and clean-up of sites contaminated by hazardous 

substances, including radionuclides, where actual or imminent “loss of control” of these substances 
threatens human health or the environment.

The EPA issues first hazardous waste management regulations under RCRA: 40 CFR Part 261 — Identification 
and Listing of Hazardous Waste (45 FR 33119).

1981 The NRC issues licensing regulations for non-DOE operated LLW land disposal sites (10 CFR 61.56). 
1982 Nuclear Waste Policy Act provides for HLW repository development.
1984 Hazardous Solid Waste Amendments (HSWA) to RCRA set phased deadlines for the EPA to prohibit land 

disposal of untreated hazardous wastes and provide treatment standards that such prohibited waste must 
meet prior to land disposal.

In Leaf v. Hodell, court mandates that the DOE’s hazardous waste is subject to RCRA hazardous waste laws 
and regulations, but is unclear on status of the DOE’s source, special nuclear, and by-product materials.

1985 Low-Level Radioactive Waste Policy Amendments Act provides for states to develop system of LLW land 
disposal sites.

1986 An EPA notice clarifies that RCRA hazardous waste regulations apply to mixed wastes and that states must 
obtain EPA authorization to regulate the hazardous component of mixed wastes (51 FR 24504).

Emergency Planning and Community Right to Know Act requires that the EPA provide for reporting of 
hazardous waste generation and management activities and for community involvement in related 
emergency planning.

Superfund Amendment and Reauthorization Act (SARA) amends CERCLA to stress the importance of 
permanent remedies, risk considerations, and application of requirements from other authorities to 
govern clean-ups (Applicable or Appropriate and Relevant Requirements, ARARs).

The EPA issues the initial rule that implements the land disposal restrictions (LDR) program (51 FR 10146) 
and 40572). The rule provides the regulatory framework for LDRs, LDR treatment standards for solvent 
and dioxin wastes, and the Toxicity Characteristic Leaching Procedure (TCLP) upon which toxicity 
characteristic waste determinations and certain LDR treatment standards are based.

1987 The DOE publishes rule that interprets AEA definition of “by-product material” and clarifies that 
nonradioactive, chemically hazardous component of DOE’s mixed wastes are subject to regulation under 
RCRA (52 FR 15937).

EPA issues LDR treatment standards for hazardous wastes previously identified by California (52 FR 25759).
1988 DOE Order 5820.2A, “Radioactive Waste Management of Defense LLW,” establishes requirements for 

management of DOE LLW and mixed waste.
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Definition of Mixed Waste

Before we can understand mixed waste treatment and treatment facility requirements, we need a more
complete understanding of what mixed waste is. Mixed wastes are typically produced in activities related
to production of and research on nuclear power and nuclear weapons, to medical procedures and research,
and to miscellaneous other research, development, and manufacturing activities that employ hazardous
chemicals and use or generate radionuclides. Mixed wastes are also produced as a result of the clean-up
of water, soil, and buildings contaminated as a result of these activities in the past.

TABLE 1.1 Chronology of Major U.S. Laws and Regulations Governing Mixed Waste Treatment (Continued)

Year Law or Regulation

The EPA issues LDRs for the “First Third” hazardous wastes (53 FR 31138).
An EPA notice clarifies that mixed waste TSDFs are subject to RCRA permitting requirements for hazardous 

waste TSDFs (53 FR 37045).
1989 The EPA issues LDRs for “Second Third” hazardous wastes (54 FR 26594).
1990 The EPA approves conditional no-migration variance exempting from RCRA LDRs a limited amount of 

untreated LDR mixed waste for experiments at DOE’s Waste Isolation Pilot Plant (WIPP) for defense 
transuranic waste disposal (55 FR 47700).

The EPA issues LDRs for “Third Third” hazardous wastes (55 FR 22520) 
1991 Because of limited treatment and disposal capacity, the EPA temporarily reduces priority of civil enforcement 

of RCRA Section 3004(j), storage prohibition for certain non-DOE mixed wastes (56 FR 42730).
1992 Federal Facilities Compliance Act sets mixed waste definition, clearly subjects federal facilities to RCRA 

hazardous waste requirements, requires DOE mixed waste generating and management sites to develop 
plans to achieve compliance with RCRA requirements. EPA enforcement of LDR storage prohibition for 
these federal facilities is based on these plans.

The EPA issues alternate hazardous debris treatment standards (57 FR 37194).
The Energy Policy Act requires the EPA and NRC to issue site-specific standards and licensing requirements, 

respectively, for disposal of HLW at proposed DOE Yucca Mountain, NV, site.
1993 The EPA issues concentration-based treatment standards for “underlying hazardous constituents” (UHCs) 

in D001 and D002 wastes even if these UHCs do not cause the waste to exhibit an RCRA characteristic 
(58 FR 29860).

1994 The EPA issues LDR Phase II final rule, which promulgates treatment standards for newly identified organic 
toxicity characteristic wastes and establishes universal treatment standards (59 FR 47982).

1995 The EPA proposes the Hazardous Waste Identification Rule (HWIR, 60 FR 57747) to allow certain RCRA 
listed wastes and listed waste contaminated media meeting risk-based “exit” requirements to be disposed 
in RCRA Subtitle D (non-hazardous waste) regulated facilities.

1996 The WIPP Land Withdrawal Act amendment exempts transuranic mixed waste designated for WIPP disposal 
testing from RCRA LDR treatment standards and associated land disposal prohibitions.

Land Disposal Program Flexibility Act amends Solid Waste Disposal Act to provide that LDR prohibited 
hazardous wastes that are decharacterized and managed in centralized CWA or SDWA regulated 
wastewater management systems (e.g., surface impoundments) are not prohibited from land disposed, 
as long as the wastes are not hazardous at the point they are land disposed.

1997 The NRC, with EPA consent, authorizes disposal of a specific commercial low radioactivity treated mixed 
waste containing Cs-137 at RCRA Subtitle C disposal facilities (62 FR 131-76).

Preceding issuance of a proposed mixed waste storage and disposal rule, the EPA suspends RCRA permitting 
actions for certain commercial sector RCRA interim status on-site mixed waste storage facilities (59 FR 
47982) [EPA 1997a].

NRC/EPA mixed waste testing guidance is issued (62 FR 62079). 
1998 For non-DOE LDR mixed wastes with no treatment/disposal options, the EPA extends to October 31, 2001, 

its low enforcement policy for RCRA Section 4000(j) storage prohibition (63 FR 17414 and 59989, see 
also 59 FR 18813 and 61 FR 18588).

The EPA issues LDR Phase IV final rule, which promulgates new and revised treatment standards for metal-
containing hazardous wastes, requires any underlying hazardous constituents in toxicity characteristic 
metal wastes to be treated to UTS levels, and establishes alternative treatment standards for contaminated 
soils (63FR 28556).

Note: Portions of table were adapted from information on the EPA Web page at http://www.epa.gov/radiation/mixed-
waste/mw_pg4.htm.
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Mixed waste is defined in the Federal Facility Compliance Act (FFCA) (RCRA Section 1004(41),
October 6, 1992) as “… waste that contains both hazardous waste and source, special nuclear, or by-
product material subject to the Atomic Energy Act of 1954.” In authorizing the RCRA program, Congress
in RCRA Section 1004(5) broadly defined hazardous waste to include wastes that cause or significantly
contribute to an increase in serious illness or mortality or pose a threat to human health or the environ-
ment when improperly managed. Wastes that contain a hazardous waste component as designated in the
RCRA implementing regulations in 40 CFR 261 and that also include a radioactive component constitute
the primary mixed waste category discussed in this book (i.e., for the purpose of determining applicable
treatment technologies and disposal). In addition, radioactive PCB wastes regulated under TSCA are
considered to be in the “mixed waste” category for the purpose of this book. Contaminated media subject
to CERCLA are also included for the same reason. The treatment required to address the
RCRA/TSCA/CERCLA-regulated hazards of mixed wastes will depend on the waste categorization and
classification (see also Chapter 2) under these statutes and their implementing regulations.

The radioactive component of mixed waste contains man-made radionuclides or man-enhanced
concentrations of naturally occurring radionuclides that emit alpha, beta, or gamma radiation that can
damage living cells and their genetic components. The statutory and regulatory requirements for treat-
ment of mixed waste to address the hazards associated with the radionuclides also depend on how the
waste is categorized: as HLW, transuranic waste, LLW, or accelerator-produced or naturally occurring
radiological material (NARM). HLW is defined by the NRC in 10 CFR 60 as (1) irradiated reactor fuel,
(2) liquid wastes resulting from the operation of the first cycle solvent extraction system, or equivalent,
and the concentrated wastes from subsequent extraction cycles, or equivalent, in a facility for reprocessing
irradiated reactor fuel, and (3) solids into which such liquid wastes have been converted. However, the
EPA defines HLW as the AEA definition given in the Nuclear Waste Policy Act of 1982, which is “(A)
the highly radioactive material resulting from the reprocessing of spent nuclear fuel, including liquid
waste produced directly in reprocessing and any solid material derived from such liquid waste that
contains fission products in sufficient concentrations; and (B) other highly radioactive material that the
Commission, consistent with existing law, determines by rule requires permanent isolation.” In addition
to the differences regarding spent nuclear fuel and “other highly radioactive material” between the AEA
and NRC definitions, “sufficient concentrations” is not defined, and the NRC had (as of late 2000) not
identified in rulemaking the “other” materials that might be HLW because they require permanent
isolation.

As defined by the DOE and EPA, transuranic waste exceeds a total of 100 nCi of alpha-emitting
transuranic radionuclides having a half-life greater than 20 years in each gram of waste. The EPA, in 40
CFR 191, excepts from the definition of transuranic waste (1) HLW, (2) wastes that DOE determines,
with EPA administrator approval, do not need the degree of isolation required by 40 CFR 191, and (3)
wastes that the NRC has approved for disposal on a case-by-case basis in accordance with 10 CFR 61
(the NRC’s LLW disposal licensing rule).

LLW is currently defined in the AEA, as amended, as radioactive material that: (1) is not high-level
radioactive waste, spent nuclear fuel, transuranic waste, or by-product material (uranium or thorium mill
tailings), and (2) the Commission, consistent with existing law, classifies as low-level radioactive waste.

The categorization of HLW based on its source, and lack of definition of radionuclide content limits,
can pose issues for the categorization of wastes that may be derived from HLW or are “incidental” to
HLW processing, but have characteristics more consistent with LLW or transuranic waste. The imple-
mentation guidance manual for DOE Order 435.1 on radioactive waste management establishes that,
within the DOE system, wastes that are “incidental” to reprocessing are not HLW. Such incidental wastes
are described in an NRC Notice of Proposed Rulemaking for revision of 10 CFR Part 50 (34 FR 8712,
paragraphs 5 and 6). The DOE guidance manual establishes DOE processes and criteria for determining
if these incidental wastes should be managed as HLW, LLW, or transuranic waste.

The NRC subdivides low-level radioactive waste (LLW) subject to NRC licensing and subject to NRC
licensed disposal site requirements into Class A, Class B, and Class C, and Greater-Than-Class-C. Upper
radionuclide content limits are defined in 10 CFR 61 for Classes A through C. NRC-defined Greater-
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Than-Class-C LLW includes wastes that exceed a total of 100 nCi of alpha-emitting transuranic radio-
nuclides having a half-life greater than 5 years per gram of waste (cf. the DOE and EPA definition of
transuranic waste). The LLW classifications are generally based on the degree of overall radiological
hazard after disposal, considering the type and energy of the radiation emitted by each specific radio-
nuclide, the radionuclide concentration, the radionuclide half-life, the general potential for release of the
radionuclide from the disposal site, and potential pathways to man and the environment. Class A generally
presents the lowest hazard, and Greater-Than Class C the highest hazard for LLW. The NRC requires
disposal of Greater-Than-Class-C LLW in a geologic repository except if it approves alternative disposal
on a case-by-case basis.

Identifying a waste as “hazardous” and “radioactive” and determining the specific category and classifi-
cation of the hazardous and radioactive portions of the waste as outlined in Section 2.1 is the first step in
determining how the waste should be treated, what the final waste form specification should be, and what
special requirements may be needed in the design, operation, and closure of the treatment facility.

Under the current RCRA regulatory framework, the Toxicity Characteristic Leaching Procedure
(TCLP) is used for classifying RCRA toxicity characteristic hazardous waste, as a basis for setting leachate-
concentration-based RCRA hazardous waste treatment standards, and for measuring waste form com-
pliance with such standards. The EPA has been considering changes to its waste testing requirements and
procedures and to the groundwater modeling for risk assessments used as part of the basis for its
hazardous waste classification system. The considerations for changing waste testing were partly based
on The Netherlands’ and European Union’s efforts to develop a multiple test scheme that better predicts
near-term and long-term contaminant release and behavior. Congress has also given some consideration
to whether it should clarify the definition of HLW (and therefore LLW). Such changes could dramatically
impact the amounts and kinds of mixed wastes that must be treated, the treatment standards that must
be met, final waste form testing for compliance, and, accordingly, needed U.S. mixed waste treatment
capabilities and capacities.

Requirements Affecting Final Waste Form Specifications

RCRA Land Disposal Restrictions (40 CFR Part 268)

Land Disposal Restriction (LDR) treatment standards provide some of the specifications that final mixed
waste forms must meet to be land disposed. Much of the RCRA hazardous waste management regulatory
program was initially developed to respond to national concerns that leaching of hazardous constituents
into groundwater from hazardous waste disposed on the land could significantly degrade groundwater
quality. Thus, hazardous and mixed waste disposal facilities such as landfills and surface impoundments
must meet minimum technology requirements (have approved liners and leak detection systems) and
monitor groundwater. The EPA’s LDR program added prohibitions of land disposal of each identified
hazardous waste. For such LDR-prohibited wastes, the EPA also established treatment standards that the
waste must meet before it can be land disposed. The philosophy behind the LDR program is to establish
treatment standards that reduce the mobility or toxicity of the hazardous constituents in the waste to
reduce the threat to groundwater. The LDR program also includes waste dilution and storage prohibitions,
explicit requirements for final testing of wastes before disposal, and “cradle-to-grave” waste tracking and
recordkeeping requirements.

LDR Treatment Standards

Over the years from 1986 through 1998, the EPA issued RCRA hazardous waste land disposal prohibitions
and accompanying LDR waste treatment standards in phases to complete its response to congressional LDR
mandates. Generators must adequately characterize their wastes at the original point of generation to
determine the appropriate 40 CFR Part 261 EPA hazardous waste codes to be assigned and if their hazardous
waste is subject to LDRs (40 CFR § 262.11; see also Section 2.1). Each EPA RCRA hazardous waste code
has one or more corresponding LDR treatment standards in 40 CFR Part 268, Subpart D. If a waste is
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subject to LDRs at the point of generation, the applicable 40 CFR Part 268 LDR requirements will continue
to apply to the waste from “cradle to grave.” For example, if an LDR prohibited waste is subsequently
decharacterized or excluded from the definition of hazardous or solid waste, it may still be prohibited from
land disposal until applicable treatment standards are met. As waste is treated — sometimes by a combi-
nation of on-site and off-site process steps — to meet the applicable treatment standards, the point at which
compliance with the initial treatment standards is generally determined for LDR purposes is when the waste
treatment processes are complete and the waste is ready for disposal. If, at this point, new codes are identified
as having been added by the treatment, this would be a new point of generation for these codes. If applicable
to the new codes, a new UHC determination would also be required. Additional treatment would then be
required to meet the treatment standards for the newly assigned codes and UHCs (see 64 FR 25408, p.
25411, Item 8: “Treatment Residuals and Point of Generation of a New Hazardous Waste for LDR Pur-
poses”). Because of potential changes in these requirements, it is particularly important to review the current
requirements when determining treatment requirements.

If a 40 CFR 261 Subpart D listed hazardous waste to be land disposed also exhibits any hazardous
waste characteristics as defined in 40 CFR Part 261 Subpart C, the LDR treatment standards for all
applicable listed and characteristic waste codes must be met unless the treatment standards for the listed
waste specifically include standards for the constituents responsible for causing the waste to exhibit the
characteristics. In such cases, the waste can generally be treated to meet only the treatment standards for
the applicable listed waste codes.

Treatment technology developers and users may participate in the development or revision of LDR
treatment standards by supplying relevant data to the EPA. To develop its LDR treatment standards, the
EPA first collects current technical data on available and effective treatment technologies that have been
demonstrated on well-characterized wastes in each waste code category. For each waste code category,
the technology that is most effective in reducing the intrinsic hazard/toxicity or mobility of the hazardous
constituents in the waste is selected as the “Best Demonstrated Available Technology” (BDAT). The
information used as the basis for selecting the BDAT should conform to the requirements in the EPA’s
“Best Demonstrated Available Technology (BDAT) – Background Document for Quality Assurance/Qual-
ity Control Procedures and Methodology” issued October 23, 1991, as revised.

Once the BDAT is determined, the EPA establishes a waste-code-specific treatment standard based on
routinely achievable BDAT performance. A treatment standard can be a concentration level (e.g., 0.025
mg/l in an extract of the treated waste or 1 mg/kg total concentration in the treated waste); or the
treatment standard can be expressed as the required use of one or more specified technologies. Specified
technologies, such as chemical oxidation, carbon adsorption, and high-temperature combustion, are
described in general terms in 40 CFR 268.42. Examples of many of the technologies that will meet the
“specified technology” treatment standard of “DEACT” to remove the characteristic of ignitability,
corrosivity, or reactivity are detailed for applicable waste codes and subcategories in Appendix VI to Part
268. Incineration, which destroys hazardous organic constituents, thus removing their associated toxicity,
is one example of a BDAT that has been established as a specified technology treatment standard for
certain wastes and has also been used to set concentration-based treatment standards for others. Another
example of a BDAT is stabilization. By chemically or physically immobilizing toxic metals, for example,
stabilization can reduce the leachability (mobility) of these metals. For hazardous waste codes for which
stabilization is the identified BDAT, the treatment standards can be expressed as a leachate concentration
limit. Note again that the LDR treatment standards established to date are strictly technology-based
standards — not risk-based standards. This is in contrast to a proposed hazardous waste identification
rule that would use risk assessment methodologies to establish treated waste concentration limits for
land disposal.

Because a given treatment generally performs differently on wastewaters and non-wastewaters, and
different treatments altogether may be required for wastewaters and non-wastewaters, separate treatment
standards are set for these two “treatability groups” within each waste code. For the purposes of RCRA
LDR, 40 CFR § 268.2 defines wastewaters based on the percentages by weight of total organic carbon
(TOC) and total suspended solids (TSS) in a liquid waste. Although the LDR treatment standards are
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assigned at the point of generation, if wastewaters are treated and produce a treatment residual that is a
non-wastewater, a “change in treatability group” is said to occur that requires the final residual waste
form to be tested for compliance with the non-wastewater treatment standard for the initial waste code
(i.e., rather than the wastewater treatment standard). Also see the previous discussion on point of
generation and potential addition of new codes and associated UHCs as a result of complete treatment
of a given original waste.

To meet RCRA LDR concentration-based treatment standards, the waste can be treated by any properly
permitted technology or set of technologies (not necessarily BDAT) that can achieve the given concen-
tration level for the final waste form. Tests done to demonstrate that wastes comply with the LDR
treatment standards must be performed according to regulatory agency guidance and recommendations,
generally the applicable EPA SW-846 test protocols are used.

When questions arise on point of generation, change in treatability group, waste form testing, or other
aspects of the LDRs, communication with the appropriate regulators may be needed to help resolve the issue.

Universal Treatment Standards

As stated by the EPA, “Use of BDAT to set treatment standards for hazardous wastes resulted in different
treatment standards for the same hazardous constituent in different wastes. For example, F005 and U019
non-wastewaters both require treatment for benzene; however, the treatment standard originally set for
benzene in the spent solvent was 3.7 mg/kg, while the standard originally set for unused, discarded
benzene was 36 mg/kg” (EPA, 1997b; also see the LDR Phase II final rule of 9/19/94: 59 FR 47982). To
achieve consistent concentration-based standards, the EPA assigned a single numeric treatment standard
to each RCRA hazardous waste constituent for wastewaters and a separate single value to each such
constituent for non-wastewaters. A consolidated list of these constituents and the corresponding two
treatment standards (wastewater and non-wastewater) for each are given in 40 CFR § 268.48. These
“universal treatment standards” (UTS) now also supply the current concentration-based treatment stan-
dards for individual RCRA hazardous waste constituents in 40 CFR § 268.40.

Treatment of Underlying Hazardous Constituents

In 1992, the D.C. Circuit Court held that the LDR treatment standards for characteristic wastes must
address all the hazardous constituents of concern in the waste to be land disposed — not just the ones
responsible for the characteristic. The court also ruled that dilution was ordinarily not a permissible
means of treating hazardous constituents (EPA, 2000a). The additional hazardous constituents requiring
treatment are called “underlying hazardous constituents” (UHCs, see 61 FR 15566, April 8, 1996). When
a characteristic waste requires treatment for UHCs, the applicable 40 CFR § 268.40 treatment standards
include “and meet § 268.48 standards,” that is, the UTS levels. The UHC treatment standards are thus
included as part of the applicable LDR treatment standards for certain characteristic wastes, although
these UHCs do not themselves cause the waste to exhibit a characteristic. When an LDR treatment
standard requires UHC treatment, the identification of all UHCs reasonably expected to be present at
the original point of generation of the waste is incumbent upon the waste generator. When characteristic
hazardous wastes have been treated to meet the applicable treatment standards, including those for the
identified UHCs, the waste can be disposed of in a nonhazardous waste landfill — a Subtitle D or Subtitle
D equivalent landfill. For mixed wastes, this means that the waste would be disposed in a radioactive
waste disposal facility that meets these requirements.

Dilution Prohibition

Dilution of hazardous waste does not decrease the toxicity or mobility of the hazardous constituents in
the waste. Therefore, dilution of LDR hazardous wastes or the residuals from treatment of a restricted
waste as a substitute for legitimate treatment (e.g., to achieve compliance with numeric treatment
standards or the DEACT specific-technology treatment standard) is generally prohibited (see 40 CFR §
268.3). There are, however, certain specific cases where dilution is permissible. For example, when an
appropriate treatment process, such as stabilization, results in some dilution intrinsic to the process or
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when wastes are aggregated for a legitimate treatment process that is appropriate for each individual
waste, the hazardous constituents in the aggregated waste may be more dilute than in some of the
individual wastes. To specifically address the dilution concern for toxic metals in wastes to be combusted,
the dilution prohibitions require that these wastes additionally meet one of six criteria (see 40 CFR §
268.3(c)) that ensure that combustion is an appropriate technology. Under certain conditions, dilution
of some characteristic wastes managed in certain CWA-regulated or equivalent wastewater treatment or
pretreatment systems is allowed (see also the CWA discussion in this chapter), to meet numeric treatment
standards or the DEACT technology treatment standard. In this case, the waste need only be decharac-
terized; UHCs are not required to be treated (see 40 CFR § 268.40).

Alternative LDR Treatment Standards

Debris is defined in 40 CFR § 268.2 as solid material exceeding a 60-mm particle size that is intended
for disposal and is “a manufactured object; or plant or animal matter; or natural geologic material.” The
definition excludes “any material for which a specific treatment standard is provided in Subpart D, Part
268, mainly lead acid batteries, cadmium batteries, and radioactive lead solids; process residuals such as
smelter slag and residues from the treatment of waste, wastewater, sludges, or air emission residues, and
intact containers of hazardous waste that are not ruptured and that retain at least 75% of their original
volume.” A waste that is a mixture of debris and other material is subject to regulation as debris if the
mixture is composed “primarily” of debris, by volume, based on visual inspection.

Alternate RCRA LDR treatment standards for debris that is contaminated with hazardous waste are
given in 40 CFR § 268.45. The alternative debris treatment standards were developed for materials that
are not well suited for treatment to meet the waste-code-specific treatment standards in 40 CFR § 268.40.
The alternative debris treatment standards allow various surface cleaning, extraction, destruction, and
immobilization treatment technologies to be used, based on the type of debris and the waste with which
it is contaminated. When using these alternative treatment standards, the debris must be treated for each
“contaminant subject to treatment,” as defined in 40 CFR § 268.45(b), using one of the specified
technologies, and the treatment process must meet certain performance and/or design and operating
requirements. Debris treatment residuals must be separated from the treated debris, characterized, and
meet the applicable waste-specific treatment standards. Hazardous debris that is also a PCB waste under
40 CFR Part 761 is subject to the requirements of either 40 CFR Part 761 or 40 CFR § 268.45, whichever
are more stringent.

In addition to the alternative debris treatment standards, the EPA has established alternative treatment
standards for soils contaminated with a listed hazardous waste or that exhibit a hazardous waste char-
acteristic (40 CFR § 268.49). The alternative soil treatment standards require that the total or extract
concentration (as applicable) of each hazardous constituent subject to treatment be reduced by 90%,
with an allowance that the reduction need not be to a level lower than ten times the constituent UTS. A
state must formally adopt this “less stringent” federal rule for it to be effective in that state.

Exemptions, Exclusions, and Variances that Can Affect Waste Treatment

In 40 CFR Parts 261 and 268, the EPA provides various conditional and non-conditional solid waste
exclusions, hazardous waste generator exclusions, and hazardous waste exclusions and exemptions and
variances from all or portions of the RCRA Subtitle C requirements and implementing regulations. These
will need to be reviewed in detail when determining if and how RCRA regulates your final waste
form/waste treatment, treatability study, treatment facility, and samples of waste for characterization or
treatability studies.

In 40 CFR Part 261.4(e), the EPA conditionally excludes persons who generate or collect samples to
be used in small-scale treatability studies from the remaining portions of 40 CFR Part 261, from Parts
262 and 263 (including Part 261 and 262 hazardous waste quantity determinations), and from the
notification requirements of RCRA Section 3010. In a treatability study, defined in 40 CFR § 260.10,
small samples of mixed waste are used when needed to determine the efficiency, effectiveness, and optimal
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conditions for a process as well as the quantity and types of secondary wastes and emissions produced.
The study may also include, for example, pretreatments, process system material compatibilities, and
safety- and health-related information. Additionally, 40 CFR Part 261.4(f) conditionally excludes treat-
ability samples undergoing treatability studies and the laboratories performing the treatability studies
from the remaining portions of 40 CFR Part 261, Parts 262 through 266, 268, 270, and the notification
requirements of RCRA Section 3010. The authorized regulatory agency must be notified in writing at
least 45 days in advance of initiating a treatability study. Specific notification requirements can vary:
some regulators may want to perform a detailed review and request more information, while others may
be satisfied with a simple notification. Therefore previous interaction with the regulator on these require-
ments is recommended. With the exception of allowed 5-year archiving of treated materials for future
evaluation, unused samples or residues generated during the treatability study no longer qualify for the
sample or treatability study exclusions and become subject to all applicable hazardous waste requirements
90 days after completion of the treatability study, or 1 year from the date of shipment of the sample to
the laboratory or testing facility, whichever occurs first. For bioremediation studies, 2 years from the date
of initial shipment are allowed. The treated waste form generally must undergo a hazardous waste
determination to attach any new hazardous waste codes and associated underlying hazardous constituents
added by the treatment, so that the waste can be managed accordingly when the exclusion period ends.
LDR treatment standards applicable to the original waste (i.e., at its point of generation) apply to any
remaining treatability study sample and to the treated waste when the exclusion period ends. Thus, these
wastes must meet the treatment standards that would have applied to the original waste, as well as any
new ones applicable to the waste form following treatment.

In 40 CFR § 261.4(d), the EPA also excludes small “characterization” samples of wastes and contam-
inated environmental media from the requirements of other Sections of 40 CFR Part 261 as well as Parts
262 through 268, 270, 124, and the notification requirements under RCRA Section 3010 when the samples
are collected and shipped for the sole purpose of testing to determine hazardous waste characteristics or
composition. To qualify for the exclusion, certain specific provisions related to transfer, storage, and
shipping of the samples must be met. The exclusion applies until the testing is completed if the sample
is not being returned to the generator. If, after testing is completed, the sample is returned to the generator,
the exclusion applies until the point at which the generator receives the returned sample. At that point,
the sample becomes subject to all the normally applicable requirements for RCRA hazardous waste. If,
after testing is completed, the sample is stored for an “unreasonably” long time (generally longer than 1
year) before being returned to the generator, it might also become subject to all applicable RCRA
hazardous waste requirements. The characterization sample exclusion is “intended to apply to small
samples (typically under one gallon)” of the size needed for the laboratory to perform the testing needed
for compliance with applicable regulations (not just RCRA) (EPA 2000b).

If mixed wastes are legitimately recycled, they are conditionally exempt from Subtitle C regulation
once they enter the recycle process itself (see 40 CFR § 261.6). Up to that time, the wastes must be in
compliance with RCRA Subtitle C regulations for hazardous wastes, including generator, transporter,
and storage requirements. However, the chemicals in mixed wastes are not recycled as frequently as those
in non-mixed hazardous wastes because of difficulties in obtaining products free of radioactive contam-
inants. Future improvements in technology may make recycling more viable for mixed wastes.

In 40 CFR Part 268, the EPA provides the means to request and obtain specific date extensions for,
and variances and exemptions from, LDR prohibitions and treatment standards, including compliance
date extensions and approval of replacement standards.

Mixed wastes can be land disposed in a specific disposal unit without meeting the LDR treatment
standards if the disposal unit has been issued a “no-migration variance” pursuant to 40 CFR § 268.6. To
obtain such a variance, a petitioner must show that health-based levels of hazardous constituents in the
waste will not be exceeded outside the disposal unit boundaries for as long as the waste remains hazardous.

When a petitioner can demonstrate that applicable treatment standards and BDAT technologies are
inappropriate or unachievable for a particular waste, and that the subject waste is significantly different
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from the wastes evaluated by the EPA in setting the standards, the agency may, generally after public
review, grant a 40 CFR § 268.44 treatment standard variance. (See also 55 FR 22526; June 1, 1990).

If an applicant can demonstrate to the EPA, or in some cases to the Regional EPA Administrator, that
an alternate treatment method or treatment standard can achieve a level of performance equivalent to
that of an applicable specified technology treatment standard and that the alternate treatment standard
is adequately protective of human health and the environment, the EPA may make a 40 CFR § 268.42(b)
Determination of Equivalent Treatment and grant an equivalent treatment method variance that includes
a replacement treatment standard for the specific affected waste.

There are several other limited exclusions for specific wastes otherwise subject to LDRs in 40 CFR §
261.4, as well as for remediation wastes managed in “corrective action management units” (CAMUs) in
40 CFR § 264.552, for remediation wastes managed in “temporary units” in 40 CFR § 264.553, and in
40 CFR § 268.4 for wastes generated or treated in impoundments.

Finally, if a petitioner can demonstrate to the authorized regulatory agency (generally the EPA region
or state agency) that the hazards that caused the EPA to list a specific waste in 40 CFR 261 Subpart D
are not associated with that waste as generated or treated at a specific facility, the agency may remove
the listed code — “delist” the waste — on a waste- and facility-specific basis in a regulatory amendment
per 40 CFR § 260.22. Similar determinations — “no-longer-contained-in determinations” — can be
made on a site-specific basis for environmental media and debris that are contaminated by listed or
characteristic hazardous waste. Listed media or debris for which a no-longer-contained-in determination
is granted is generally exempt from RCRA Subtitle C regulation; however, LDR requirements can continue
to apply in some cases (see 63 FR 28621 and 21622 for a recent EPA discussion of the contained-in policy).

If, in developing a new LDR treatment standard, the EPA determines that there is inadequate treatment,
recovery (for recycling), or disposal capacity on a nationwide basis for waste subject to that standard,
the agency may extend the effective date of the standard for up to 2 years (RCRA Section 3004(h)(2))
(National Capacity Variance). As provided in 40 CFR § 268.5, the EPA can similarly extend the effective
date of the standard for a specific waste when a petitioner successfully demonstrates inadequate treatment
capacity for that waste (Case-by-Case Extension).

Waste Treatment Requirements Associated with the Comprehensive 
Environmental Response, Compensation, and Liability Act

While RCRA emphasizes management of hazardous wastes to prevent potential threats to human health
and the environment, CERCLA is aimed at remedies for existing or imminent “uncontrolled” releases
of hazardous substances to the environment that pose a threat to human health or the environment.
CERCLA hazardous substances are listed in 40 CFR § 302.4 and include all RCRA hazardous wastes,
radionuclides, and many other substances listed by other statutes — such as TSCA, the CWA, and the
CAA. CERCLA “removal” and “remediation” actions may involve hazardous wastes and contaminated
environmental media that need treatment before being legally disposed.

When a waste is removed from the bounds of a CERCLA site and meets the definition of a RCRA or
TSCA hazardous waste, it and its treatment facility are generally subject to all applicable RCRA and TSCA
requirements. If, however, the CERCLA wastes or media are treated on-site, “substantive” “applicable or
relevant and appropriate requirements” (ARARs) from any other federal or state environmental laws,
regulations, or criteria must be applied to the clean-up remedy selected, to determine, for example, the
CERCLA clean-up goals, the specifications that treated waste and contaminated media derived from the
site must meet, and other requirements that the selected clean-up remedy must meet. Substantive
requirements usually include numeric standards, monitoring requirements, and design and operating
standards for treatment units, but exclude administrative requirements such as RCRA permits that would
otherwise be required outside the CERCLA arena. Off-site treatment and disposal of non-RCRA, non-
TSCA, and CERCLA wastes can be subject to waste-specific treatment and disposal facility waste accep-
tance criteria. RCRA LDR treatment standards are frequently used as ARARs for CERCLA wastes treated
and disposed on-site; however, the EPA is evaluating the appropriateness of such use of these standards.
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In the course of setting ARARs, the regulatory agency can also waive certain technical requirements that
would normally apply outside the CERCLA arena. In addition to the process for applying ARARs,
Congress also established a risk-based threshold and risk-based procedures for identifying additional
requirements needed to ensure that the overall remedy and clean-up are protective. The collective
requirements that must be met for the CERCLA site, including associated wastes, environmental media,
and clean-up activities, are generally issued by the authorized regulatory agency or agencies in Records
of Decision and in the subsequent plans and reports that the CERCLA program requires.

Waste Treatment Requirements Associated with the 
Toxic Substances Control Act

PCB wastes are not specifically included in the RCRA listed wastes or the RCRA toxicity characteristics.
They are included, however, in the UHCs that must be treated to meet UTS for certain RCRA hazardous
wastes. Aside from that, TSCA regulations in 40 CFR Part 761 govern the requirements for treatment of
PCB wastes. In the TSCA regulations, the term “treatment” is rarely used explicitly, but is implicitly
included in the words “clean-up” and “disposal.” The PCB clean-up and disposal requirements are partly
dependent on PCB concentration and waste matrix type. The TSCA dilution prohibition, in 40 CFR §
761.1(b)(5), is similar to that in the RCRA hazardous waste regulations. PCB wastes generated from R&D
activities and during chemical analysis are specifically addressed in 40 CFR § 761.60(j), 761.64, and
761.30(j).

Similar to RCRA, the TSCA requirements include both technology-based and concentration-based
(total or leachate concentrations) clean-up and disposal requirements that depend on the PCB classifi-
cation of the waste. This classification is generally based on the concentration of PCBs in the waste and
the specific source or type of waste. For example, as of late 2000, PCB liquids that exceeded 500 ppm
could only be disposed by incineration that meets 40 CFR § 761.70 requirements or a technology approved
as equivalent to incineration. More flexible requirements for PCB-contaminated liquids from “incidental
sources” (other than remediation waste) allow landfilling (§ 761.60(a)(3)) if they do not exceed 500 ppm
PCBs and are not ignitable.

PCB decontamination standards and associated requirements for water, organic liquids, nonporous
surfaces, concrete, and nonporous surfaces covered with porous non-liquid PCBs (such as in paint or
coatings) are in 40 CFR § 761.79. This section also provides alternative cleaning procedures that can be
used in lieu of the numeric standards for containers, equipment, tools, and other nonporous surfaces.
Thermal processes to decontaminate metal surfaces are specified in § 761.72. Alternative self-implement-
ing risk-based decontamination levels or methods may be approved on a case-by-case basis per § 761.79.
Materials that meet the appropriate TSCA decontamination standards are not TSCA regulated and can
be reused.

Sections 761.61 through 761.64 of 40 CFR conditionally allow land disposal of PCB remediation wastes,
bulk product wastes (e.g., plastics, paints), and R&D wastes without requiring incineration or special
chemical waste landfilling. Section 761.61 specifies clean-up and disposal options for remediation waste
(e.g., rags, environmental media, sewage sludge, debris, and contaminated building structure debris)
resulting from clean-up of any regulated PCB liquid spill or release. This waste is regulated according to
the concentration of the contamination, the potential for exposure to people, and the contamination
matrix (liquids, nonporous surfaces, porous surfaces, soils, sediments, dredged materials, muds, sewage
sludge, and industrial sludge). The EPA has implemented a tiered system of options for PCB waste clean-
up and disposal. Under some conditions, self-implementing clean-up and disposal may be allowed using
the most stringent clean-up/treatment levels set by the EPA. This requires 30-day notifications of all
applicable (local through regional) regulatory agencies, but no regulatory agency approval. The next tier
is performance-based disposal per 40 CFR § 761.61(b) using specified approved technologies, such as
destruction in a high-temperature incinerator or high-efficiency boiler, disposal in a chemical
waste landfill, use of an alternate technology or permit umbrella approved by the EPA, or using the
decontamination standards and methods in § 761.79. The final tier is risk-based disposal that must be
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approved by the EPA and state or tribal agencies as applicable. Risk-based, site-specific clean-up lev-
els/treatment standards can sometimes be less stringent than the default levels used for self-implementing
clean-up/treatment. The risk-based levels and the information that supports them generally must be
demonstrated and publicly reviewed before approval.

Bulk product wastes (40 CFR § 761.62) include wastes in which the PCB contamination is or derives
from manufactured products that contained only non-liquid PCBs in concentrations greater than 50
ppm when they were determined to be waste. Bulk product wastes include such things as dried paints,
coatings and sealants, structures, plastics, rubber parts, and other materials in which the PCBs are
contained within the material matrix. Conditional disposal options for bulk product PCB wastes include
technology-based standards (e.g., incineration or protective landfilling, such as in an RCRA Subtitle C
landfill), concentration-based standards based on leach testing, and waste- and site-specific risk-based
standards approved on a case-by-case basis. The EPA also provides the means to apply for alternative
disposal standards.

Waste Treatment Requirements Associated with the Atomic Energy Act as 
Implemented by the NRC and DOE

Many disposal site-specific waste specification and testing requirements are contained in the site’s “Waste
Acceptance Criteria” (WAC) and communicated by site staff as part of the waste acceptance process. The
NRC or DOE required radiological performance assessments for the specific disposal site can be expected
to be the basis for some of the physical and chemical waste form and content limitations, the radioisotopes
that can be accepted and their concentration or activity limits. Radiological limits may be on a container
basis or shipment basis.

General waste treatment requirements specific to radionuclides and radioactive wastes are included
in NRC and DOE regulations and guidance. For example, both DOE and NRC radioactive waste disposal
and transportation requirements prohibit waste that is reactive, including pyrophorics, and wastes that
are capable of generating harmful quantities of toxic gases, vapors, or fumes, including hydrogen gener-
ation from radiolysis of hydrogenous materials in TRU wastes. Because liquids and chelating agents tend
to allow or facilitate mobilization of radionuclides after disposal, liquids and chelating agents are generally
prohibited or restricted from disposal at radioactive-waste disposal sites. When stabilizing agents are used
to eliminate free liquids, some radioactive-waste disposal sites may require the use of pre-approved
stabilizing agents or require submittal of test results to gain approval of any new stabilizing agents. The
heat generation of the waste will also be limited, to ensure that the temperature of the waste does not
contribute to release and mobilization of radionuclides. When a waste contains significant quantities of
tritium, which is difficult to contain, a tritium release rate may be imposed on the waste matrix or
package. Fissile material will be limited, either on a concentration basis or total quantity basis.

The NRC’s 10 CFR § 61.56 gives general waste physical and chemical specifications that LLW must
meet for disposal. For example, “stabilization” of NRC Class B and C LLW is required. The NRC
“Technical Position Paper on Waste Form” (NRC, 1991) provides more detailed guidance for structural
stability required by 10 CFR § 61.56 for Class B and C LLW. The required compressive strength testing
(generally ASTM C39 [ASTM, 1980]) performed in accordance with ASTM D1074 (ASTM, 1980) for
the stabilized LLW is based on the waste’s being able to withstand the loading of the earthen cover for
the LLW landfill without fracturing or crushing over a 300-year period. In some cases, the LLW stabili-
zation requirements may be met by a “high-integrity” container that meets applicable specifications,
rather than by the treated waste form. The NRC position paper also includes guidance for 90-day
radionuclide leach testing in accordance with ANS 16.1 (ANS 1981) for Class B and C LLW.

All HLW disposal must be NRC licensed. The EPA’s 40 CFR 191 standards for protection of human
health and the environment apply to the management of HLW and transuranic waste, including disposal
at DOE facilities that are not NRC licensed (e.g., WIPP). The NRC’s 10 CFR 60 provides general licensing
requirements for HLW disposal. As of late 2000, however, the congressionally mandated site-specific EPA
and NRC rules governing the proposed Yucca Mountain, Nevada, HLW disposal site had not been
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promulgated. DOE has in the interim established acceptance criteria and specifications for HLW that is
vitrified in borosilicate glass to implement the currently available requirements (DOE, 1996, 1999a). The
DOE is also developing similar specifications for HLW ceramic waste forms.

In 40 CFR § 191, the EPA stipulates that NRC and DOE may decide that some transuranic wastes
need the same kind of isolation as HLW. General requirements for NRC licensing of disposal of such
waste in the commercial sector are specified in the 10 CFR Part 61 requirements for Greater-than-Class-
C LLW as being determined by NRC on a case-by-case basis. DOE requirements for DOE transuranic
waste forms to be accepted at the DOE WIPP disposal facility are provided by the WIPP Waste Acceptance
Criteria (DOE, 1999b).

Final waste form requirements for LLW mixed wastes are fairly mature, although still subject to changes
and inflexibilities in the RCRA regulations. Much headway has been made in the definition of acceptable
final waste forms for DOE’s transuranic waste and for commercial and DOE HLW disposal at the potential
Yucca Mountain site. However, inflexibilities and cloudiness in the U.S. source-based definitions of HLW
and LLW and in the final EPA and NRC requirements for disposal are viewed as causing corresponding
issues in the selection of disposal and treatment technologies for wastes that may be “derived” from HLW
but have radiological characteristics consistent with those typical of LLW or transuranic waste.

Requirements Affecting Design and Operation of Mixed Waste 
Treatment, Storage, and Disposal Facilities

The following discussion covers regulations that potentially govern the design and operation of treatment,
storage, and disposal facilities (TSDFs) and facilities that perform treatability studies. Although many of
the RCRA permitting requirements address a specific category of facility, requirements can also be
“borrowed” from regulations that are not directly applicable to a facility or process if, during the RCRA
permitting process, they are judged to be needed to provide adequate protection of human health and
the environment. The authority to do this is contained in the “RCRA omnibus authority” provisions.
With some exceptions, RCRA mixed waste TSDFs must obtain an RCRA permit according to the require-
ments of 40 CFR Parts 270 and 264/265.

Other major laws that may govern environmental aspects of mixed waste treatment facilities include
the AEA, CERCLA, CWA, TSCA, the Safe Drinking Water Act (SDWA), the Federal Insecticide, Fungicide,
and Rodenticide Act (FIFRA), and the Pollution Prevention Act (PPA). This section does not address
facility closure requirements or include regulations administered by agencies other than EPA, DOE, or
NRC, for example, health and safety requirements under the Occupational Safety and Health Adminis-
tration (OSHA) or transportation requirements under the Department of Transportation. In addition,
as noted early in this chapter, the complex requirements cannot be adequately represented here. Important
subjects that are not covered are the requirements for waste tracking, recordkeeping, packaging and
manifesting shipments, storing wastes, and the 40 CFR § 268.7 notifications and certifications that must
be transmitted when wastes are transferred to a TSDF or between TSDFs.

Resource Conservation and Recovery Act (RCRA)

RCRA operational standards in 40 CFR Part 264 and permitting requirements in Part 270 apply to RCRA
mixed waste TSDFs unless they are otherwise exempt, for example, facilities that perform only authorized
treatability studies. Existing facilities that are brought under the RCRA umbrella by new rulemaking can
apply for designation as an “interim status” facility subject to the applicable operational standards of 40
CFR Part 265 before they become fully RCRA permitted and subject to the standards of 40 CFR Part
264. There are a few exceptions to the applicability of the Part 264 and 265 standards to mixed waste
TSDFs. RCRA TSDF facilities that manage only mixed wastes are not currently required to meet the
RCRA organic emissions standards for process vents (Parts 264/265, Subpart AA), equipment leaks (Parts
264/265, Subpart BB), and cover requirements for certain hazardous waste management units (Parts
264/265, Subpart CC). The volatile organic emissions subject to these standards include an extensive list
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of volatile organic compounds, many more than the RCRA toxicity characteristic list of volatile organics.
Additional conditional exceptions to RCRA permit requirements are material recycling facilities per 40
CFR 266, generator treatments per 40 CFR 262 and 268 within a 90-day accumulation period, and
treatability studies per 40 CFR 262.

RCRA regulations allow for accumulation of hazardous wastes in temporary accumulation areas for
up to 90 days without a permit or interim status designation (40 CFR 262.34). An interpretation presented
in the Federal Register on March 24, 1986, clarifies that treatment of these wastes does not require an
RCRA permit provided that the generator is in conformance with the requirements of 40 CFR 262.34
and Subparts J and I of Part 265. Furthermore, 40 CFR 268.7(a)(4) requires the generator to prepare,
submit, and follow a written Waste Analysis Plan for treatment of such wastes.

An RCRA Research, Development, and Demonstration (RD&D) permit may be granted in lieu of a
full RCRA permit for certain RD&D activities when these activities will take place in 1 year or less. The
RD&D permit is renewable for a second year. Because of the time limitations, RD&D permits have not
been used extensively for mixed waste RD&D, which generally takes longer than RD&D on nonradioactive
hazardous waste.

RCRA TSDFs that are implementing clean-up of hazardous wastes or their constituents that have been
released to the environment or are in imminent danger of being released by their operations and that
pose a threat to human health or the environment are generally governed by a RCRA corrective action
enforcement order or the TSDF RCRA permit, although in certain cases, CERCLA authority may be
imposed for such clean-ups, particularly at federal facilities.

The EPA prohibits storage of LDR-subject RCRA hazardous waste except to accumulate a quantity
needed to facilitate recycling, treatment, or disposal (40 CFR § 268.50). In the first year of storage, it is
incumbent upon the EPA to prove that the waste is not being stored for the proper reasons; thereafter,
the storage facility owner bears this burden of proof. In the case of RCRA hazardous waste materials that
are being accumulated for recycling, 40 CFR § 260.31 requires, in addition, that at least 75% of the
volume accumulated at the beginning of a year be recycled by the end of the year. Recyclable material
storage that violates this “75% rule” is termed “speculative accumulation.” As of late 2000, an EPA policy
that gives low priority to enforcement of the LDR storage prohibition for non-DOE mixed wastes was
in effect. Time limits for storage of DOE RCRA mixed wastes at a given DOE site are tied to the
demonstration of compliance with the site’s regulatory agency approved mixed waste treatment plan
(Site Treatment Plan). Site Treatment Plans generally include milestones for treatment and disposal of
the DOE mixed wastes.

As of late 2000, there were four exemptions to the LDR storage prohibition: (1) hazardous remediation
wastes stored in a staging pile per 40 CFR § 264.554, (2) wastes being accumulated on-site for a limited
time per 40 CFR § 262.34, (3) transporters storing waste at a transfer facility for 10 days or less per 40
CFR § 263.12, and (4) wastes placed in storage before the effective date of an otherwise applicable land
disposal prohibition. For the latter, removal from storage for characterization or treatment, for example,
triggers the storage prohibition.

Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA)

A CERCLA-subject contaminated site may have treatments applied in situ or waste and contaminated
media derived from the site may be treated ex situ; the ex situ treatment may be within the contaminated
area (on-site) or off-site. The regulatory requirements affecting the treatment facility may differ consid-
erably among these three cases and between on-site facilities at different CERCLA sites. This is because
many of the requirements set for the in situ and on-site ex situ treatments will include the substantive,
but not the administrative requirements of the regulations from other authorities that would fully govern
off-site treatment facilities. Examples of substantive requirements are the requirements to identify and
segregate incompatible wastes, as well as CAA air emissions limits and CWA aqueous effluent limits.
Substantive requirements can sometimes be waived for a specific CERCLA site or area by the authorized
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regulatory agency. Administrative requirements that are generally waived are the requirements to obtain
formal RCRA and CAA permits for on-site TSDF activities.

The CERCLA’s “off-site rule” requires that hazardous wastes taken off the CERCLA site be subject to
full RCRA regulation, as applicable. The off-site rule also requires advance regulatory agency approvals
for transfer of any CERCLA wastes to an off-site TSDF, laboratory, or testing facility for treatability
studies. Preliminary to approval, EPA policy is to require an on-site inspection of the off-site TSDF by
the regional EPA office 6 months prior to receiving the CERCLA waste (EPA 1998).

Toxic Substances Control Act (TSCA)

TSCA-regulated chemicals include asbestos, chlorofluorinated hydrocarbons used as aerosol propellants,
hexavalent chromium, and polychlorinated biphenyls (PCBs). Of these, PCBs are commonly encountered
in mixed wastes. The TSCA governs the uses of PCBs, clean-up of spills, PCB storage, and the disposal
of PCB wastes and contaminated media. The EPA’s 1998 “Disposal of Polychlorinated Biphenyls (PCBs)”
rule (63 FR 35384) increased the flexibility for clean-up and disposal of PCBs, particularly for PCB
remediation wastes, laboratory analysis related wastes, and certain products (e.g., paint) manufactured
with PCBs.

Similar to the RCRA, most treatment and associated handling activities for PCBs and PCB-contami-
nated materials and media require formal regulatory approval. Operating conditions for high-efficiency
boilers and scrap metal recovery ovens/smelters that feed PCB wastes are in 40 CFR § 761.71 and 761.72,
respectively. These scrap metal recovery ovens/smelters may alternatively operate under a state air emis-
sions permit that includes a PCB standard. R&D that is accomplished in less than 1 year on less than
500 gallons of liquid or 70 cubic feet of non-liquid PCB waste that does not exceed 10,000 ppm PCBs
does not require agency approval. Agency approvals may be granted for R&D on larger amounts of
material and for longer times.

PCB mixed waste is exempted from the TSCA 1-year storage-for-disposal limit, provided that records
are kept that document disposal attempts and progress. PCB waste storage is allowed in RCRA-permitted
storage facilities. PCB remediation waste, bulk product waste, and wastes stored in a facility certified
under a TSCA “coordinated approval” per 40 CFR § 761.77 do not need formal storage facility approvals
under § 761.65(d). TSCA coordinated approvals are EPA TSCA authority approvals of applicable storage
or disposal permits issued under other authorities than TSCA that provide for the requisite control of
PCBs per 40 CFR § 761.77.

Facilities performing self-implementing clean-up and disposal of PCB wastes under 40 CFR § 761.61
must notify the EPA and the applicable state or tribal agency at least 30 days before the clean-up per 40
CFR § 761.61(a)(3). If the regulatory agencies do not respond within 30 days and do not provide more
stringent clean-up levels, the clean-up can proceed as in the notification and must meet PCB clean-up
levels given in 40 CFR § 761.61(a)(4) or use the applicable technologies approved under § 761.60
or 761.70.

Clean Air Act (CAA)

To achieve and maintain acceptable regional ambient air quality to meet EPA National Ambient Air
Quality Standards (NAAQS), states regulate certain industry categories, such as incinerators, for new
point source criteria pollutant emissions using emissions standards consistent with EPA new source
performance standards. Other potentially applicable CAA requirements are the EPA’s Stratospheric Ozone
Protection Standards and National Emission Standards for Hazardous Air Pollutants (NESHAPs). For
example, source-specific NESHAPs for hazardous air pollutant emissions from hazardous (and mixed)
waste combustors are found in 40 CFR § 63 and NESHAPs for radionuclide emissions are in 40 CFR §
61. Source-category-specific CAA requirements can be applied to other categories of mixed waste treat-
ment facilities via CERCLA ARARs or RCRA permitting under RCRA “omnibus” authority to apply
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requirements necessary to protect human health and the environment. States may have additional require-
ments for smaller sources and toxic air pollutants not included in the EPA regulations.

When designing or implementing a mixed waste treatment process, air emissions that could fall under
the CAA regulations must be identified and assessed to determine if a new or revised CAA Permit to
Construct or NESHAPs permit is needed for the unit or possibly the entire facility, or whether similar
actions for a facility-wide CAA operating permit may be needed. The CAA permits will include limitations
and conditions on airborne emissions. For certain levels of radionuclide emissions, monitoring may be
required even if a permit is not.

Clean Water Act (CWA)

Two Clean Water Act (CWA) goals are to achieve surface water quality that (1) “provides for the protection
and propagation of fish, shellfish and wildlife,” and (2) “for recreation in and on the water.” To assist in
meeting these goals, National Pollutant Discharge Elimination System (NPDES) permits are required for
regulated direct discharges affecting surface waters. Mixed waste treatment facilities that discharge aque-
ous effluents indirectly via a publicly owned sewage or industrial waste treatment works (POTW) that
has an NPDES permit are generally subject to effluent conditions and pretreatment requirements that
ensure the POTW NPDES permit conditions will not be violated. The CWA also provides for regulation
of non-point-source pollution, for example from outdoor storage area stormwater runoff, for facilities
in areas that meet the entry criteria for being subject to the stormwater runoff requirements. A regulatory
program similar to the NAAQS is under development in the states for other non-point-source discharges
of pollutants to surface waters.

Wastewater treatment units are defined in 40 CFR § 260.10 as essentially a tank or a tank system, also
defined in 40 CFR § 260.10, that is part of a wastewater treatment facility subject to the CWA; that is, it
has an NPDES permit or legally discharges to a POTW that has an NPDES permit (40 CFR § 270.2.
264.1(g) or 265.1(c)). If such a wastewater treatment unit stores or treats hazardous wastewater, 40 CFR
§ 264.1 conditionally exempts the tank system unit from RCRA permitting requirements (see that CFR
section for the required conditions). The unit NPDES permit, or the POTW NPDES permit, provides
the treatment requirements that must be met for the discharge from the wastewater treatment unit. The
POTW, the EPA Region, and the applicable state regulatory authority must be notified in writing of any
discharges of what would otherwise be an RCRA hazardous waste. When such discharges exceed a given
amount, information must also be included on the waste content and the annual quantity to be dis-
charged. The POTW operator should be consulted for these and any other applicable requirements.

Safe Drinking Water Act (SWDA)

The objective of the Safe Drinking Water Act (SDWA) is to protect public health from negative impacts
of contaminants in drinking water. SDWA “maximum contaminant levels” are sometimes used as clean-
up levels for RCRA/CERCLA clean-up of ground and surface waters. Because this book does not include
treatment or disposal by underground injection regulated by the SDWA, associated SDWA permitting
requirements for underground injection control are not discussed.

Pollution Prevention Act (PPA)

The Pollution Prevention Act of 1990 (PPA) required the EPA to promote reduction of the toxicity and
volume of hazardous waste generated and the recycle/reuse of certain pollutants in hazardous wastes.
Regulations that implement the PPA require TSDFs that exceed certain minimum levels of releases of
toxic chemicals to report the releases annually to the EPA and provide information on their pollution
prevention and recycling activities for these chemicals. To encourage recycling, facilities that currently
meet regulatory requirements for recycling hazardous waste components are conditionally exempted
from RCRA permitting requirements that apply to other hazardous waste management facilities. The
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EPA is gradually promulgating regulations that more strongly encourage pollution prevention; for exam-
ple, the hazardous waste combustor NESHAPs rule (40 CFR Part 63, Subpart EEE).

Atomic Energy Act (AEA)

The NRC is authorized under the AEA to license and otherwise regulate civilian use of “by-product,
source, and special nuclear materials” to ensure adequate protection of public health and safety, the
common defense and security, and the environment in the use of nuclear materials in the United States.
Under this authority, the NRC regulates commercial nuclear power plants and other nuclear reactors;
nuclear fuel cycle facilities; medical, academic, and industrial uses of nuclear materials; and transport,
storage, and disposal of nuclear materials and wastes. The NRC is authorized by the AEA to issue licenses
to commercial users of the designated radioactive materials and most other federal facilities that handle
these materials, with the exception of Naval Nuclear Propulsion Program facilities and most DOE
facilities. The DOE regulates the excepted facilities.

Most states have signed agreements with the NRC that delegate NRC authority for regulation of
radioactive “source, by-product,” and small quantities of “special nuclear material” within their state.
The exception to the Agreement States’ authority is that “production, utilization, other fuel cycle facili-
ties,” and HLW disposal facilities are subject directly to NRC’s authority and requirements per Section
274(c) of the AEA. Other than HLW disposal facilities, most DOE facilities are subject to DOE rather
than NRC or Agreement State authority and requirements. While Agreement States are required to adopt
programs that are adequate to protect public health and safety and compatible with the NRC program,
they can also adopt more stringent requirements. In general, NRC and its Agreement States license and
regulate commercial wastes and facilities, while the DOE regulates its own radioactive wastes and asso-
ciated facilities. Examples of exceptions important to mixed waste management are when DOE wastes
are managed at commercial NRC licensed facilities, an NRC licensed DOE spent fuel storage facility, or
any HLW disposal facility.

Disposal

In general, unless a special exception or variance applies, treated RCRA listed mixed wastes that meet all
applicable treatment standards must be disposed in an NRC licensed or DOE regulated RCRA Subtitle
C permitted facility. If a given waste is to be disposed in a Subtitle C facility, no final waste testing is
required before disposal if (1) all applicable LDR treatment standards are specified technology standards,
(2) the specified technology was used for treatment, and (3) the treatment was carried out in a “well-
designed and operated” RCRA permitted facility or met other RCRA requirements for legal treatment
by the specified technology, such as a generator treatment in a 90-day or 180/270-day accumulation area
tank or container as described in 51 FR 10168 and 57 FR 37242. Similarly, if the initial waste bore only
characteristic codes for which the applicable RCRA LDR treatment standards were only specified tech-
nology standards, waste successfully treated to meet these standards may be disposed in an NRC licensed
or DOE regulated RCRA permitted Subtitle C facility without being tested, provided all other require-
ments are met. Land disposal in an NRC licensed or DOE regulated nonhazardous RCRA Subtitle D or
Subtitle D equivalent facility is allowed only for mixed wastes that initially bore only characteristic codes,
that were successfully treated to meet all applicable treatment standards, and that were tested and shown
to be not characteristically hazardous after treatment. The disposal site for CERCLA waste must be
approved by the applicable regulatory agency for the specific waste.

As of late 2000, DOE facilities authorized for disposal of mixed LLW — in Washington and Nevada
— generally were not accepting mixed wastes from out of state, although in February, 2000, the DOE
issued a Record of Decision stating that it had decided to begin using these disposal facilities for off-site
wastes. Certain off-site or out-of-state mixed wastes can be accepted at these sites subject to special site
and state approvals. One authorized commercial facility in Utah was accepting mixed LLW from across
the nation for disposal. The WIPP facility, as discussed previously, was available for TRU and mixed TRU
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waste disposal. An NRC licensed, DOE operated facility was in planning at Yucca Mountain for disposal
of HLW. No existing or planned facility has been specifically designated for mixed HLW or mixed greater-
than-Class-C type wastes, although the NRC does have a process in place for approving limited disposal
of greater-than-Class-C wastes at LLW disposal sites. Such a process, which requires demonstration that
the disposal method would not result in unacceptable radiological dose to members of the public or
workers, could potentially be used on a limited basis for mixed greater-than-Class-C wastes.
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2.1
Sample Collection 
Design
John P. Maney

Introduction

Mixed waste data collection activities are usually made in response to an identified need, such as a
need to comply with regulations, to prepare for litigation, or to gather information for decision-
making. These underlying needs have been used to define project objectives, quality criteria, and data
use for thousands of data collection activities implemented by federal and state agencies and the
regulated community.

Because mixed waste data collection activities for the characterization of environmental and waste
matrices have been undertaken on a substantial scale for many decades, one might assume that it is a
mature and refined process. Yet much interest and debate still exists regarding the data collection process.
One reason for this continued interest is that the underlying needs or drivers for data collection have
changed as a result of public concern regarding radioactive and hazardous waste, improved sensitivity
of analytical methodologies, and more demanding health- and risk-based standards.

Another reason for the continued interest is the complexity of the data collection process itself. Data
collection usually requires that a substantial number of personnel, often from different disciplines, address
numerous levels of detail (refer to Table 2.1) on schedule and in an exacting manner. Likewise, the role
of suppliers, data processors, validators, statisticians, engineers, project managers, QA staff, regulators,
and field and laboratory staff must be understood so that the appropriate project team can be assembled
for planning and implementation. An error in any of the series of details being performed by the various
team members has the potential to adversely impact data quality.

The data collection process is referred to as the “data life cycle” by the U.S. Environmental Protection
Agency (USEPA, 1997). The USEPA defines the data life cycle as consisting of three phases: planning,
implementation, and assessment. Although these three phases of the data life cycle are separate entities,
it should be emphasized that rigorous integration of planning, implementation (sampling and analysis),
and assessment is necessary to optimize the data collection process for the generation of data of known
and adequate quality.

Planning, the first phase of the data life cycle, should address the details in Table 2.1, among others,
prior to the implementation of sampling and analysis. In general, a structured approach to planning
has been the most successful in efficiently addressing project details. A structured planning process
consists of a sequence of steps put into practice by persons vested in the outcome (stakeholders) and
persons who have the required technical expertise. There are a number of structured planning
processes, including the USEPA’s Data Quality Objective planning process (USEPA, 1994), the Depart-
ment of Energy’s Streamlined Approach for Environmental Restoration (DOE, 1993) and the Depart-
ment of Defense’s Data Quality Design (U.S. ACE, 1995). While these planning processes address the
same issues, their terminology and emphasis vary. The USEPA’s Data Quality Objective (DQO)
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planning process is the more widely recognized of the above planning processes and provides the
basis for the following discussion of the design and implementation of sampling plans.

The planning process results in a data collection design that is documented in project plans that serve
as the blueprint for the subsequent implementation phase of the data life cycle. (The data collection
design is the overarching project design that includes the sample collection design and the sample analysis
design.) In addition to detailing the project activities, the project plans should specify a QC and QA
regime and the appropriate levels of documentation to measure and document the quality of the resulting
data. These project plans are referred to by different names by different organizations (e.g., quality
assurance project plans, field sampling and analytical plans, work plans, statements of work). A project
plan should be made available to all project personnel and should be sufficiently complete and thorough
that it facilitates implementation of the project as designed.

TABLE 2.1.1 Examples of Project Details

Objectives • Identification and understanding of the project “need” or “driver” (e.g., regulations, 
liability, protection of human health and environment)

• Identification and participation of stakeholders
• Identification of pertinent thresholds and standards
• Identification of Data Quality Objectives (e.g., the decision to be made, data needs)
• Public relations
• End-use of data

Site/waste details • Site or process history
• Waste generation and handling
• Contaminants of interest
• Sources of contamination
• Fate and transport/exposure pathways
• Conceptual models
• Population of interest
• Adjacent properties
• Resource constraints

Sampling details • Health and safety
• Representativeness
• Logistics
• Sampling strategy
• Sampling locations
• Number and types (field/QA) of samples
• Sample volume/mass
• Composite vs. discrete samples
• Sampling equipment/containers
• Sample preservation, custody and handling

Analytical details • Subsampling
• Optimal analytical sample volume/mass
• Quality of reagents/supplies
• Sample preparation/analytical method
• Calibration and verification
• Matrix interferences and laboratory contamination
• Detection limits
• Holding times and turnaround times
• QC samples/statistical control
• Reporting requirements

Data assessment • Data quality objectives, data quality indicators, and performance criteria
• Documentation of implementation activities and data quality
• Completeness, comparability
• Representativeness, bias, and imprecision
• Audits, PE samples, and corrective actions
• Chain of custody
• Verification of assumptions and statistical treatment of data
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A successful implementation ensures that data of known quality are generated, can support decisions
that need to be made, and answer project-specific questions. The appropriate use of quality control
samples, quality assurance, oversight, and detailed documentation allows for a determination of data
quality and data usability. Documentation and recordkeeping during the implementation phase are
essential to the subsequent assessment phase.

The assessment phase of the data life cycle incorporates those activities commonly referred to as data
verification, data validation, and data quality assessment. These terms, while not uniformly defined, are
frequently used interchangeably. The following definitions summarize the activities that should be
employed during the assessment phase. Verification is a straightforward check to determine whether
project-specified activities were employed and under control, while data validation makes usability
decisions on a data point by data point basis. Data quality assessment looks at usability from a project-
wide perspective and attempts to answer the following questions:

• Are the samples representative?

• Are the data accurate?

• Do the data support the project decision?

Data quality assessment is the final determination as to whether the data is of known quality and of
sufficient quality to achieve project objectives.

Sampling, the focus of this chapter, is an integral part of the above data life cycle — not an independent
activity that culminates in the collection of field samples. Sampling must be considered in light of the
analytical methods that will be applied to the samples and the ultimate use of the associated data.
Although this chapter focuses on the sampling aspects of data collection design, an integrated approach
to sampling plan design and implementation is thematic and critical to the following discussion. The
reader is advised to consult the following “Analytical Technology” and “Statistical Inference” sections of
this book for analytical and data use issues that should be considered during the design of a sampling plan.

Fundamentals

This section addresses fundamental issues and principles regarding the design of a data collection activity.
A common understanding of these issues and principles between those planning, implementing, and
assessing projects is necessary for success.

Accuracy

The ultimate goal of mixed-waste data collection activities is data of sufficient accuracy to support the
data use. This subsection discusses the error types that impact accuracy and limit data usability. Sources
of inaccuracy can be categorized into one of the following error types (EPA QA/G-5 96; Taylor, 1987).

1. Bias: the systematic or persistent distortion of a process that causes errors in one direction (from
the true value). These systematic errors are always the same sign (e.g., use of improper calibration
standards that repetitively generate data that are always too high). Bias is detected and controlled
by the use of quality controls (e.g., standard reference materials) and quality assurance programs,
which detail proper standard operating procedures and implement audits, assessments, and cor-
rective actions.

2. Imprecision: the lack of precision, which is a measure of mutual agreement among individual
measurements of the same property. The random errors that cause imprecision vary in sign and
magnitude and are unpredictable on an individual basis but average out if enough measurements
are taken. Imprecision is usually expressed as the standard deviation of multiple measurements,
or as the relative percent difference between duplicate or collocated samples.

3. Blunders: mistakes that occur on occasion and produce erroneous results (e.g., mislabeling or
transcription errors). Due to their infrequent occurrence, blunders are usually not detected unless
a true value or reliable estimate of the true value is known. Blunders are controlled by quality
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assurance programs, which detail proper standard operating procedures and implement audits,
assessments, and corrective actions.

The frequent occurrence of imprecision and bias is the reason that data quality is subject to question
and that there is uncertainty when using data to make decisions. Figure 2.1.1 employs targets to depict
the impacts of imprecision and bias on measurement data. Because the true value, as portrayed by the
bull’s-eye, is 100 parts per million (ppm), ideally all measurements would be centered on the target; after
collecting and analyzing a number of samples, the reported data would be 100 ppm for each and every
sample. This ideal condition of precise and unbiased data is pictured in Figure 2.1.1(a). If the sampling
and analytical process is very precise but suffers from a bias, the condition would be as depicted in Figure
2.1.1(b), where the data are very reproducible but expresse a significant 70% bias that may go undetected
if the true value is not known. The opposite condition is presented in Figure 2.1.1(c), where the data is
not precise and every sample yields a different concentration. However, as more samples are collected,
the random nature of imprecision errors tends to cancel itself, and, lacking any systematic error, the
average measurement reflects the true concentration. Figure 2.1.1(d) depicts the situation in which the
sampling and analytical process suffers from both imprecision and bias, and even when innumerable
samples are collected and analyzed to control the impact of imprecision, the bias would result in the
reporting of an incorrect average concentration.

The data represented by each target in Figure 2.1.1 have an associated frequency distribution curve.
Frequency curves are constructed by plotting a concentration value vs. its frequency of occurrence. The
curves show that as imprecision increases, the curves flatten out and the frequency of measurements that
are distant from the average value (Figures 2.1.1(c) and (d)) increases. More precise measurements result
in sharper curves (Figures 2.1.1(a) and (b)), with the majority of measurements relatively closer to the
average value. The greater the bias (Figures 2.1.1(b) and (d)), the further the average of the measurements
is shifted from the true value. The smaller the bias (Figures 2.1.1(a) and (c)), the closer the average of
the measurements is to the true value.

Because the combination of imprecision and bias determines how close individual or multiple mea-
surements are to the true value, the term “accuracy” is used to capture their overall impact.

Accuracy: the closeness of agreement between an observed value and the accepted reference value (or
true value). When applied to a set of observed values, accuracy will be a combination of a random
component (imprecision) and of a common systematic error (or bias) component (USEPA, 1992).

The term “accuracy” as used to describe the quality of data is a function of the precision and bias of
the analytical techniques/data handling as well as the precision and bias of the samples themselves.
Although applicable, the term “accuracy” is not typically applied to the quality of samples. Instead,
“representativeness” is the term used as the measure of the precision and bias of samples relative to a
population. Representativeness is discussed in the following chapter subsection.

Representativeness

Sampling is the process of obtaining a portion of a population (i.e., the material of interest as defined
during the planning process) and a necessary step in the characterization of populations that are too
large to be evaluated in their entirety. The information gathered from the samples is used to make
inferences whose validity reflects how closely the samples reflect the properties and constituent concen-
trations of the population. “Representativeness” is the term employed for the degree to which samples
accurately reflect their parent population and is defined by a consensus standard (ASTM, 1996a) as:

Representativeness: a certain degree of low bias and high precision when comparing the sample value(s)
to the population value(s).

The above ASTM definition and that employed in a widely recognized text on sampling theory (Gy,
1992) are encompassing definitions and unambiguously include both bias and precision as key descriptors
of representativeness. Alternatively, for the characterization of waste under the Resource Conservation
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and Recovery Act (RCRA), a representative sample is narrowly defined as a sample of a population
that can be expected to exhibit the average properties of the population (40 CFR 260.10). While this
RCRA definition is pertinent to the characterization of radioactive wastes, when determining if the
wastes express the RCRA toxicity characteristic, it is not applicable to those parts of the RCRA
regulations and other data collection activities that attempt to measure other than average values. In
addition to mean values, project objectives may require measurement of the mode, median, percentile,
or the variance of a characteristic. Logarithmic and nominal values such as pH and ignitability are
also not suitable to averaging because an arithmetic average of pH or an average of a Yes/No answer
is inappropriate. The ASTM definition does not suffer from these limitations and is applicable whether
the objective of the data collection activities is to collect samples that accurately reflect the mean or
other statistical parameters.

FIGURE 2.1.1 Error types.

10090 11
0

12
0

13
0

8070 10090 11
0

12
0

13
0

8070

100ppm = true
concentration

Precise

Unbiased
Ave. = 100

Precise

 Biased
Ave. = 170

170

F
re

q
u

en
cy

Concentration

Ave. = 100 = True Value

F
re

q
u

en
cy

Concentration

Ave. = 170True Value
(100 ppm)

(a) (b)

10090 11
0

12
0

13
0

8070 10090 11
0

12
0

13
0

8070

100ppm = true
concentration

Imprecise

Unbiased
Ave. = 100

Imprecise

Biased
Ave. = 150

170

170

F
re

q
u

en
cy

Concentration

Ave. = 100 = True Value

F
re

q
u

en
cy

Concentration

Ave. = 150
True Value
(100 ppm)

(c) (d)

Figure 1. Error types.



© 2001 by CRC Press LLC

F
IG

U
R

E
 2

.1
.2

U
si

n
g 

re
pr

es
en

ta
ti

ve
 s

am
p

le
s 

to
 m

ea
su

re
 p

op
u

la
ti

on
 c

h
ar

ac
te

ri
st

ic
s.

P
O

P
U

LA
TI

O
N

FI
E

LD
 S

A
M

P
LE

S

A
N

A
LY

TI
C

A
L

S
U

B
S

A
M

P
LE

S

D
A

TA
B

A
S

E

C
ol

le
ct

 F
ie

ld
 S

am
pl

es

C
ol

le
ct

iv
el

y 
S

am
pl

es
re

pr
es

en
t 

po
pu

la
tio

n

Su
bs

am
pl

e

Ea
ch

 S
ub

sa
m

pl
e

re
pr

es
en

ts
 a

 F
ie

ld

Sa
m

pl
e

An
al

yz
e 

Su
bs

am
pl

es

D
at

a 
ac

cu
ra

te
ly

 re
fle

ct
th

e 
m

ea
su

re
d 

po
pu

la
tio

n
ch

ar
ac

te
ris

tic

C
ol

le
ct

iv
el

y 
S

ub
sa

m
pl

es
re

pr
es

en
t 

po
pu

la
tio

n



© 2001 by CRC Press LLC

Figure 2.1.2 depicts how (1) samples collected in the field and subsamples generated in the laboratory,
as a group, must physically and chemically reflect the population; and (2) data handling, measurement,
and statistical analysis must be appropriate to ensure the data accurately reflect the characteristic of
interest. A flaw in any portion of the sample collection or sample analysis design or their implementation
can impact sample representativeness, the accuracy of data, and the correctness of associated decisions.

Heterogeneity

Heterogeneity is generally the single greatest impediment to optimizing a data collection design and is
typically the greatest source of uncertainty in the decision-making process. This chapter subsection
discusses homogeneity and the different types of heterogeneity that can be encountered during data
collection activities. The following definitions, taken from the consensus standard ASTM D5956, should
facilitate this discussion (ASTM, 1996b).

Component: an easily identified item such as a large crystal, an agglomerate, rod, container, block,
glove, piece of wood or concrete.

Heterogeneity: the condition of the population under which all items of the population are not identical
with respect to the characteristic of interest.

Homogeneity: the condition of the population under which all items of the population are identical
with respect to the characteristic of interest.

Population: the totality of items or units under consideration.
Practical homogeneity: the condition of the population under which items of the population are not

identical, but for the characteristic of interest, the differences between individual physical samples
are not measurable or significant relative to the project objectives. That is, for practical purposes,
the population is homogeneous.*

According to the prior definitions, sampling of a population such as an abandoned site would be a
simple task if it were homogeneous. In theory, all items of this homogeneous site would be identical for
the characteristic of interest and no differences in spatial distribution would be detectable. Thus, sampling
and measuring any item would allow for evaluation of the entire site. Unfortunately, actual populations
do not consist solely of identical items. At times, however, the difference between individual items is not
measurable and/or is not significant relative to the project objectives. In this situation, the degree of
heterogeneity is so minor that for practical purposes the material is considered homogeneous (practical
homogeneity).

Homogeneity is diametric to heterogeneity. Homogeneity is a unique state of zero differences between
population items, while heterogeneity is a continuum of increasing differences between items of the
population. Because heterogeneity is the norm in practice, the items of a population such as an abandoned
site are dissimilar to some degree. In addition to the magnitude of heterogeneity, the different items of
heterogeneous populations can be distributed to create distinctly different types of heterogeneity.

Random heterogeneity: occurs when dissimilar items are randomly distributed throughout the
population.

Non-random heterogeneity: occurs when dissimilar items are non-randomly distributed, resulting in
the generation of strata.

Stratum: a subgroup of a population that is (1) separated in space, time, component, or some com-
bination of the three from the remainder of the population, and (2) being internally consistent
with respect to a target constituent or property of interest but different from adjacent portions of
the population.

Differences in the composition or properties of the individual items of a population result in hetero-
geneity. One of these properties, item size (i.e., particle size), deserves special consideration due to its

*Reprinted with permission from The Annual Book of ASTM Standards, ©American Society for Testing and
Materials, 100 Barr Harbor Drive, West Conshohocken, PA 19428.
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potential impact on sampling design and implementation. The issue of sampling and particle size are
discussed in the next subsection.

Figure 2.1.3 depicts homogeneous and heterogeneous populations. The drum-like populations portray
different types of spatial distributions, while the populations being discharged through the waste pipes
represent different types of temporal distributions. No spatial or temporal distributions are identifiable
between the identical items of a homogeneous population (Figure 2.1.3(a)). Identifiable spatial and
temporal distributions are present in the heterogeneous populations (Figure 2.1.3(b)), with the existence
of strata in the non-randomly heterogeneous populations (Figure 2.1.3(c)). The type and magnitude of
heterogeneity should be considered during sample collection design because it will impact the represen-
tativeness of samples.

Figure 2.1.4 is a graphical representation of different types of strata that may be present in non-random
heterogeneous populations. Different strata, which result in different distributions and different average
concentrations and properties, are the result of different origins. Stratification over time (e.g., 1000 times
higher lead in wastewater during the day shift than during the night shift) or space (e.g., 1000 times
higher lead concentrations at one portion of the property than at others) are common and well under-
stood. Although prevalent, stratification by component is poorly understood. Some populations are
heterogeneous while having no identifiable spatial or temporal stratification. When these populations
contain components such as large crystals, blocks, gloves, or pieces of wood or concrete, then it may be
advantageous to consider the population as consisting of a number of component strata. A component
stratification approach simplifies the sampling and analytical process and facilitates making inferences
from samples to stratified populations. Component stratification is appropriate for the characterization
of complex wastes that consist of many and diverse component strata that are not separated in space or
time (e.g., auto fluff). Component stratification is analogous to the age, gender, and socioeconomic

FIGURE 2.1.3 Types of heterogeneity.
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stratification of persons into specific strata, which statisticians and pollsters apply to demographic data,
regardless of where those individuals may live.

Although heterogeneity is an issue when sampling gases and liquids, it is typically a more confounding
source of uncertainty when dealing with solids. The following chapter subsection summarizes “particulate
sampling theory,” a proven approach to managing the heterogeneity of solid materials.

Sampling Theory

The heterogeneity of a population results from two factors: (1) the difference in composition of the items
that constitute the population, and (2) the manner in which these different items are distributed across
the population. To properly characterize a contaminant or property of interest, heterogeneity must be
accounted for by the sample collection design.

Gy’s sampling theory has been found to be an important tool for improving sample collection designs
because of its ability to offer better understanding and control of heterogeneity. The work of Pierre Gy
(Gy, 1992) and Francis Pitard (Pitard, 1993) originally focused on the mining industry; however, the
principles are equally applicable to the environmental and waste sampling of particulates. Gy’s sampling
theory manages heterogeneity during sample collection and sample preparation by considering seven
sources of variance and errors that contribute to sampling inaccuracy.

1. Fundamental error. This source of error is a function of the varying composition between particles
(items) of different size. This varying composition is a source of sampling imprecision that should
be controlled. This error is smaller as the sample mass contains a larger number of particles.
Fundamental error increases as the size of the particles increases relative to the sample mass, and
is controlled by increasing the sample mass or by decreasing the size of the largest particles (e.g.,
by grinding) prior to collecting a sample or subsample.

2. Grouping and segregation error. This source of error is a function of the short-range heterogeneity
within and around the area from which a sample is collected and the fact that the collected sample

FIGURE 2.1.4 Types of strata.
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usually consists of a group of particles (as opposed to a single particle). If there is a tendency for
particles to associate into groups of like particles because of gravity, shape, magnetism, or elec-
trostatic charge, the resulting non-random heterogeneity can decrease the accuracy of a sample.
This source of variance is controlled by the use of many small increments to make a sample and
by proper mixing and subsampling.

3. Long-range heterogeneity. This source of variance is similar to the grouping and segregation error,
but is on a much larger scale. Long-range heterogeneity is responsible for non-random heteroge-
neity and the existence of strata. This error is controlled by the selection of the appropriate
sampling design.

4. Periodic-range heterogeneity. This source of variance is a type of long-range heterogeneity, except
that the non-random nature of heterogeneity is periodic or cyclic in nature. For example, a landfill
cell being alternately filled with day- and night-shift production wastes, resulting in cyclic depo-
sition of alternatively similar strata. This error is controlled by the selection of the appropriate
sampling design.

5. Increment delimitation error. This error occurs when the shape of the sample is such that it excludes
or discriminates against certain portions of the material to be sampled. For example, a sampling
device that samples only the top portion of a waste as it leaves a discharge pipe, leaving a portion
of the material unsampled. This type of error is eliminated by the correct choice of sampling
equipment.

6. Increment extraction error. This error occurs when the sample is not extracted properly, so that
portions of the chosen sample are lost or extraneous materials are included in the sample. For
example, the coring device is too small to accommodate a large item and the large item is pushed
aside as the coring device penetrates the material. This error type is controlled by choosing properly
sized and designed sampling equipment and ensuring its proper use.

7. Preparation error. This error results from the incorrect preservation, handling, mixing, grinding,
and subsampling that can result in loss, contamination, or altering of the sample, so that it is no
longer representative of the material being sampled. The proper choice and implementation of
preparation methods control this error.

All of the preceding errors and sources of variance should be considered during the design of sampling
plans. While the above terms may be unknown to someone unfamiliar with sampling theory, most of
the concepts, except for fundamental error, should be familiar to those experienced in the design and
implementation of sampling plans. Fundamental error is a key driver when determining the appropriate
sample mass to be collected,and is directly proportional to the size of the largest particle and inversely
proportional to the sample mass. Table 2.1.2 compiles the maximum particle size allowed for a given
sample mass to achieve the specified fundamental error. A quick review of this table is simultaneously
informative and alarming. The data indicates that a 1-gram (g) sample, a mass typical for a metals
digestion, can accommodate only a maximum particle size of 0.1 centimeter (cm) if a fundamental error
of 16% RSD is desired. Pitard has generated graphs (referred to as nomographs) that allow for the choice
of optimum sample size under varying conditions (Pitard, 1993) Table 2.1.2 also indicates that a 1000-g
sample must be collected and analyzed in its entirety to maintain a fundamental error of 16% when a
population contains a maximum particle size of 1 cm.

The typically larger sample masses recommended by sampling theory, as compared with sample sizes
that are driven solely by analytical requirements, can result in increased costs, logistical, and possibly
health and safety issues. There are situations when strict adherence to sampling theory is not necessary
(e.g., when the largest particles in a population are artifacts such as rocks or bricks, whose contribution
to contamination is known or can be estimated), and it may be possible to base the sampling on less-
demanding sample mass requirements. Nonetheless, any such divergence from sampling theory should
be based on verifiable knowledge of the material being sampled and how the contaminant of interest is
contained within and distributed throughout the population.
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If a population contains a maximum particle size that is not listed in Table 2.1.2, then the minimum
sample mass to control the fundamental error to 16% can be approximated from the following equation
(Pitard, 1993):

MS = 1000*d3 (2.1.1)

d = Diameter of the largest particles, in centimeters
MS = Mass of the sample, in grams

Or, the maximum particle size that can be accommodated by a given sample can be approximated from:

(2.1.2)

Fundamental error and the other aspects of sampling theory are reconsidered in subsequent portions of
this chapter.

Terminology

Data collection activities are multidisciplinary efforts and require experts from different areas to com-
municate clearly to ensure that data of known and useful quality are generated. Lack of a commonly
understood terminology is one of the greatest impediments to effective communications. Problems with
terminology are not restricted to esoteric and discipline-specific topics; some of the more frequent
miscommunications occur as a result of different meanings assigned to commonly used terms such as
duplicate samples, field blanks, and sample size. In these latter cases, there is a mistaken belief that
planning team members have a common understanding of terms, which is found to be false only after
implementation. This problem is further complicated with mixed wastes, where for decades, hazardous
waste and radioactive waste expertise in sampling and analysis developed somewhat independent of
each other.

To develop effective communications, in addition to establishing a documented channel of commu-
nications that keeps all stakeholders and experts informed, it is important to identify a common
terminology early in the planning process by referencing a consensus standard or by developing a glossary

TABLE 2.1.2 Maximum Allowable Particle Size (cm) for a Given Sample Mass per 
Various Fundamental Errors

Maximum Allowable Particle Sizes Per Different Fundamental Errors

Sample Mass (g) 5% RSD 10% RSD 16% RSD 20% RSD 50% RSD

0.1 0.02 0.04 0.05 0.06 0.10
1 0.05 0.08 0.10 0.12 0.22
2 0.06 0.10 0.13 0.15 0.28
3 0.07 0.11 0.15 0.17 0.32
4 0.08 0.12 0.17 0.19 0.35
5 0.08 0.13 0.18 0.21 0.38

10 0.10 0.16 0.22 0.26 0.48
20 0.13 0.21 0.28 0.33 0.61
30 0.15 0.24 0.32 0.38 0.69
40 0.16 0.26 0.36 0.41 0.76
50 0.18 0.28 0.38 0.45 0.82
75 0.20 0.32 0.44 0.51 0.94

100 0.22 0.35 0.48 0.56 1.04
500 0.38 0.61 0.83 0.96 1.77

1000 0.48 0.76 1.04 1.21 2.23
5000 0.82 1.30 1.78 2.07 3.82

d MS 1000⁄3=
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of terms and definitions. The agreed-upon terminology should be documented in project plans and
distributed to all members of the planning and implementation team.

Health and Safety

This chapter does not attempt to address the health and safety issues associated with mixed waste because
such issues are organization-, project-, regulatory-, and waste-specific. This chapter does, however,
recognize that health and safety issues have significant impact on the design and implementation of
mixed waste sampling plans. A necessary goal of all mixed waste sampling designs is to ensure that
individual and collective exposures are as low as reasonably achievable (ALARA). It is also recognized
that compliance with ALARA guidance can result in significant design changes that may increase costs
and/or increase the uncertainty in project decisions.

Applications

This subsection is based on the seven steps of the USEPA’s DQO planning process (USEPA, 1994). The
first six steps of the DQO process are briefly reviewed from a sampling perspective, while the seventh
step, optimization of design, is explored in more detail regarding issues that should be considered when
optimizing a sampling plan design.

The DQO process was developed in the mid-1980s by the USEPA Quality Assurance Management
Staff (QAMS), partially in response to the costly and embarrassing generation of unusable data for projects
such as Love Canal. The DQO planning process, in part, is based on the principles of Total Quality
Management. The DQO process is to a large degree common sense, with its greatest advantage being
that it adds structure to the planning process. This structure and organized way of approaching the
planning process increases the likelihood that important issues will be considered and that the underlying
details necessary for success will be addressed.

Structured planning processes such as the DQO process do require an up-front investment of effort to
address issues, review assumptions, make decisions, and plan.  It should be noted that when a structured
planning process is not followed, decisions are still made regarding issues such as project drivers, data inputs,
and population boundaries, but, lacking a planning structure, these decisions might be made by default,
or in the field by personnel who may not be familiar with the project objectives. A structured approach
increases the likelihood that critical issues will be given a level of attention that reflects their importance.

To supplement this brief discussion, more detail on the DQO process can be found in EPA guidance
(USEPA, 1994; USEPA, 2000), ASTM standard D 5792-95 (ASTM, 1995), (note that the ASTM standard
defines the term “action-level” differently than the USEPA guidance), and MARSSIM (NUREG, 1997).

Step 1: State the Problem

This initial step of the DQO process describes the history and identifies the needs and drivers, which are
the reasons for undertaking the data collection activity. The driver may be for compliance with regula-
tions, support of litigation, or a need for site or waste information so that a decision can be made or a
question answered.

A detailed understanding of the rationale for sampling is necessary for plan design. For example, not
only is it important to know that sampling will be done in support of the RCRA, but it is also important
to know if the sampling for toxicity contaminants is done for compliance with the 40 CFR 261 RCRA
regulations or the 40 CFR 268 RCRA regulations. Compliance with the 40 CFR 261 regulations is
concerned with average concentrations and allows for the use of composite samples, while the 40 CFR
268 regulations are typically interested in point-in-time or space concentrations and require the use of
grab samples for many wastes. A thorough understanding of the drivers behind sampling will allow for
the identification of all stakeholders, necessary experts, pertinent conceptual models, limitations (e.g.,
can access only a portion of the waste pile), and constraints (e.g., sample the sewer effluent within 1
hour of a rainfall), and will facilitate the remainder of the DQO planning process.

The outputs for this step, as agreed upon by the stakeholders, include:



© 2001 by CRC Press LLC

• Documentation of the drivers for sampling

• Identification of all stakeholders and required expertise

• Documentation of the history and pertinent regulations or requirements

• Documentation of all deadlines, limitations, and constraints

• Identification of available resources

• Development of a conceptual model, if appropriate

Step 2: Identify the Decision

This step is closely related to Step 5 of the DQO process but approaches the decision from a more
qualitative or generic perspective; Step 5 addresses the specifics of the correct statistic and its relationship
to the action level. The identification of the decision follows from a detailed understanding of the project
drivers as defined in Step 1. It is critical to document the decision statement early in the planning process,
because it requires the stakeholders and experts who make up the planning team to come to a consensus
not only on what the decision is, but also on what will be done once a decision is made.

More complex problems or sites may require that a series of decisions be made. Each of these nested
decisions should be defined with consideration for their role in the overall project.

Some planners may consider some data collection activities to be information gathering activities that
will answer a particular question. The use of the term “decision statement,” however, was chosen to force
the stakeholders to think further down the process and to identify what action will be taken once a
question (e.g., Is the radioactive material also a hazardous waste?) is answered. It is important to identify
and document the actions (e.g., dispose in landfill X if not hazardous) and alternate actions (e.g., dispose
in landfill Y if hazardous) because they have the potential to significantly impact data needs and the
sampling plan design.

The outputs for this step, as agreed upon by the stakeholders, include:

• A documented decision statement that addresses the alternate actions that will be taken in response
to decision outcomes

Step 3: Identify Inputs to the Decision

This step determines what information is needed to make the decision defined in Step 2. The type of
data, the required frequency of the data, and data constraints and limitations identified in this step will
influence the final sampling plan designed in Step 7 of this planning process. The frequency and amount
of data will be refined during the optimization of the sample design, when the number of samples will
be chosen to meet the acceptable decision error rates.

In addition to needed sampling/analytical data, information such as risk, health, and state and federal
regulatory thresholds may be required and are to be identified during this step of the planning process.

As previously mentioned, regulatory drivers can require specific data inputs. For example, the Toxic
Substances Control Act (TSCA) has specific requirements for wet- and dry-weight concentrations and
requires phase specific data for multi-phasic materials, while certain RCRA land disposal regulations
require that the phases of surface impoundment wastes be analyzed separately.

The outputs for this step, as agreed upon by the stakeholders, include:

• Listing of data inputs (e.g., chemical, physical, toxicological, regulatory data) needed to make the
decision

• Identification of sources for data inputs

• Determination as to whether needed data already exist, or sampling is required

Step 4: Define the Study Boundaries

From a sampling design perspective, defining the study boundaries is a critical step. Statisticians com-
monly refer to the “study area” as the “population.” Gilbert (1987) further discriminates between the
sampled population and the target population. Ideally, the population that is subjected to sampling
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(sampled population) is the same population for which a decision is to be made (target population). If
the sampled and target populations are not identical, then the assumptions or site/process/waste knowl-
edge used to justify extrapolation from the sampled population to the target population should be
evaluated. These assumptions (e.g., the waste generation process and raw materials will not change, so
wastes generated today also represent future wastes) should be documented during this step.

While the boundaries of the proposed sampled population may change later during Step 7 (the
optimization of design), the target population must be defined at this time to proceed with the planning
process.

Success in defining the population boundaries will be determined, in large part, by how well the
decision has been defined. For example, does the decision to determine if a radioactive waste expresses
hazardous characteristics apply to a single drum generated today, or is data from the sampled population
to be used to make inferences to all historical waste? Will the decision be applied only to waste generated
under certain operation conditions? Will inferences be made from the sampled population and applied
to all future wastes? The population boundaries must reflect the project objectives as defined by the
decision statement and data inputs.

The choice of temporal and spatial boundaries can influence project outcomes. For example, increasing
the boundaries of a decision unit could result in the dilution of a hot spot compared with boundaries
that capture the hot spot with little or no dilution. (Note: A decision unit is that portion of the overall
population, as defined by spatial, temporal, or component boundaries, for which data will be used to
make a decision. The decision unit could be the entire population [e.g., all surface impoundment contents,
the waste effluent for a 24-hour period] or a portion of the population [e.g., only the northwest quadrant
of an impoundment, or only the day shift’s effluent].) In consideration of this fact, USEPA guidance
(USEPA, 1994) suggests that the boundaries be chosen to define “the scale of decision-making to the
smallest, most appropriate subset.” For example, determining the appropriate scale can be accomplished
when evaluating the hazardous characteristics of a radioactive waste by estimating the smallest reasonable
mass of material that would constitute a significant hazard if that mass expressed the characteristic of
interest. The size of this decision unit can be small (e.g., a single drum) if one is concerned with ignitability,
or large (e.g., 5000 cubic yards) if concerned with leaching from a low concentration waste pile.

Defining the decision units requires that the support (i.e., length, width, height, depth, orientation,
and temporal boundaries) of the decision unit be identified. Once the decision unit and its support are
defined, then during the optimization step a determination can be made as to whether a subset or all
decision units will be sampled. For example, if there is little likelihood that any of a population of 100
drums are ignitable, it may be appropriate to sample only a few randomly selected drums to verify that
the drums are not ignitable.

When the objectives of the data collection activity focus on qualities of the entire population (e.g.,
mean, median, 99th percentile), then the decision unit will be equal to the target population. When hot
spots or subsets of the population (e.g., remediation or exposure units) are of concern, then the decision
unit upon which a determination will be made is smaller and different from that of the population. If a
population is to be subdivided into smaller exposure or remediation units (i.e., decision units), the
boundaries of the exposure or remediation units and their relationship to the overall population should
be documented.

The outputs for this step, as agreed upon by the stakeholders, include:

• Description of the spatial and temporal boundaries of both the target and sampled populations

• Identification of any assumptions or process knowledge employed to justify use of a sampled
population that is different from the target population

• Identification of pertinent population characteristics such as strata, hot spots, exposure units,
remediation units, and areas of different use

• Identification of decision unit support (i.e., length, width, height, depth, orientation, and temporal
boundaries)
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• Identification of constraints, such as time or space constraints as to when, where, or how samples
can be collected

Step 5: Develop the Decision Rule

This step refines the decision rule that was identified in Step 2 of the planning process by incorporating
(1) the statistical parameter that will be compared with the decision point into the “if” portion of the
rule; (2) the resulting action into the “then” portion of the “if … then” rule; and (3) the outputs of Step
3 (data inputs) and Step 4 (population boundaries).

Example: If the 90% UCL of the mean concentration for toxicity characteristic leaching procedure
(TCLP) metals for a remediation unit exceeds the RCRA limits, then the radioactive waste must be
disposed at a mixed waste facility; otherwise the radioactive waste will be disposed at a radioactive
waste facility.

The specifics of how a decision will be made are identified during this step. The statistical parameter
(e.g., mean, median, 99th percentile, or upper confidence limit) or a data point itself (e.g., ignitablility,
corrosivity data) is typically compared with a decision point. The statistical parameter is chosen to reflect
the characteristic of importance for the project decision (e.g., average value or hot spot) and whether a
decision will be based on less than, equal to or less than, equal to or greater than, or greater than the
decision point.

This step encourages stakeholders to consider the detailed mechanism for implementing a decision
and to come to consensus. Incorporation of the actions into the decision rule forces the planners to
explore how the data will be used, which may require earlier steps of the planning process to be revisited
to ensure compliance with project objectives.

The outputs for this step, as agreed upon by the stakeholders, include:

• Identification of statistical parameters

• Identification of the decision point

• Detailed specification of the actions that will be taken once a decision is made

• Documentation of the “If … Then” rule.

Step 6: Specify Limits on Decision Errors

Data collection projects generally make inferences from a few samples to large populations. Because only
the samples — not the entire population — are subjected to analysis, there is uncertainty in decisions
as information gleaned from the samples is extrapolated to the population. This uncertainty can result
in decision errors. Statistics is the branch of mathematics used to manage uncertainty and to estimate
the potential for these decision errors.

The potential for decision errors will be a function of imprecision that, in turn, will be a function of
the number of samples, the size and heterogeneity of the population, and the imprecision of sampling
and analytical methods. Statistics can be employed to optimize sampling plan designs so that these sources
of imprecision are controlled and potential decision errors are managed to within acceptable limits. This
process requires that stakeholders have an estimate of data imprecision and reach a consensus on what
would be an acceptable rate of decision error as the decision point is approached. This application of
statistics to the decision-making process is covered by Section 2.3 of this handbook, which should be
referenced for more detail.

As discussed in the “Accuracy” subsection, data quality and the associated decisions can suffer from
three types of errors: bias, imprecision, and blunder. The impact of bias and blunders on decisions is
controlled through the implementation of quality assurance programs that require the use of quality
controls samples, SOPs (standard operating procedures), audits, and assessments. If quality assurance
programs encounter bias or blunders, it is assumed that the source of the bias will be addressed and the
data corrected prior to use. Bias and blunders are not incorporated into the tolerable limits of decision
error generated by this step of the planning process. Bias and blunders, however, must be considered
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during Step 7 of the planning process, and quality assurance requirements must be incorporated into
project plan documents. This step of the planning process employs statistical techniques to focus on
decision errors resulting from imprecision.

The outputs for this step, as agreed upon by the stakeholders, include:

• Tolerable limits for Type I (false positive) decision error rates

• Tolerable limits for Type II (false negative) decision error rates

For the remainder of this chapter, which focuses on the optimization of design, the assumption is made
that the outputs from Step 6 are available.

Step 7: Optimize the Design for Obtaining Data

The objective of this final step is to identify the most resource-effective data collection design that satisfies
the DQOs specified in the previous six steps. The DQOs for a data collection activity include, among
others, deadlines; logistical constraints; contaminants of interest; the type, quality, and quantity of data
inputs; the spatial and temporal boundaries of the population; statistical parameters; decision points;
and the desired confidence in decisions. These DQOs are used to select and optimize the final data
collection design, which should address all pertinent sampling and analytical issues. Table 2.1.3 depicts
the components of a data collection design that should be considered during optimization.

The data collection design is the overall project design and incorporates two separate but interdepen-
dent designs: the sample collection design and sample analysis design.

The sample collection design consists of:

• Sampling design: the strategy or scheme for selecting the type, number of samples, location, time
or components for sampling. Simple random, stratified random, systematic and judgmental sam-
pling, are examples of sampling designs.

• Sampling SOPs: the detailed and documented standard operation procedures (SOP) that describe
the steps to be followed when implementing a sampling activity (e.g., equipment preparation,
sample collection, decontamination of equipment, subsampling). Refer to EPA QA/G-6 for guid-
ance on suggested content and format for SOPs (USEPA, 1995).

• Sampling QA/QC: the project-specified quality controls (e.g., collocated samples, equipment,
ambient and trip blanks) and the associated quality assessments (e.g., audits, reviews) and assur-
ances (e.g., corrective actions, reports to management) that constitute the activities used to doc-
ument, measure and control data quality.

The sample analysis design consists of:

• Analytical SOPs: the detailed and documented SOPs that describe the steps to be followed when
implementing an analytical activity (e.g., sample preparation, separations, instrumental analysis,
data generation, review and handling).

• Analytical QA/QC: the project-specified quality controls (e.g., method replicates, method spikes,
calibration check standards, and blanks) and the associated quality assessments (e.g., audits,
reviews) and assurances (e.g. corrective actions, reports to management) that constitute the activ-
ities used to document, measure, and control data quality.

TABLE 2.1.3 Hierarchy of Data Collection Design

Data Collection Design

Sample Collection Design Sample Analysis Design

Sampling Design Analytical SOPs
Sampling SOPs Data handling
Sampling QA/QC Analytical QA/QC
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An optimized data collection design incorporates sampling and analytical SOPs, QA, QC, and a
sampling design (e.g., random sampling) that are capable of managing heterogeneity, accommodating
project limitations and constraints such that samples are sufficiently representative and data are suffi-
ciently accurate to achieve project DQOs.

Although an optimized data collection design is usually capable of achieving project objectives with
fewer samples than a less-efficient design, the efficiency of a design cannot be measured solely in terms
of the minimum number of samples or analyses. A design is usually not efficient if it does not
incorporate an appropriate margin of replication for critical samples, which would therefore jeopardize
completeness and increases the likelihood of incurring re-sampling costs. A design that decreases its
demand on resources by skirting health and safety or ALARA requirements is also not an efficient
data collection design.
Figure 2.1.5 is a graphical depiction of the optimization process. During optimization, the sampling
design is chosen and methods and SOPs are selected along with quality assurance, quality controls,
and performance criteria. Quality assurance activities and quality control samples are used to monitor
the implemented design and to document the quality of data. Performance criteria are chosen for
quality control samples by allocating to sampling and analytical activities portions of the overall
allowable-decision error, as identified in the previous DQO Step 6, (e.g., if a 50% overall imprecision
would still allow project decisions to be made with acceptable certainty, then a 20% performance
criteria can be established for collocated sample data). As indicated by Figure 2.1.5, optimizing the
sample collection design involves many design decisions. Table 2.1.4 summarizes key design decisions
and identifies the population characteristics and DQO inputs that influence these decisions. This table
and the remainder of this chapter discriminate between population and sample decisions because the
impact of heterogeneity, the complicating factor for sample collection design, is typically different for
samples and the populations from which they are collected. 

The sample collection design decisions listed in Table 2.1.4 are often interrelated and complex. For
example, while short-range heterogeneity can impact decisions regarding sampling design, sample type,
the number of samples, sample mass, and subsampling procedures; it is only one of nine inputs that
should be considered when deciding on the number of samples. Table 2.1.4 also recognizes subsampling
as a key part of the data collection design and a part that must be properly designed to ensure that sample
representativeness is maintained when only a portion of a sample is subjected to analysis.

In summary, the output of Step 7 of the DQO planning process is the development of a data collection
design that will generate data of known and sufficient quality to achieve project objectives. A prerequisite
for quality data (i.e., unbiased and precise data) and the focus of this chapter is that samples be repre-
sentative of the population of interest. This chapter focuses on the sampling aspects of the data collection
design and those issues critical to a sampling plan design. References to analytical and data handling
issues are only with regard to their impact on the sampling plan design. The reader is advised to consult
the analytical technology section of this handbook for analytical issues that should be considered during
optimization of data collection design.

Managing Population Heterogeneity (Large Scale)
This subsection addresses the impact of long-range heterogeneity on sample collection design. Long-
range heterogeneities are those that express themselves across the target population and result in the
generation of strata and linear and cyclic trends. As indicated in Table 2.1.4, long-range heterogeneity
influences decisions regarding sampling design, sampling location/timing, and the number of samples.

Sampling Design. In general, the selection of a sampling design will be determined by project objectives
and by what is known about the heterogeneity of the target population. Prior to choosing a strategy, the
characteristic of interest (target compounds), population boundaries, decision rule, acceptable decision
errors, and budgets must be known. The chosen design should accommodate the spatial and temporal
distribution of contaminants, be practical and cost-effective to implement, and generate data that allow
objectives to be met. When budgets are the controlling factor, the most effective sampling plan for the
available dollars should be designed. When the need to make a decision with a specified amount of
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FIGURE 2.1.5 Optimization of the data collection design. *denotes those design issues that impact sample
collection.
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TABLE 2.14 Influence of Inputs on the Sample Collection Design

Influence on Sample Collection Design Decisionsa

Population Decision Sample Decisions

Inputs to Sample Collection 
Design Decisions

Sampling 
Designb

Sampling 
Location/ 
Timing

Composite 
or Discrete 
Samplesc

# of 
Samples

Sample 
Mass/ 

Volume
Sampling 

Device Subsampling

Overall objective (e.g., estimate 
a statistical parameter, detect 
hotspot, etc.)

X X X

Acceptable decision error X X
Proximity to action level X X
Sampling & analysis varianced X
Population & strata boundaries X X X
Short-range heterogeneitye X X X X X
Long-range heterogeneity 

(strata)f

X X X

Accessibility X X X
Item size/matrixg X X X
Analyteh X X X
Analytical requirementsi X X X
QC samplesj X X
Budgetk X X X

a Health and Safety and ALARA issues are determinative factors in data collection design that can override other factors
when making design decisions.

b The choice of sampling design (e.g., simple random, stratified random, systematic, and judgmental) can be impacted
by the type of heterogeneity (i.e., stratification) and the need for improved precision for statistical decision-making (e.g.,
some sampling strategies can yield more precise estimates of the mean). Other than when accessibility problems exist, the
sampling design will be the determinative factor for sampling locations.

c Composite samples can be employed to control variance resulting from population heterogeneity when mean concen-
trations are of interest or when heterogeneity across the area being sampled is not of interest. Composite samples are used
to increase confidence in decisions when analytical costs are high and limit the number of analyses.

d For the purposes of this table, “Sampling & analysis variance” is the expected variance resulting from only the sampling
collection and analytical process and does not reflect variance contributions from population heterogeneity

e Short-range heterogeneity is the heterogeneity encountered within a sampling location (e.g., an individual grid). This
type of heterogeneity can be averaged by taking larger sample mass/volumes, composite samples or by taking more discrete
samples within the sampling location. If the sampling location has the same mass/volume as the sample mass/volume (i.e.,
the entire sampling location is sampled), then short-range heterogeneity is not an issue.

f Long-range heterogeneity, or non-random heterogeneity, is the type of heterogeneity that results from the non-random
distribution of the analyte of concern across the population such that strata exist. Stratified random sampling, which is
used to sample strata individually, is generally the preferred sampling design for these stratified populations.

g Item size and fundamental error will influence sample mass, the minimal opening of sampling devices, and subsampling.
The type of matrix (e.g., viscous liquids, cementitious solids) will influence sampling device and subsampling decisions.

h The sampling device must be compatible with the analyte such that it does not result in loss of the analyte through
adsorption or contamination by leaching. Properties of the analyte (e.g., volatility) will influence the choice of subsampling
procedures, sampling devices and whether compositing is viable.

i Analytical requirements such as the minimum analytical sample size will impact the choice of sample mass/volume,
which in turn may impact the choice of sampling devices.

j The mass/volume of a sample often needs to be increased if it will be subjected to additional quality control analyses
(e.g., matrix spike/matrix spike duplicate analyses). For other QC samples, the sample mass/volume may not change but
the number of samples may increase (e.g., collocated samples).

k Budget constraints can have a significant impact on sample collection design from decreased numbers of samples to
a change in sampling strategy (e.g., judgmental sampling of a limited area in lieu of the entire population). If analytical
costs are more significant than sampling costs, then compositing may be a cost-effective means of achieving certain project
goals.
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certainty is the driver, the chosen strategy should be the most cost-effective strategy for achieving the
specified levels of certainty (Gilbert, 1987).

A lack of knowledge of how contaminants are distributed spatially, or of how concentrations change
over time, is often the greatest challenge in choosing the optimum sampling strategy. When little is known
about contaminant distributions, preliminary sampling may be advisable or needed prior to choosing a
sampling design.

The decision process for choosing a sampling design is diagramed in Figure 2.1.6. Although this figure
cannot address the myriad of sampling designs and project-specific issues, it does address the common
sampling designs and typical project objectives that drive the design selection. A key driver for sampling
design selection is whether sampling errors are to be estimated. If the decision-maker needs to estimate
the uncertainty in data and associated project decisions, probabilistic sampling will be required. Simple
random, stratified random, and systematic sampling are familiar examples of probabilistic sampling
designs. Non-probabilistic designs (i.e., authoritative sampling designs) typically use process or site
knowledge to focus sampling on a portion of the population, such that the probability of being sampled
varies for different portions of the target population. Typically, authoritative sampling is not used if the
resulting data is to be used to support a decision that will be reviewed by others (e.g., regulators) or is
of a contentious nature (e.g., litigation), because the innate bias of authoritative sampling can be difficult
to defend. The use of probabilistic sampling not only allows for an estimate of decision errors resulting
from imprecision, but also minimizes the chances for the intentional and unintentional introduction of
bias by those who collect the samples.

Selection between the different probabilistic sampling designs will be determined by the DQOs (e.g.,
need to detect hot spots, or need to measure mean concentrations) and knowledge of population
heterogeneity (e.g., existence of strata or trends). The decision process depicted in Figure 2.1.6 is limited
to the common sampling designs; however, these designs typically constitute the underlying structure of
more complex designs. The remainder of this subsection presents an overview of these common sampling
strategies and summarizes their advantages and disadvantages. If these common sampling strategies are
not cost effective or applicable to the population of interest, a statistician should be consulted to identify
other strategies that may be more appropriate. 

It is important to note that the nomenclature for sampling designs are not uniformly used and
understood. Unfortunately, some commonly used terms are assigned different meaning by different
people and texts (e.g., multiple terms for authoritative sampling).

Authoritative sampling. Authoritative sampling is a non-probabilistic sampling design because it pre-
cludes each and every portion of the population from having an equal probability of being selected and
sampled. Authoritative sampling is also known as:

Judgmental sampling
Biased sampling
Non-probability sampling
Non-statistical sampling
Purposive sampling
Subjective sampling

These terms can elicit different meanings for different members of a planning team; thus, it is important
that the terms are defined clearly, preferably in writing, at the beginning of the planning process. The
term “authoritative sampling” as used in this context is not a type of haphazard sampling, by which
samples are collected without any thought or planning. Authoritative sampling designs rely upon a
person’s judgment, or a decision rule, to decide which portions of a population will be sampled. Author-
itative sampling designs can be appropriate for certain populations or for certain times in a sampling
program. Authoritative sampling may be appropriate under circumstances such as the following;

• Preliminary information is required about a site to facilitate planning

• A spill of an unknown chemical has been encountered
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• Limited access to small portions of the population

• Use of a field screening technique to select a limited number of samples for laboratory analysis

While authoritative sampling can generate useful data, its subjective method of sample selection makes
it difficult to prove that bias has not been introduced and precludes an accurate estimate of the population
variance. Because of its subjective nature, the use of authoritative sampling in support of high-visibility
or contentious projects is usually not advisable.

It is important not to confuse authoritative sampling with the use of historical information during
sampling design. For example, if one area of a site is known to be heavily contaminated while another
area is not believed to be contaminated, this information can be used to defensibly divide the sites into
strata. Use of information such as this, in conjunction with statistical sampling strategies, should generate
unbiased, representative and defensible data.

Two types of authoritative sampling are specified by ASTM D 6311 (ASTM, 1998a): judgmental and
biased sampling. The goal of judgmental sampling is to use process or site knowledge to choose one or
more sampling locations that will be representative of the average concentration or typical property.

FIGURE 2.1.6 The decision process for choosing a sampling design.

Choosing a Sampling Design

Do Sampling errors
need to be estimated?

NOYES

Will sampling or data
be subjected to peer review?

Use Probabilistic
Sampling

YES

Authoritative
Sampling is an

option

Goal is to estimate an overall
   population statistic?

NO

Judgmental
Sampling

YES

Goal is to estimate a worst
or best case?

NO

YES

Bias Sampling

NO

Hotspot Detection? Search Sampling
YES

NO

Trend or Cycle Detection?
Systematic
Sampling

YES

NO

Known Spatial, Component or
Temporal Strata?

Stratified
Sampling

YES

NO

Auxiliary Sample Information
exists & need to estimate

mean?

Ranked Set
Sampling

YES

NO
Need for contouring and
mapping? (Geostatistics)

1) Systematic
2) Authoritative

YES

NO

Estimate Mean?
1) Stratified
2) Systematic
3) Simple

YES

Estimate Variance and
Percentiles

1) Stratified
2) Simple

YES



© 2001 by CRC Press LLC

Judgmental sampling designs can be cost effective if the people choosing the sampling locations are
objective in their selection of sample locations and if their knowledge of the population is correct. If the
person choosing the sampling locations intentionally distorts the sampling by a prejudiced selection, or
if that person’s knowledge is wanting, judgmental sampling can lead to incorrect and sometimes very
costly decisions. The chances of judgmental sampling’s generating accurate and useful data increases as
the population becomes more homogeneous and as the existence of any strata and their boundaries
becomes more obvious.

Biased sampling is a type of authoritative sampling, the intent of which is to estimate worst or best
cases. At times, it may be best to employ both “best-case” and “worst-case” biased sampling approaches
for the same site. For example, if process/site knowledge can be used to locate the lowest and highest
contamination levels, these two limits could be sampled and used to estimate the range of contaminant
concentrations.

Simple random sampling. Simple random sampling is the least complicated of the statistical sampling
strategies. The basic tenet of simple random sampling is that every portion of the population has an
equal chance of being sampled. Simple random sampling is an established strategy that is suitable for
determining average concentrations and variance. It is a valuable strategy when little is known about the
targeted population. A major limitation is that, relative to other strategies, a large number of samples
are required or significant portions of the target population can go unsampled. Stratified random
sampling is usually preferable to simple random sampling (Gilbert, 1987; ASTM, 1998a).

Stratified random sampling. Stratified random sampling will yield a more precise estimate of mean
concentrations when the population is divided into strata that contain similar concentrations and spatial
distributions. Once the strata boundaries are established, each stratum is subjected to simple random
sampling.

Stratified random sampling can also be used when budgets limit the number of samples and little is
known about the population heterogeneity. Under this limited budget/limited sample scenario, the
sampling team ensures that all areas of the site are represented by dividing the population into topo-
graphical or temporal strata, each of which is subjected to simple random sampling.

Stratified random sampling can yield a more precise estimate of mean concentrations and total
amounts (inventories) of a contaminant than simple random sampling. Stratified random sampling also
provides useful information about each individual stratum, which can decrease the need for further
sampling, if the individual strata will be managed differently. Although substantial numbers of samples
are required to thoroughly investigate an area, stratified sampling is more efficient and should require
fewer samples than simple random sampling (Gilbert, 1987; ASTM, 1998a).

Waste can be stratified over space, time, and component. Component stratification is a powerful tool
when a very heterogeneous population consists of easily identifiable components (e.g., bricks, gloves,
porous and non-porous materials) and the contaminant of interest is not associated to the same degree
with all components (Maney, 1993; ASTM, 1996b).

Systematic random sampling. Systematic random sampling provides a uniform coverage of the site and
is usually easier to implement than simple or stratified random sampling. It is well suited for detecting
concentration trends over time and space, and under certain circumstances can yield a more accurate
estimate of mean concentrations.

The major limitations of systematic random sampling include:

• Substantial bias can result if unknown concentration cycles coincide with the systematic sampling
locations. Thus, prior to employing a systematic strategy, historical or waste generation informa-
tion should be investigated to determine the likelihood of cyclic patterns in the population.

• Inaccurate variance estimates occur when the heterogeneity is not random.

• Substantial numbers of samples are required.

Systematic random sampling is applied to a two- or three-dimensional population by choosing a
random starting time or location with the aid of random number tables or a random number generator.
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The initial starting point is where a grid of equally spaced sampling locations is initiated. A second random
number can be chosen to determine the orientation of the grid over the population. (Alternatively, the
grid structure can be optimally aligned to the population boundaries and a random location selected
within a grid, such that all grids are systematically sampled at the same relative position.) The grid
dimensions or the distance between sampling locations is often determined by the budget, which will
determine how many samples can be collected and analyzed. The sampling process is greatly facilitated
by the fact that field personnel can easily measure to adjacent sampling locations. The fact that the first
location and the grid orientation are chosen in a random manner ensures that operator bias does not
impact the choice of sampling locations.

Systematic random sampling can also be applied in a similar fashion to a temporal population. Consider
a wastewater effluent that is to be evaluated for daily trends in radioisotope concentrations. Assume the
stakeholders allocated enough funds to collect and analyze 24 effluent samples. A systematic random
sampling effort would be initiated by selecting a time of day with the use of a random number table. A
sample would be collected at this randomly chosen time and at subsequent hour periods until a total of
24 samples had been collected.

Systematic sampling can also be applied in the same methodical manner to a line or transect (Gilbert,
1987; ASTM, 1998a).

Search sampling. Search sampling is not employed to measure population characteristics such as mean
values or variance, but is typically used to locate areas of high concentrations called “hot spots.” Prior to
implementing a search sampling effort, the planning team must (1) estimate the likely shape and size of
the hot spot, and (2) determine the acceptable risk of not detecting the hot spot. Using this information,
the shape of the sampling grid units (e.g., square or triangular) is chosen and the distance between sampling
locations is calculated (Gilbert, 1987).

Ranked set sampling. Ranked set sampling (RSS) is a design that exploits quantitative (e.g., field screening
data) and qualitative (e.g., coloration) auxiliary data to more precisely estimate mean concentrations. It
is advantageous to employ RSS when auxiliary data can be used to rank the range of concentrations in
potential samples and when the cost of acquiring auxiliary data and implementing the RSS ranking is less
than the cost of collecting and analyzing samples for the primary contaminant. RSS uses a simple random
sampling design to choose multiple sets of potential sampling locations from across the target population.
(If the cost of sampling is small or if sample collection is required for generating the auxiliary data, then
the samples will be collected prior to ranking. If sampling is costly and not necessary for generating
auxiliary data, then sample collection can be restricted solely to those samples that were selected by RRS.)
Auxiliary data such as field measurements or contaminant staining is used to rank the sampling locations
within each set of samples. After selecting a sample from each rank from each set of samples, the rank-
selected samples are collected and analyzed for the primary contaminant (Gilbert, 1997).

Geostatistical sampling. Geostatistical sampling is done in accordance with the chosen geostatistical
model for a population. The actual sampling could be probabilistic, authoritative, or systematic in nature.
Whatever the sampling design, the coordinates of sampling locations need to be documented for the
subsequent geostatistical assessment. Geostatistics, as applied to environmental problems, typically
attempts to correlate contaminant concentrations with spatial locations within a population, such that the
measured and estimated concentrations are overlaid on a population map to generate contours and
isopleths. To generate these maps, geostatistics employs different interpolation methods to estimate con-
centrations between points of known concentration. Kriging, which employs a linear-weighted approach,
is one of the more common interpolation methods. Geostatistical techniques estimate average contaminant
concentrations and total mass of contamination, and discriminates between areas that do and do not need
remediation (Myers, 1997).

Sample Type. For purposes of this discussion, there are two types of samples: discrete and composite
samples. A discrete sample is also referred to as a “grab,” or “increment.” (For probabilistic sampling, the
population is conceptually divided into sampling units that are of the same mass/volume and dimensions
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as the discrete samples.) Once collected, no other materials other than preservatives are added to or
subtracted from discrete samples until analysis or subsampling/preparation prior to analysis.

A composite sample is a combination of two or more discrete samples. Compositing, the process of
generating composite samples can occur simultaneously with the act of sample collection (e.g., sampling
of liquid effluent with an autosampling device into a single sample container over a specified time period),
or a number of subsequent steps (e.g., homogenization, particle-size reduction, subsampling, combining
of aliquots) may be required to generate a composite sample. Composite samples can be used to:

• Decrease analytical costs with the intentions of decreasing overall project costs

• Yield more precise estimates of mean values

• Efficiently identify the existence of infrequently occurring hot spots

• Increase the sample mass/volume available for analysis when individual discrete samples would
be too small to meet objectives

The disadvantages of compositing include the loss of information on intersample variance and any
extreme values, as well as a loss of sensitivity when higher concentrations are diluted by mixing with less
contaminated discrete samples. These disadvantages discourage the use of compositing when information
on intersample variance or extreme concentrations are required or when the measured concentrations
approach the analytical method detection limit. In addition, compositing is usually not advantageous
when:

• Regulations require the use of discrete samples (e.g., RCRA land disposal restriction requirements
for grab samples when evaluating nonwastewaters).

• Sampling costs are greater than analytical costs.

• Analysis is a greater source of imprecision than sampling and population heterogeneity.

• Discrete samples are incompatible and may react when mixed.

• Properties of discrete samples such as pH or ignitability change qualitatively upon mixing.

• Discrete samples contain or will be analyzed for volatile analytes that could be lost during the
compositing process.

• Analytical holding times would have expired if retesting of discrete samples is required.

• Sample matrix impedes homogenization and/or subsampling.

• There is a need to evaluate if the concentrations of different contaminants are correlated.

The remainder of this subsection discusses issues to be considered when designing and implementing
a compositing strategy. A detailed discussion of the advantages and disadvantages of compositing and
guidance on the mixing and subsampling of discrete and composite samples is also presented in  ASTM
Standard D 6051(ASTM, 1996c).
More-Precise Estimates of the Mean. If the analysis contributes insignificantly to imprecision as compared
with the population heterogeneity and sampling, then composite sampling can be a resource-efficient
mechanism for increasing the precision of the estimates of the population mean. Under these circum-
stances, properly prepared composite samples will result in increased precision because the composite
sample is a physical average of its discrete samples. The precision of this physical averaging process is
proportional to the number of discrete samples in a composite sample (i.e., the more discrete samples,
the more precise the mean estimate); and when more than one composite sample is collected and analyzed
the imprecision is further reduced by the number of composite samples.
Central Limit Theorem. The central limit theorem states that, regardless of the type of the original
distribution, as repeated measurements of a mean value are made, the distribution of the mean mea-
surements will be approximately normal. This tendency toward a normal distribution facilitates statistical
interpretation of mean data by parametric statistics. Non-normal data must undergo evaluation by non-
parametric statistics or the data must be subjected to transformation prior to evaluation with parametric
statistical tests. Because the mixing, subsampling, and combining steps used to generate composite
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samples are, in effect, a physical averaging of discrete samples, the analysis of samples composited across
the target population yield repeated estimates of mean values, whose concentration distribution tends
toward normality. This tendency toward normality makes composite samples more suitable for evaluation
by parametric statistics.
Hierarchy of Decision Units, Composite Sample Boundaries, and Discrete Samples. Composite sampling
can be applied to practically homogeneous, randomly heterogeneous, or non-randomly heterogeneous
populations as well as individual temporal, spatial, or component strata. Discrete samples can be chosen
from these populations and from within strata using various random or systematic sampling designs.
When composite samples are to be employed, the DQO process should specify the decision unit, the
composite sample boundaries, and the mass/volume of discrete samples that will be used to
achieve DQOs.

The composite sample boundaries are the spatial, temporal, and component boundaries over which
discrete samples are composited. The dimensions of the composite sample boundaries are less than or
equal to those of the decision unit. Figures 2.1.7 demonstrates the interrelationship of decision units,
sample composite boundaries and discrete samples under four different and typical conditions:

1. In Figure 2.1.7(a), the decision unit boundaries are equivalent to the composite sample boundaries
with one composite sample containing nine systematically chosen discrete samples collected and
analyzed to generate a datum for making the decision that pertains to the decision unit. One
composite sample yields an estimate of the mean concentration but lacks an estimate of variability.

2. In Figure 2.1.7(b), the decision unit boundaries are equivalent to the composite sample boundaries
and three composite samples containing three randomly chosen discrete samples are collected and
analyzed to generate data for making the decision that pertains to the decision unit. The collection
and analysis of three composite samples yield both an estimate of the mean concentration and an
estimate of the variability of the mean. As more samples are collected, the distribution of the mean
should become normal.

3. In Figure 2.1.7(c), the decision unit is larger than the composite sample boundaries, and four
composite samples, each containing five randomly chosen discrete samples from the same quad-
rant, are collected and analyzed to generate data for making the decision that pertains to the
decision unit. This compositing design generates a mean estimate and the ability to estimate
whether there are concentration differences between geographical areas (i.e., stratification). This
design can also yield estimates of variability if the discrete samples are independent and the
concentrations are not correlated.

4. A fourth design is a combination of Figures 2.17(b) and (c) in that the population is divided into
quadrants as depicted in Figure 2.17(c), with five composite samples consisting of one discrete
sample from each strata. This approach ensures that each quadrant is represented in each com-
posite sample and that the mean and variability can be estimated and the mean distribution will
tend toward normality.

The following issues  should be considered when defining or evaluating decision units, composite
sample boundaries, the number of discrete samples per composite, and which discrete samples are
combined to generate a composite sample.

• Do discrete samples come from different areas of the population, between which there may be a
need to discriminate (e.g., different component strata, such as lead bricks and soil that may be
handled differently during remediation; a heavily contaminated area vs. a less contaminated area;
old waste from recently generated wastes or effluent from day shift vs. effluent from the night shift)?

• Will the physical mixing of discrete samples result in some reaction or change that will alter the
concentrations/properties of interest (e.g., mixing of acidic and basic discrete samples that result
in neutralization and generate a composite sample that masks the corrosive nature of a portion
of the population)?
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FIGURE 2.1.7 Hierarchy of decision units, sample composite boundaries, and discrete samples.
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• Is there a scale of concern (e.g., a 10-cm3 portion of a large waste population being above a decision
point may not be a problem, while a 1-m3 may be enough to constitute a significant hazard) that
can be used to define boundaries within which a decision should be made and for which com-
positing will meet DQOs?

• Is the number of discrete samples per composite so large that the concentration/property repre-
sented by an individual discrete sample can be diluted and a hazard masked?

• Will the composite samples be used to generate continuous or discrete data?

Consideration of the above issues when defining decision unit and composite sample boundaries should
increase the usability of composite sample data and increase compliance with DQOs.

Number of Samples. As indicated in Table 2.1.4, the number of samples specified by an optimized sample
collection design is a function of many inputs (i.e., overall objectives, acceptable decision errors, heteroge-
neity, variance, boundaries, quality control, and budget). In general, as the allowable decision error and
proximity of the measured values to the decision point decrease and as the heterogeneity, sampling, and
analytical variances increase, the number of samples will necessarily increase to meet the project DQOs.

The number of samples specified by a sample collection design are based on assumptions regarding
typical concentrations, decision points, heterogeneity, and sampling and analytical imprecision. Once
these assumptions are made, then the planners can use the budget, statistics, and an understanding of
the sources of variability to choose the optimum number of discrete or composite samples and analytical
replicates. The accuracy of these underlying assumptions will determine the success and efficiency of
sample collection designs.

The multiple sources of variability present in most data collection activities offer options for optimizing
the number of samples. For example, if sampling is expensive, then there may be incentive to decrease
analytical imprecision by employing a more precise analytical method or by increasing the number of
analytical replicates. If sampling is not expensive, then more samples could be collected as a means of
managing imprecision. For a given situation, there may be many options for controlling imprecision.
The greatest gains in decreasing imprecision are typically obtained by addressing the greatest source of
variability, which is usually the heterogeneity of the population. Heterogeneity can be managed by
stratification of the population, collecting more samples, larger samples, and composite samples.

After acquiring an understanding of the sources of imprecision, statistical methods are employed to
estimate the actual number of samples to be incorporated into the sample collection design. The statistical
methods are chosen to accommodate the sampling design (e.g., stratified random sampling), the null
hypothesis, and the assumptions made during planning (i.e., the concentration for the contaminant of
interest is log normally distributed). Because of the critical roles that statistics play during planning and
after data collection, it is essential that a statistician or someone experienced in the application of statistics
be included in or accessible to the planning team.

For further discussions of the role of statistics in data collection refer to ASTM D 6311 (ASTM, 1998a),
ASTM D 6250 (ASTM, 1997), MARSSIM, and Chapter 2.3 in this handbook.

Managing Sample Heterogeneity (Small Scale)

Sample Mass/Volume. As indicated by Table 2.1.4, decisions regarding sample mass/volume
are impacted by the heterogeneity and particle size of the material being sampled and by analytical
requirements. Sample volume/mass may also be impacted and need to be increased if a sample will be
subjected to additional quality control analyses. Safety issues associated with hazardous and radioactive
materials can be the determinative factor for sample mass/volume when increased sample mass/volume
might put field and laboratory personnel at risk. (Note: The mass/volume of a sample, the shape of the
sample (length, width, and height dimensions) and the timing and orientation from which the material
is sampled are sometimes referred to as the sample support.)

The choice of mass/volume for samples of practically homogeneous liquids and gases is usually driven
by the mass/volume required for analysis. In choosing the optimum sample mass/volume for particulate
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materials, the concerns raised by Gy’s sampling theory [Gy, 1992] must also be considered. Sampling
theory has identified fundamental and grouping and segregation errors as those that should be considered
and addressed when choosing a sample mass/volume.

The collection and analysis of the large samples that are sometimes recommended to address funda-
mental error can result in increased costs, logistical issues, and possibly health and safety issues associated
with the increased exposure. However, when the largest particles in a population are artifacts whose
contribution to contamination is known or can be estimated, then it may be possible to base the sampling
on less demanding sample mass requirements. Nonetheless, any such divergence from sampling theory
should be based on a verifiable knowledge of the material being sampled and how the contaminant of
interest is contained within and distributed throughout the population (Maney, 1993).

Grouping and segregation errors resulting from the sampling of particulate materials (short-range
heterogeneity) can be addressed by the use of numerous increments per sample (ten or more) or large
masses/volumes that minimize the impact of these errors.

Sampling Devices/SOPs. When selecting sampling devices and methods (SOPs), the following perfor-
mance factors should be considered:

1. Health and safety. The risk and exposure to personnel when using a given sampling device should
be evaluated in terms of an institution’s ALARA and health and safety requirements.

2. Representativeness. The sampling device as implemented should be capable of accommodating the
largest particles (i.e., the opening to the sampling device should be at least three times the diameter
of the largest particle and never less than 10 mm [Gy, 1992]), and should not result in the loss of
certain fractions of the sample (e.g., fines or volatiles) or expose the sample to contamination.

3. Usability and adaptability. Are the sampling device and associated procedures suitable for the range
of working and environmental conditions that are likely to be encountered in the field? Ideally,
the sampling device should allow access to all portions of the population. A device that is difficult
to employ can increase costs and/or negatively impact sample representativeness.

4. Compatibility with analytes and sample matrix. The sampling device should be made of a material
that is compatible with and will not react with the sample matrix, the analytes of interest or any
cleaning and decontamination solutions. The sampling device should not adsorb or leach the
analytes of interest. The device and its implementation should be capable of accommodating the
required sample mass/volume, the range of particles sizes, and the consistency of the material
being sampled.

5. Acceptance of methodology. The context of the data collection activity can also impact the choice
of sampling devices. If the context is contentious or subject to litigation, then it may be advisable
to use generally accepted practices, as opposed to less widely used techniques whose representa-
tiveness can be questioned. Consensus standard organizations such as ASTM and federal and state
guidance documents can be sources of accepted sampling devices and uses.

6. Manual and automatic sampling. Samples can be collected manually or with automatic samplers.
Automatic samplers can be cost-effective when there is a desire to minimize personnel exposure,
when a long-term sampling project is to be undertaken, or when a portable automatic sampling
system can be employed. The viability of the automatic sampling devices must be evaluated in
terms of representativeness, holding times, and preservation. If automatic samplers are used,
sample custody must be addressed for those times during which sampling equipment will be left
unattended.

7. Cost-effectiveness. A holistic approach must be employed when evaluating the cost-effectiveness
of sampling devices. For example, the cost of disposable sampling equipment may be justified in
light of decontamination costs. Likewise, a more expensive device may be more durable, simpler
to use, or result in the collection of a more representative sample. Cost-effectiveness of sampling
devices should be based on their overall cost/benefit to the project.
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Numerous sources, including the following, have compiled and discussed the advantages and limita-
tions of sampling devices.

ASTM Standards on Environmental Sampling, 2nd edition, 1987. PCN: 03-41 8097-38, ASTM 100 Barr
Harbor Drive, West Conshohocken, PA 19428-2959.

ASTM D 6232 — Selection of Sampling Equipment for Waste and Contaminated Media Data Collection
Activities, (ASTM, 1998b).

Technical Project Planning Guidance for HTRW Data Quality Design, EM 200-1-2, July 1995.
Index to USEPA Test Methods, EPA Region I Library/LIB, JFK Building , Boston, MA 02203 (Also includes

index to USEPA sampling documents).
Test Methods for the Evaluation of Solid Wastes — Physical/Chemical Methods, SW-846, 3rd edition.
Subsurface Characterization and Monitoring Techniques, A Desk Reference Guide, EPA/625/R-93/003a and

b, May 1993.
NIOSH Manual of Analytical Methods, 4th edition, National Institute of Occupational Safety and Health.

August 1994. NIOSH Publication No. 98-119
Compendium of Methods for the Determination of Air Pollutants in Indoor Air, EPA/600/4-90/010, April

1990.
Compendium of Methods for the Determination of Toxic Organic Compounds in Ambient Air,

EPA/600/4-89/017, June 1989.
Pitard (1993).
Gy (1992).

If the material being sampled is particulate or contains particulates, then prior to selection, all sampling
devices and procedures should be evaluated in light of the error sources described by sampling theory
(Gy, 1992; Pitard, 1993) and as previously summarized in this subsection.

Sample Handling/Shipping. Shipping requirements vary according to the type of contaminants, and
their concentration and requirements differ depending on whether the waste contains radioactive, haz-
ardous, or mixed wastes.

Shipment of mixed waste samples must comply with:

• U.S. Nuclear Regulatory Commission regulations

• U.S. Department of Transportation regulations

• International Air Transportation Association Dangerous Goods regulations

• U.S. Postal Service regulations

Shipments of mixed wastes can also be subject to RCRA regulations if they do not meet the 40 CFR
261.4(d) exemption for samples. Refer to MARSSIM for a further discussion of shipping requirements
NUREG, 1997.

Subsampling. The generation of an analytical sample from a larger field sample is a step critical to
sample integrity, yet subsampling is not typically addressed in project plans. Additionally, many envi-
ronmental laboratories do not have adequate standard operating procedures (SOPs) for subsampling.
Because subsampling is subject to the same biases and imprecision that complicate sampling, the repre-
sentativeness of subsamples is questionable if proper subsampling procedures were not specified and
followed.

Unless information indicates otherwise, the analyst should assume that the field sampling sample as
received at the laboratory accurately represents the sampling location from which it was collected. If the
field sample mass is equal to or less than the specified analytical size, then the field sample can be analyzed
in its entirety, subsampling is not required and an additional source of potential preparatory error is
avoided. If the mass of the field sample is greater than the specified analytical sample size, then subsam-
pling will be required. If subsampling is required, the analyst attempts to generate a subsample that is
representative of the entire field sample and a subsample that is suitable for analysis.
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Subsampling is straightforward when sampling a relatively homogeneous liquid or gas. Dealing with
multi-phasic liquids is not as straightforward but usually can be addressed by:

• Mixing the sample such that all phases are homogenized, and then decanting a subsample

• Allowing all of the phases to separate, then subsampling and analyzing them separately

• Using an opened tube or composite liquid waste sampler (COLIWASA) to collect a sample that
representatively captures the vertical heterogeneity

If the sample is a mixture of liquids and solids, subsampling usually requires that the phases be
separated. The individual phases are then subsampled separately. Subsampling of the liquid phase can
be accomplished as described above; subsampling of the solid phase should be done according to sampling
theory. It may be possible to homogenize and representatively subsample a suspension of fine particles
within a liquid, but the testing necessary to prove the efficiency of this approach is typically not justified
unless there is an ongoing project.

Solids should be subsampled according to sampling theory, which predicts that for a given material
the larger the sample mass subjected to analysis, the smaller the fundamental, grouping, and segregation
errors. The size of the subsample must also comply with the analytical requirements, which typically
specify a sample mass/volume. The initial step complying with sampling theory requires an estimate of
the particle sizes that constitute the solid sample. The largest particle size contained within the field
sample must be compared with the maximum particle size that is allowed for the specified analytical
sample mass (refer to Table 2.1.2) . For example, if a field sample were to be subsampled to generate a
1000-g subsample, Table 2.1.2 indicates that for a 16% fundamental error rate, the maximum allowable
particle size is 1.04 cm in diameter. If the largest particle size in the field sample is less than 1.04 cm,
then the analytical subsample can be collected and meet the 16% fundamental error constraint. If the
largest particle size in the field sample is greater than 1.04 cm and the analytes of interest are not volatile,
then the options for generating a subsample are:

• Subjecting the field sample to particle size reduction (PSR) prior to collection of the analytical
subsample. If the PSR is successful in reducing all particle sizes to less than 1.04 cm, then collection
of 1000-g subsamples would result in a maximum fundamental error of 16%.

• If it is known that the largest particles are free of significant amounts of the analyte of interest,
then it may be possible to exclude the large particles from the subsample, omit PSR, and still
collect a subsample that complies with the 16% fundamental error constraint.

• Extract or digest a larger mass of sample or perform a number of extractions or digestions until
the required sample mass for the existing particle size is processed. Analyze a small portion of the
relatively homogeneous extract/digestate to accommodate instrument sensitivity. If multiple
extractions/digestions are required, combine the extract/digest before analysis or generate a math-
ematical average following analysis of the individual extracts/digestates.

If the largest particle size of the field sample exceeds the allowable size for maintaining a 16%
fundamental error rate and the analyte of interest is volatile, the use of PSR is precluded and the options
are fewer:

• Determine if the largest particle sizes in the field sample are free of the volatile analyte and, if so,
estimate fundamental error and acceptable sample sizes using the largest particle sizes that contain
the analyte.

• Collect the sample size suggested by Table 2.1.2 into a solvent such as methanol and analyze a
portion of the relatively homogeneous extract.

• Employ the specified analytical sample size and accept a larger fundamental error.

It is important to verify assumptions (e.g., large particles lack significant amounts of a contaminant)
through sound knowledge or preferably by testing. When assumptions cannot be confidently made, the
minimum sample sizes as defined by sampling theory should be used.
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If PSR is required because the field sample is large and the largest particle size in the field sample is
significantly larger than that allowed in the analytical sample, a multi-step PSR procedure may be
advantageous because it avoids the inefficient process of grinding large sample masses to small-particle
sizes. The multi-step process involves an initial grinding of the entire large sample to some intermediate
particle size at which a subsample is collected. The smaller subsample is then subjected to grinding to
the desired particle size. It is important to note that the fundamental error is additive for each subsampling
step.

ASTM Standard D 6323 lists a variety of PSR equipment (i.e., cutting mills, jar mills, disc mills, dish
and puck mills, mortar grinders and jaw crushers) and tabulates their uses and limitations (ASTM,
1998b).

Subsequent to PSR and prior to subsampling, many analysts subject their samples to homogenization.
The goal of homogenization is to mix the sample such that the grouping and segregation error becomes
insignificant as the various items of the population are randomly distributed through the sample. If
homogenization is successful, collection of a subsample is simplified because any portion of the sample
accurately represents the average properties of the sample. It is important to note that even when
homogenization is successful, due to gravity it is only a temporary state. Pitard has dedicated two chapters
to homogenization (Pitard, 1993).

Splitting is employed when a field sample is significantly larger than the required analytical sample
and when fundamental error and the particle size are not the controlling factors. The goal of splitting is
to control grouping and segregation error to achieve an aliquot of the field sample that reflects the average
properties of the original field sample. Sample splitting is similar to homgenization in that one of its
goals is to decrease the grouping and segregation error. Unlike homogenization, splitting has a second
goal of reducing the mass of the retained sample. Gy (1992) suggests use of alternate or fractional shoveling
procedures.

The issues regarding the subsampling of particulate-containing materials are identical to those con-
sidered when collecting the original field samples and are as follows:

• The tool used to collect the analytical sample must be correct and not discriminate against any
portion of the sample (control of increment delimitation and increment extraction errors). Rect-
angular scoops are a preferred subsampling tool (Pitard, 1993).

• The mass of the subsample must be enough to accommodate the largest of the particles contained
within the field sample (control fundamental error). It is recommended that the opening to the
sampling device be a minimum of three times greater than the largest particle size (Gy, 1992).

• The sample mass and the manner in which it is collected must accommodate the short-term
heterogeneity within the field sample (control of grouping and segregation error by collecting at
least ten increments to form the subsample [Pitard, 1993]).

Upon completion of representative subsampling, a defensible groundwork is completed for subsequent
physical and chemical analyses as described in Chapter 2.2.
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For Further Information

As emphasized by the above references, the federal government and consensus standard organizations
such as ASTM have and continue to produce valuable sampling guidance. The USEPA and the ASTM
joined forces to write needed standards at an accelerated rate. This section has referenced a number
of the standards that have resulted from this cooperation. Other accelerated standards relevant to data
collection activities are presently being written and will become available. A number of federal agencies
have drafted a detailed document, the Multi-Agency Radiation Laboratory Analytical Protocols (MAR-
LAP), which addresses relevant radiochemical and planning issues. The USEPA has also drafted relevant
and significant guidance (e.g., updated RCRA sampling), which are under peer review as of this writing.
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Yes

No

Yes

Yes

Collect
Sample

Potentially
radioactive

Type D Laboratory
Perform analysis following
safe lab practices for
chemical hazards.
Modifications to standard
methods may be
required.

Type C Laboratory

Follow contamination control
procedures. Use shielding as
required to maintain exposures
ALARA. (Modifications to
standard methods may be
required in some instances).

Type B or A Laboratory
Perform sample-prep activities
in glovebox or hot cell.
Screen the extracts.
Modifications to standard
methods required on sample
size and QC methods (for
ALARA purposes or other
justification).

Gross alpha <10 µCi
(total) and gross beta
<100 µCi (total)

Perform gross alpha
and gross beta

Dose equivalent
rate at 10 cm
<100 mrem/h

No

No
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2.4
Mixed Waste 
Characterization 
Robert A. Montgomery
Idaho National Engineering and Environmental Laboratory
Idaho Falls, Idaho

Introduction

Methods and technologies used to characterize mixed waste depend on the end-use of the exercise.
In examining mixed waste, one should first identify the likely answers to a number of questions,
including:

1. What kind of mixed waste requires characterization? Is it environmental contamination of soil or
groundwater; an ongoing process or waste stream; contents of an abandoned tank; or some other
mixed waste?

2. Will radiation exposure levels allow normal laboratory processing or must remote-handling meth-
ods be employed?

3. Is characterization being conducted in situ or ex situ?
4. Will data be used for risk assessment, selection of management or treatment options, or waste

disposal?
5. Are data being collected to support regulatory processes such as the Resource Conservation and

Recovery Act (RCRA) or the Comprehensive Environmental Response, Compensation, and Liability
Act (CERCLA), a separate state-authorized clean-up action, or as part of routine process control?

Chemical and radiological data generated during characterization must, at a minimum, meet the ultimate
goals of the project. A selection of methods and technologies must work within any limitations imposed
by circumstances of the situation and the waste form. From the answers to these questions, clearly
identified data needs, data quality objectives, and situational limitations, determination of how to best
characterize a mixed waste can begin.

New methods and technologies for characterization of mixed waste have been developed in the past
decade, primarily by and for the Department of Energy (DOE) but also the Department of Defense
(DOD), universities, and private laboratories and businesses. These include both in situ and ex situ
methods applicable to high- and low-radiation fields. However, standard methods of chemical and
physical analysis remain primary characterization tools. This section focuses on the characterization of
chemical constituents, with only minor discussion of radiological constituents, because these methods
are generally better defined and implemented. In addition, while the term “mixed waste” specifically
refers to a waste that is both radioactive and a hazardous waste under the RCRA, this section assumes
the broader interpretation that mixed waste is any material that is radioactive and requires characteriza-
tion for chemical constituents.
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In all cases of mixed waste characterization, careful consideration must be given the end use of the
data and of the quality level associated with the data to achieve those end uses. Sometimes quick,
simple, and inexpensive analyses are all that is required. Sometimes analytical data of both high
accuracy and high precision are required. When studying environmental contamination, this process
is often iterative, beginning with “quick-and-dirty” methods and progressing to more detailed and
more expensive analyses as the nature and extent of contamination require better definition. In all
cases, characterization of mixed waste should be governed by an appropriate Quality Plan. Discussions
of Quality Plans can be found in several sources, including EPA Guidance for Quality Assurance Project
Plans–EPA QA/G5, EPA/600/R-98/018, February 1998.

Define the Waste Requiring Characterization

Environmental Media

The reasons for characterization of environmental media (e.g., soil or groundwater), are often different
from those for process wastes. When characterizing environmental media, the goal is usually to define
the nature and extent of any mixed waste contaminants that might be present. These wastes may have
originated from discharges to surface water, groundwater, surface impoundments, soil, or from stack
emissions. Mixed waste constituents may be as diverse as metals confined to a thin layer of surface soil
or a dense non-aqueous-phase organic liquid pooled in a fractured-rock aquifer several hundred feet
below the ground surface. Details of the individual circumstance will drive decisions on characterization.

Several guidance documents are available to assist in characterizing environmental media. An excellent
compilation can be found on a CD-ROM distributed by the U.S. Environmental Protection Agency,
National Exposure Research Laboratory (NERL) – Las Vegas: Site Characterization Library, Volume 1
(Release 2), EPA/600/C-98/001, April 1998. These guidance documents include those written by private
authors, the American Society for Testing and Materials (ASTM), and the USEPA.

Additional information and guidance on site characterization can be found on another CD-ROM
compilation: USEPA Technology Innovation Office: Information Sources for Innovative Remediation
and Site Characterization Technologies, EPA 542-C-98-003. This CD focuses on site characterization and
potential remediation technologies.

Depending on the media and types of waste involved, a number of technologies or methodologies are
available for field-oriented analytical and characterization studies. These are summarized in Table 2.4.1
and Section 3. A more detailed discussion of strengths and weaknesses of each method is presented in
Field Analytical and Site Characterization Technologies, Summary of Applications; EPA-542-R-97-011,
November 1997.

Ongoing cooperative efforts between industry and the USEPA to develop and verify methods for
characterization of environmental media are conducted through the Consortium for Site Characterization
Technology and are documented at: http://www.epa.gov/swertio1/programs/scmt/verstate.htm.

Chemical Technologies

Biosensor (Number of Sites: 1)

Biosensors are analytical tools in which the sensing element is an enzyme, antibody, deoxyribonucleic
acid, or microorganism; and the transducer is an electrochemical, acoustic, or optical device. The tech-
nology was used to detect explosives (trinitrotoluene [TNT]; cyclo-1,3,5-trimethylene-2,4,6-trinitramine
[RDX]; and cyclotetramethylenetetranitramine [HMX]) in soil, groundwater, and compost residues.

Reported Advantages Reported Limitations:

• Potentially cost-effective •  None identified
• Real-time data

http://www.epa.gov/swertio1/programs/scmt/verstate.htm
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Colorimetric Test Strip (Number of Sites: 3)

Colorimetric test strips are a single-measurement, portable technology that uses a wet chemistry non-
immunoassay test to detect analytes in soil or water. The intensity of the color formation can be
determined visually or with a spectrophotometer. Colorimetric test strips have been used to detect
nitrates, TNT, RDX, and HMX in soil and groundwater.

Reported Advantages Reported Limitations:

• Potentially cost-effective • Possible interference caused by nitrite
• Easy to use • Creation of soil slurry necessary to use test strips
• Real-time data

Cone Penetrometer Mounted Sensor (Number of Sites: 34)

Cone penetrometer mounted sensors are real-time, in situ, file screening methods for petroleum hydro-
carbons and other contaminants, as well as lithologic parameters. The method includes use of the Site

TABLE 2.4.1 Available Technologies for Field-Oriented Analytical and Characterization Studies

Technology
Site 

Screening

Site 
Character-

ization
Cleanup 

Monitoring
Compliance 
Monitoring

Confirmation 
Sampling

Enforce-
ment

Health and 
Safety 

Monitoring

Waste 
Character-

ization

Risk 
Assess-
ment

Chemical Technologies

Biosensor � � �

Colorimetric test strip � � � �

Cone penetrometer 
mounted sensor

� �

Fiber-optic chemical 
sensor

� �

Fourier-transformed 
infrared spectrometry

� � � �

Gas Chromatography � � � �

Immunoassay � � � � � �

Mercury vapor analyzer � �

X-ray fluorescence � � � � � � �

Geophysical Technologies

Bore-hole geophysical �

Direct-push electrical 
conductivity

�

Electromagnetic 
induction

�

Ground penetrating radar � �

Magnetometry �

Seismic profiling � �

Radionuclide Technologies

Gamma-radiation 
detector

� �

Passive alpha detector � � �

Sampling and Sampler Emplacement Technologies

Closed-piston soil 
sampling

�

Direct-push prepacked 
well screen

� �

Low-flow groundwater 
pumping

� � �

Soil gas sampling � �

Vertical groundwater 
profiling

� �

Vibrating well installation � �
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Characterization and Analysis Penetrometer System Laser-Induced Fluorescence (SCAPS-LIF) cone
penetrometer mounted sensor technology. The SCAPS-LIF technology was developed through a collab-
orative effort of the U.S. Army, Navy, and Air Force, under the auspices of the Tri-Services SCAPS
Program. The method uses a fiber optic-based, laser-induced fluorescence sensor system, deployed with
a standard 20-ton cone penetrometer. Cone penetrometer mounted sensors have been used to perform
field screening and site characterization for PAHs and total petroleum hydrocarbons (TPH) such as diesel
and jet fuel, gasoline, waste oil, heating fuel, and kerosene, in soil and groundwater, as well as the lithologic
parameters (pH, redox potential, conductivity, soil type, and other factors).

Reported Advantages: Reported Limitations:

• Potentially cost-effective • Expensive for a limited number of sample locations
• Continuous, real-time data • Naturally occurring fluorescent material can lead to
• Accurate measurements false positives
• Three-dimensional mapping possible • Limited by rough terrain
• Contaminant fingerprinting capability • Difficult to maneuver in tight spaces
• Enhanced delineation of contaminant • Subsurface cobbles cause probe refusal

(2-inch vertical resolution)
• No soil cuttings
• Quick decontamination
• Data allowed selection of optimal 

confirmation soil boring locations

Fiber-Optic Chemical Sensor (Number of Sites: 3)

Fiber-optic chemical sensors are coating-based sensors on fiber optics that detect contaminants by
monitoring the change in the refractive index on the coating of the fiber optics that alters the amount
of light transmitted to a detector. The technology has been used to measure concentrations of TPH;
benzene, toluene, ethylbenzene, and xylene (BTEX); and halogenated VOCs, such as trichlorethylene
(TCE), in groundwater and soil gas.

Reported Advantages: Reported Limitations:

• Potentially cost-effective • Possible interference from other chlorinated VOCs
• Can be used in situ • Results affected by bailing method and amount 
• Easy to use of water bailed
• Portable • Concentration of contaminants affects response time
• Quick turn-around time

Fourier-Transformed Infrared Spectrometry (FTIR) (Number of Sites: 3)

This method is an air monitoring technique that identifies compounds by fingerprinting spectra. A
sample’s molecular constituents are revealed through their characteristic frequency-dependent absorption
bands. The technology has been used to measure the concentration of VOCs in air for health and safety,
compliance, and clean-up monitoring.

Reported Advantages Reported Limitations:

• Adequate detection levels • Interference caused by water vapor
• Portable • QA/QC methods not fully developed
• Real-time data • Not appropriate when a high degree of spatial 

resolution is required

Gas Chromatography (Number of Sites: 24)

Gas chromatography (GC) is an analytical technique used to separate and analyze environmental matrices
for contaminants. Gas chromatography has been widely accepted as a primary analytical tool for site
characterization because of its capability to separate, detect, identify, and quantify target analytes in a
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complex mixture. The technique is suitable only for the analysis of thermally stable organic compounds.
Gas chromatography, with the use of various detectors (photoionization, flame ionization, electron
capture, electrolytic conductivity, nitrogen-phosphorus, mass spectrometer, and others), and with various
sample extraction and introduction methods (headspace, purge and trap, solvent extraction, solid-phase
extraction, thermal desorption, and others), has been used to measure concentrations of halogenated
and non-halogenated VOCs, SVOCs (including polychlorinated biphenyls [PCBs], polynuclear aromatic
hydrocarbons [PAHs], and pentachlorophenol [PCP]), TPH, pesticides, and dioxins in soil, soil gas,
sediment, groundwater, and air.

Reported Advantages: Reported Limitations:

• Potentially cost-effective • Experienced operator required
• Low detection limits (able to measure • Learning curve associated with use of equipment

maximum contaminant level [MCL] • Library of components limited for mass spectrometer
concentrations) • Petroleum carrier solvent caused interference with

• Quick turn-around time analysis for PCP
• High-quality data generated • Modification of extraction time required to improve
• Portable  consistency of results
• High sample throughput • Poor extraction of diesel fuels from soils with high
• Good correlation with EPA’s Contract organic matter

Laboratory Program (CLP) laboratory data • Co-elution of three types of contaminants hindered
• Ability to perform simultaneous analysis for ability to meet detection limits

BTEX and other hydrocarbon compounds

Immunoassay (Number of Sites: 43)

Immunoassay is a technique for detecting and measuring a target compound through the use of an
antibody that binds only to that substance. Quantitation is performed by monitoring color change, either
visually or with a spectrophotometer. The technology has been used to detect or to measure the concen-
trations of halogenated VOCs, PAHs, TPH, BTEX, PCBs, organic pesticides, mercury, and bacteria in
soil, sludge, sediment, surface water, groundwater, and composite residues.

Reported Advantages: Reported Limitations:

• Potentially cost-effective • High rate of false positives found in results from PCB
• Near real-time data and organic pesticide kits
• Reproducible results • Incapable of identifying individual PAHs
• Reasonable correlation with laboratory • Poor extraction efficiency in peat or bog samples

results
• Low rate of false negative results, except 

when fuel compounds were highly degraded
• Portability
• Detection limits capable of meeting action levels
• Capable of defining boundaries of 

contamination

Mercury Vapor Analyzer (Number of Sites: 2)

This technology monitors mercury vapors emitted from soil. These analyzers have been used for health
and safety monitoring and to determine soil sampling locations.

Reported Advantages: Reported Limitations:

• Allowed for real-time understanding of • Learning curve associated with equipment
exposure

• Quick turn-around time for data
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X-ray Fluorescence (Number of Sites: 39)

X-ray fluorescence (XRF) analyzers operate on the principle of energy dispersive XRF spectrometry.
Energy dispersive XRF spectrometry is a nondestructive analytical technique used to determine the metals
composition of environmental samples. Field-portable and transportable XRF units were used to detect
or measure concentrations of heavy metals (mercury, chromium, lead, cadmium, copper, nickel, and
arsenic) in both in situ and ex situ soils, sludge, sediment, and groundwater.

Reported Advantages: Reported Limitations:

• Potentially cost-effective • Limit on penetration depth
• No investigation-derived waste (IDW) • Some field-portable units require liquid nitrogen
• Good correlation with analytical laboratory • One field-portable unit weighs 50 pounds

results • Preparation of quality control sample required
• Real-time data • Difficulty in obtaining sufficiently low detection limits
• Quick turn-around time because of matrix interference
• Capability to determine multiple analytes • Detection limits sometimes not low enough to respond

simultaneously to ecological concerns
• Nondestructive method
• Little sample preparation
• Consistent quality of data

Geophysical Technologies

Bore-hole Geophysical (Number of Sites: 4)

Bore-hole geophysical technologies include ground penetrating radar (GPR), electromagnetic induction,
and acoustic methods. These technologies have been used to map fractures in bedrock, and to determine
groundwater flow and depth of the water table, to generate data for use both in site characterization and
in placement of monitoring wells.

Reported Advantages: Reported Limitations:

• Accurate results • Well diameter must be greater than 2 inches
• Sensitivity • Well casing must be nonmetallic
• Facilitation of better understanding of 

groundwater flow

Direct-push Electrical Conductivity (Number of Sites: 1)

The direct-push sensing of electrical conductivity is a geophysical technique based on the physical
principles of inducing and detecting the flow of electrical current within geologic strata. Measurements
of soil conductivity and logs of soil conductivity combine to supply information about the lithologic
features of a site. This technology has been used for site characterization and mapping to support
placement of monitoring wells, and also to define subsurface geologic and hydrogeologic conditions.

Reported Advantages: Reported Limitations:

• Potentially cost-effective • Large metal objects can cause interference
• Easy to use • Susceptible to operator error
• Portable turn-around time • Experienced operator needed to calibrate and interpret 
• Capability to identify thin stratigraphic logs

layers that conventional methods miss
• No soil cuttings
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Electromagnetic Induction (Number of Sites: 3)

Electromagnetic induction units use a transmitter coil to establish an alternating magnetic field that
induces electrical current flow in the earth. The induced currents generate a secondary magnetic field
that is sensed by a receiver coil. This technology has been used during site characterization to locate
disposal trenches at a landfill.

Reported Advantages: Reported Limitations:

• Easy to use • Large metal objects such as fences can cause 
• Portable interference
• Quick results

Ground Penetrating Radar (Number of Sites: 4)

Ground penetrating radar (GPR) provides a rapid, real-time display of information about the subsurface,
ranging from geological features to hydrologic features. The GPR method uses a transmitter that emits
pulses of high-frequency electromagnetic waves into the subsurface. The electromagnetic energy that is
scattered back to the receiving antenna on the surface is recorded as a function of time. This technology
has been used during site characterization to identify abandoned waste pits and other subsurface distur-
bances, bedrock stratigraphy, and the depth to water table, as well as to develop profiles of a river bottom.

Reported Advantages: Reported Limitations:

• Data useful in identifying subsurface • Surface vegetation can inhibit transmission of signals
disturbances without soil borings • Soils with high electrical conductivity can inhibit

• Data allowed the selection of optimal soil transmission of signals
boring locations • Interpretation of data is complex; experienced data

• Focused mapping of sample location analyst required
• Information compared favorably with that 

obtained from other methods

Magnetometry (Number of Sites: 2)

Magnetometers detect the presence of ferrous objects in the subsurface by measuring the earth’s magnetic
field or how the field changes spatially. Hand-held and vehicle-towed magnetometry units have been
used during characterization and mapping to identify buried ferrous metals.

Reported Advantages: Reported Limitations:

• Ability to detect large ferrous metal objects • Vehicle-based magnetometers limited by terrain and
12 to 20 feet below ground surface field conditions

• Ability to discriminate among subsurface • Vehicle-based magnetometers tend to underestimate
anomalies the number of targets, as compared with hand-held 

devices
• Signals from extraneous metals must be filtered out

Seismic Profiling (Number of Sites: 8)

Seismic profiling technology is based on the principle that if an acoustic signal is introduced into the
ground, a wave will echo to the surface whenever a change in the medium is encountered. Sensors at
the surface receive the signal, which is recorded by a seismograph and processed by software developed
by the oil industry. Two- and three-dimensional seismic profiling technologies have been used during
site screening and characterization to determine bedrock stratigraphy, soil type, and depth to
water table.
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Reported Advantages: Reported Limitations:

• Potentially cost-effective • Large surface objects cause interference
• Very detailed image of soil stratigraphy • Data return is very specific
• Bedrock fractures defined to within 1 foot • Trained technician required to interpret data
• Easy to use • Vegetation must be removed
• Drilling costs minimized • Equipment requires direct contact with the ground,

presenting a problem for use in buildings

Radionuclide Technologies

Gamma-Radiation Detector (Number of Sites: 3)

 Gamma-radiation detectors are portable instruments that often use sodium iodide or cesium iodide
scintillation counter detectors to detect gamma emissions. The technology has been used to detect
radionuclides in soil, sediment, and liquid waste.

Reported Advantages: Reported Limitations:

• Easy to use • Sensitive to power fluctuations
• Portable • Liquid nitrogen required
• Lower cost than conventional methods • Protection from weather required
• Data compared favorably with laboratory

data
• Real-time data

Passive Alpha Detector (Number of Sites: 1)

Two types of commercially available passive radon detectors — electric ionization chambers and alpha
track detectors — have been modified for use in screening of soil in situ for alpha contamination. The
detectors have been used to measure alpha contamination in soil.

Reported Advantages: Reported Limitations:

• Potentially cost-effective • None identified
• Easy to use
• Fast

Sampling and Sampler Emplacement Technologies

Closed-Piston Soil Sampling (Number of Sites: 1)

This technology is a discrete-depth sampling technology that uses a locking piston. The locking piston
enables the user to collect samples from a previously sampled boring without allowing unwanted material
from the overlying borehole to be included in the sample. This sampling technology has been used in
conjunction with direct-push technology during site characterization to obtain continuous soil cores
from below the water table.

Reported Advantages: Reported Limitations:

• No soil cuttings • Sampler is designed for use only in soils and 
• Less expensive than conventional drill rigs unconsolidated sediments
• Faster than conventional methods • Generally used at depths of less than 50 feet

• If used for sampling discrete subsurface intervals, 
the hole must be preprobed
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Direct-push Prepacked Well Screen (Number of Sites: 1)

This technology uses a direct-push method to install prepacked stainless steel screens. The technology
has been used during site characterization and compliance monitoring to install small-diameter moni-
toring wells.

Reported Advantages: Reported Limitations:

• Less expensive and faster than installing a • Cannot be used in bedrock
conventional well • Limit on depth

• No soil cuttings • Small diameter of well may limit sampling options

Low-flow Groundwater Pumping (Number of Sites: 9)

Low-flow groundwater sampling involves the use of any number of groundwater sampling pumps that
purge a slowly monitoring well so as not to cause turbulent flow into the well. The method decreases
the turbidity of the water sample and allows collection of a more representative groundwater sample
than is possible with conventional technologies. The technology has been used to obtain groundwater
samples for analysis of VOCs and heavy metals.

Reported Advantages: Reported Limitations:

• Production of low-turbidity samples possible • None identified
• Less purge water generated
• More effective in low recharge wells

Soil Gas Sampling (Number of Sites: 5)

A number of passive and active sampling devices can be used to obtain soil gas samples. Passive soil gas
absorption devices, in-well monitoring equipment, and canister devices have been used to obtain soil
gas samples for on- and off-site analysis of VOCs.

Reported Advantages: Reported Limitations:

• Potentially cost-effective • Active soil gas sampling is not effective in impermeable
• Quick turn-around time soils
• Easy to use • Passive soil gas sampling results may not correlate well
• Large amounts of data generated with results of active soil gas sampling
• Passive soil gas sampling technology can 

absorb low-volatility compounds
• Good correlation with monitoring well data

Vertical Groundwater Profiling (Number of Sites: 4)

Vertical groundwater profiling technology collects point samples rather than samples over a screened
interval, as is the case with conventional monitoring wells. The technology uses a probe that is advanced
by a pneumatic piercing tool (air hammer) driven by a gasoline-powered air compressor. Groundwater
is extracted from the profiler by means of a peristaltic pump. This technology has been used to vertically
delineate contaminants in groundwater.

Reported Advantages: Reported Limitations:

• Potentially cost-effective • Problem with data comparability
• Enables vertical profiling • Difficulty in modeling the migration of TCE
• Enables tracking the boundaries of the 

contaminant plume
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Vibrating Well Installation (Number of Sites: 6)

This technology uses a specially designed all-terrain vehicle employing a vibrating push mechanism to
install small-diameter wells. This vibrating well installation technology has been used to install ground-
water wells and monitoring wells to depths up to 200 feet.

Reported Advantages: Reported Limitations:

• No soil cuttings • Well screens easily clog
• Can be installed to 100 ft without pilot hole • Equipment frequently overheats
• Equipment fits into tight spaces • Casing requires welding

Process Waste

Process waste is often easier to sample and characterize than environmental media, unless high radiation
levels render physical handling of samples hazardous. In these few cases, special sampling and handling
must be executed — including, but not limited to, the use of specialty hot cells for chemical analysis.
While such samples can be diluted or smaller portions used, these practices often lead to reduced analytical
sensitivities, and higher method detection limits. In addition, very few facilities, government or private,
are equipped with the requisite hot cells/laboratories. One exception is the Idaho Nuclear Technology
and Engineering Center at the Idaho National Engineering and Environmental Laboratory, owned by
the Department of Energy and located near Idaho Falls, Idaho. See http://www.inel.gov for additional
information.

Where radiation levels exceed safe working limits, it is often difficult to obtain any kind of sample.
Issues of sample representativeness of the waste stream and variability over time often seem of secondary
importance. However, in these cases, analytical data must then be regarded as simply a rough estimate
of the actual composition of the waste being considered. Absent adequate quality and confidence in the
data, its usefulness for many tasks is questionable.

Assuming radiation levels are sufficiently low to allow routine handling and analysis of samples, several
issues must be determined prior to characterization of process waste; these include variability over time,
the phase(s) present, and end-use of the data.

Ideally, process waste should vary little over time. In this ideal case, once a waste has been adequately
characterized, then it need not be repeated unless and until the process changes. In most cases, issues of
process control and waste management require ongoing and periodic waste analysis. Adequate charac-
terization can often be obtained through the same inline equipment used on non-radioactive systems.
In all cases, issues pertinent to radioactive waste must be considered. These include radioactive dose
during routine operations, maintenance, and ultimate waste disposal. The radioactive dose will depend
on the volume of material/waste in the equipment, plate-out, and accumulation of radioactive material
in low-flow areas. Damage or interference to the sensors from the alpha, beta, gamma, or neutron
emissions from the material/waste must also be considered when using inline analytical equipment.

Where inline analytical techniques are inadequate, other routine sampling methods and analytical
techniques must be employed. Other than in the care given to prevent or reduce radioactive dose to
sampling and analytical personnel and preventing spread of radioactive contamination, these methods
are identical to those used on non-radioactive wastes. Excellent guidance on sampling and analysis of
various types of industrial wastes are published by the EPA and ASTM. These include the EPA’s manual
Test Methods for Evaluating Solid Waste, SW-846, 3rd edition.

Legacy Waste

Due to the nature of many operations that generated mixed waste, waste residues were often left in place
when systems were abandoned or replaced. These residues now require characterization during closure
or decommissioning activities. These residues are neither environmental media nor ongoing process
waste. Instead, they are often found in tanks and pipes. They may be liquid, semi-solid, or solid. Their

http://www.inel.gov
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source may be known or unknown. In all cases, safety is of paramount importance. Long-unused residues
may have undergone unexpected chemical reactions and produced unexpected compounds. These resi-
dues should be sampled only after proper review and planning by competent professionals in the areas
of safety, radiological controls, chemists, samplers, and operations personnel.

Initial characterization likely includes simple in situ methods such as radiation and contamination
surveys, and vapor space testing for explosive, organic, or acidic compounds. Once it has been determined
that additional samples can be taken, then both standard in situ and ex situ characterization techniques
can be employed.

Identify the Purpose for Characterization

Environmental Media

 Characterization of environmental media contaminated with mixed waste can serve a number of func-
tions, often sequentially. These functions include (1) determining the nature and extent of contamination,
if any; (2) conducting a risk assessment to human health and/or the environment of any contaminants
found; and (3) investigating methods to reduce the mobility, toxicity, or volume of the waste, either in
situ or ex situ.

Determining the nature and extent of environmental contamination is, by nature, a broad topic
addressed in several guidance documents already mentioned. Characterization may be as simple as
collecting soil samples over a broad surficial area; or it may require drilling many wells into an aquifer
several hundred feet below ground surface. Chemical and radiological analyses tend to be very broad
and non-specific so that all possible and likely contaminants are detected.

Part of the process of identifying the nature and extent of environmental contamination includes
determining the “background” concentrations of those constituents. For many contaminants, such as
organic solvents, one expects the background concentrations to be at or below the lower limits of
detection. But other chemicals, such as arsenic or thorium decay products, may exist naturally in the
media being sampled. Thus, these naturally occurring chemicals and radionuclides must be identified
and their “background” concentrations determined so that statistically significant deviations from “back-
ground” can be identified.

This process typically uses a “totals analysis” of contaminants in soil or water rather than an extraction
method such as the EPA Toxicity Characteristic Leach Procedure (TCLP). The “totals” method typically
extracts metals from soil through an acid extraction; washes organic material from soil using an appro-
priate solvent; and strips organic compounds from water by purging with a gas followed by gas chroma-
tography and mass spectrometry. Metals in water are analyzed directly.

Once the mixed waste contaminants and their footprints have been identified, an assessment of the
risk to human health or the environment is generally conducted by comparing the concentrations of
contaminants to standardized tables available from the EPA. The process of assessing routes of exposure
and risk-related calculations is beyond the scope of this section. Suffice to say that if the risk from
contaminants is deemed excessive, then site remediation will be required and additional characterization
is often a prerequisite to remediation.

Remediation can either be in situ or ex situ. Methods include stabilization, destruction, and removal
followed by other treatment. In all cases, suitability of the mixed waste to the proposed remediation must
be ascertained. Appropriate types of characterization might include leachability of waste constituents,
usually determined through a TCLP extraction; presence and concentration of underlying hazardous
constituents to determine RCRA Land Disposal Restriction (LDR) compliance; pH or Eh; speciation of
metals, such as determining if chromium is present in the +3 or +6 oxidation state; alkalinity or water
hardness; constituents that might interfere with the proposed remediation technology; BTU content if
thermal treatment is being considered; moisture content of soil; and many others, depending on the
remediation technology. If the waste will simply be exhumed for treatment and disposal, then charac-
terization needs will be dictated by the waste acceptance criteria of the facility receiving the waste.
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For characterization requirements for environmental media contaminated with a hazardous/mixed
waste and destined for ex situ storage, treatment, or disposal, see the following discussion and Figure 2.4.1.

Process and Legacy Waste

The primary purpose for characterization of process and legacy waste is that of management (e.g., storage,
treatment, and disposal). Only federal RCRA requirements are discussed here. Because many states
impose additional requirements, the reader is encouraged to refer to applicable federal, state, or local
hazardous/mixed waste regulations.

The first determination is: Is this waste a hazardous waste under RCRA regulations? Part of this
determination is whether the waste is exempt from all or some RCRA regulations as imposed by the EPA
or an authorized state. These exemptions are generally found in 40 CFR 261, or state equivalent, with
most found in 40 CFR 261.4(a) and (b). If an exemption does not apply, then the generator must
determine if the waste is an RCRA hazardous waste listed in 40 CFR 261.31–261.33.

When reviewing these lists, the generator must also consider the “derived-from” and “mixture” rules.
In short, if a waste is derived from the storage or treatment of a listed waste, it is also a listed waste. If
a waste was mixed with a listed waste, the entire mixture must generally be managed as a listed waste
(see 40 CFR 261. 3 for the full requirements). If the waste is an RCRA listed waste as generated or as a
result of either the derived-from or mixture rules, then it must be managed as a hazardous/mixed waste.

It is important to note that determining if a waste is an RCRA listed waste is not based on chemical
analysis, but on knowledge of the waste and comparison of the waste to the specific listings found in the
regulations 40 CFR 261.31–261.33, or state equivalent.

If the waste is not a listed waste, it must be tested to determine if it exhibits a characteristic of a
hazardous waste, ignitability, corrosivity, reactivity, toxicity (see 40 CFR 261.21–261.24 for the testing
requirements). If the waste exhibits a characteristic of a hazardous waste, then it must be managed as a
hazardous/mixed waste. If the waste is neither listed nor a characteristic waste, then it is not a hazard-
ous/mixed waste and can be managed as a non-hazardous or radioactive waste.

If the waste is either a listed or characteristic hazardous/mixed waste (and no exemptions apply), then
it must be managed in accordance with federal or state hazardous/mixed waste regulations, including
requirements applicable to accumulation and storage in containers and tanks and for ultimate treatment
and disposal of the waste. This hazardous/mixed waste determination process is depicted in Figure 2.4.1.
The process of conducting a hazardous/mixed waste determination can be documented on the form
provided in Appendix A. This form provides additional information that may be required by facilities
providing additional storage, treatment, or disposal of hazardous/mixed waste.

One of the hazardous/mixed waste management requirements is additional characterization for com-
pliance with LDRs (see 40 CFR 268.40). Depending on the RCRA hazardous waste codes applicable to
the waste, characterization must be performed for those underlying hazardous constituents (UHC) that
the generator believes may be present. The list of UHCs and their required maximum concentrations
(or required technologies) is found in 40 CFR 268.48.

Mixed Waste Characterization

Required Analytical Methods

The EPA and Nuclear Regulatory Commission (NRC) have jointly published guidance in the Federal Register
on the subject of characterizing mixed waste, 62 FR 62079, November 20, 1997. This guidance is noteworthy
because it states that exposure to ionizing radiation is an important consideration when characterizing
mixed waste. Some discretion is offered with respect to the use of smaller-size samples than otherwise
required, the use of surrogates in lieu of actual mixed waste, and in explaining the concept of “acceptable
knowledge” rather than relying solely on chemical analysis for mixed waste characterization.

Generators of hazardous and mixed waste are required to characterize waste for several purposes,
including:
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FIGURE 2.4.1 Definition of solid and hazardous waste.

A

Yes

No

No

Yes

Yes

No

Yes

No

THE MATERIAL 
IS NOT AN RCRA 
SOLID WASTE

THE MATERIAL IS AN RCRA SOLID WASTE
irrespective of whether you:
1. discard it
2. use it
3. reuse it
4. recycle it
5. reclaim it
6. store it or accumulate it for purposes 1-5 above

To A

Definition of Solid and Hazardous Waste

All Materials

Garbage, refuse
or sludge

Solid, liquid, semi-solid or contained
gaseous material which is:
1. discarded
2. served its intended purpose
3. a manufacturing or mining
     by-product

Other

Yes

No

Does 40 CFR 261.4(a) exclude your
material from regulation under RCRA
because it is one of the following:
1.  Domestic sewage
2. Clean Water Act point source discharge
3. Irrigation return flow
4.  AEC source, special nuclear or
     by-product material
5.  In situ mining waste

THE WASTE IS AN 
RCRA-HAZARDOUS WASTE

Has the waste or mixture been 
excluded from the F, K,  P, or 
U lists in accordance with 40 
CFR 260.20 and 260.22?

Does the waste exhibit any of 
the characteristics of a 
hazardous waste specified in 
40 CFR 261.21- 261.24?

THE WASTE IS NOT AN 
RCRA-HAZARDOUS WASTE

Is the solid waste also listed as 
an F, K, P, or U RCRA-listed 
waste? Or is it a mixture that 
contains a waste listed as an F, 
K, P, or U RCRA-listed waste?

Is the Solid Waste
excluded from regulation
under 40 CFR 261.4(b)?
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1. To determine if the waste is hazardous waste
2. To comply with waste analysis requirements for hazardous and mixed waste Treatment, Storage

and Disposal facilities that require:
a. Chemical/physical analysis of a representative sample and/or, in some cases, use of knowledge

of the waste
b. Preparation of a waste analysis plan

3. To meet the waste analysis requirements that apply to the specific waste management methods
under 40 CFR 264.17, 265.314, 264.341, 264.1034(d), and 268.7

4. To ensure, prior to land disposal, that the waste meets the required treatment standards

The EPA requires specific analytical methods, detailed in SW-846, in only a very few instances. These
are:

1. 40 CFR 260.22(d)(1)(i): submission of data in support of a petition to delist a waste
2. 40 CFR 261(a)(1) and (2): evaluation of waste against the characteristic of corrosivity
3. 40 CFR 261.24(a): leaching procedure for evaluation of waste against the characteristic of toxicity
4. 40 CFR 261.35(b)(2)(iii)(A): evaluation of rinsates from wood-preserving cleaning processes
5. 40 CFR 264.190(a), 264.314(c), 265.190(a), and 265.314(d): evaluation of waste to determine if

free liquid is a component of the waste
6. 40 CFR 264.1034(d)(1)(iii) and 265.1034(d)(1)(iii): evaluation of organic emissions from process

vents
7. 40 CFR 264.1063(d)(2) and 265.1063(d)(2): evaluation of organic emissions from equipment leaks
8. 40 CFR 266.106(a): evaluation of metals from boilers and furnaces
9. 40 CFR 266.112(b)(1) and (2)(i): certain analyses in support of exclusion from the definition of

a hazardous waste for a residue that was derived from burning a hazardous waste in boilers and
industrial furnaces

10. 40 CFR 268.7(a), 268.40(a), (b), and (f), 268.41(a), 268.43(a) and 268.48(c)(1)(B): leaching
procedures for evaluation of waste to determine compliance with LDR standards

11. 40 CFR 270.19(c)(1)(iii) and (iv), and 270.62(b)(2)(i)(C) and (D): analysis and approximate
quantification of the hazardous constituents identified in the waste prior to conducting a trial
burn in support of an application for a hazardous waste incineration permit

12. 40 CFR 270.22(a)(2)(ii)(B) and (270.66(c)(2)(i) and (ii): analysis conducted in support of a
destruction and removal efficiency trial burn waiver for boilers and industrial furnaces burning
low-risk wastes, and analysis and approximate quantification conducted for a trial burn in support
of an application for a permit to burn hazardous waste in a boiler and industrial furnace

In some cases, the EPA specifies analytical methods described in ASTM procedures or any equivalent
method approved by either the EPA or a state authorized by the EPA to enforce the RCRA program for
mixed waste. Thus, one wishing to characterize mixed waste is largely free to use those sampling and
analytical methods best suited to the situation and that also meet the necessary data quality objectives.

Use of “Waste Knowledge” for Characterization of Waste

EPA regulations allow for the use of “process knowledge” to fully or partially characterize waste. The
term “process knowledge” refers to detailed information on processes that generate waste subject to
characterization or to detailed information generated from processes that generate waste similar to that
generated with original waste. Process knowledge includes waste analysis generated by others on the
waste in question or on chemically identical waste. Process knowledge must be fully documented and
retained for possible inspection by regulatory agencies.

In some cases, both the EPA and the NRC have endorsed the use of “waste knowledge” (sometimes
called “acceptable knowledge”) to characterize waste rather than actual chemical analysis. The term “waste
knowledge” includes, where appropriate: (1) process knowledge, (2) records of analysis performed by
the generator or others, or (3) a combination of (1) and (2) supplemented with current chemical analysis.
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Waste knowledge can be used to determine if the waste is an RCRA characteristic hazardous waste; to
meet waste analysis requirements under a formal waste analysis plan; and to determine compliance with
LDRs.

The use of waste knowledge alone is appropriate for wastes that have physical properties that are not
conducive to taking a laboratory sample or performing laboratory analysis. As such, the use of waste
knowledge alone may be the most appropriate method to characterize mixed waste streams where
increased radiation exposure is a concern. Mixed waste generators should contact the EPA regional office
or authorized state to determine if they possess adequate waste knowledge to characterize their mixed
waste.

Use of Surrogates

In determining whether a radioactive waste is also an RCRA hazardous waste (and thus a mixed waste),
the generator may test a surrogate material (i.e., a chemically identical material with significantly less or
no radioactivity) to determine the RCRA status of the radioactive waste. This substitution of a surrogate
material may either partially or completely supplant the testing of the waste. A surrogate material,
however, should be used only if the surrogate material faithfully represents the hazardous constituents
of the mixed waste. As part of the hazardous waste determination, the generator must document test
results or other data and methods used. (See 40 CFR 262.40(c) for additional information.)

Flexibility in Mixed Waste Testing

Flexibility exists in the hazardous waste regulations for generators and facilities managing mixed waste
to tailor mixed waste sampling and analysis programs to address radiation hazards. As an example, the
frequency for testing mixed waste prior to storage, treatment, or disposal might be reduced to address
radiation hazards. EPA hazardous waste regulations also allow a mixed waste facility the latitude to change
or replace EPA test methods (i.e., Test Methods for Evaluating Solid Waste, SW-846) for the same purpose.
The instances where test methods from SW-846 are required are given at the beginning of the section.
EPA approval of an equivalent analytical or testing method to replace the required EPA method can be
requested.

Specific flexibility for mixed waste is allowed in the TCLP extraction to determine if a waste exhibits
the characteristic of toxicity. The EPA Method 1311 found in SW-846 requires a sample size of 100 grams.
For mixed waste testing, sample sizes of less than 100 grams can be used if the analyst can demonstrate
that the test is still sufficiently sensitive to measure the constituents of interest at the regulatory levels
specified in the TCLP and is representative of the waste stream being tested. Other variances to the
published testing protocols are permissible but must be approved by the EPA or the authorized state
prior to implementation.

Summary

Mixed waste may be encountered in environmental media, as waste from a defined process, or as a legacy
waste from past operations. While characterization methods may differ depending on the situation, the
ultimate goal remains constant: to identify the hazardous constituents and their concentration, and
determine what methods might be used to treat or dispose of the waste. While regulatory requirements
are very strict regarding hazardous/mixed waste characterization and management, some flexibility is
available for mixed waste.
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Appendix A

Waste Stream Identification ___________________________________________________________

DIRECTIONS:
Section I should be filled out by the initial generator of the waste (e.g., lab personnel, operations
personnel). They should include all information to the best of their abilities and experience. If the initial
generators can’t fill out much, but only provide basic information such as how the waste was generated
and the process information (e.g., chemicals used, MSDS, cleanup of spill, solvent recovery system) that
is fine.

Section II should be filled out by personnel trained in RCRA characterization. There may be a need to
do some interaction with the initial generator (e.g., since they may not know what a solvent is per RCRA
definition).

Section III should be filled out by personnel trained in RCRA after analytical data and the generator
information is reviewed. 

Section IV is information about LDR classification and should be completed by RCRA-trained personnel
after reviewing analytical data or other information provided by the generator.

PURPOSE:  To comply with the 40 CFR 262.11 and 268 requirements relating to characterization of
solid waste/hazardous waste; PCB regulated waste (40 CFR Part 761) and to support CERCLA remedial
activities.  Upon completion, this form with required attachments will serve to meet the basic charac-
terization assessments per the RCRA and TSCA-PCB programs.  The use of this form will provide
consistent waste evaluation for facility personnel.

SCOPE:  Any characterization determinations provided below based upon Process Knowledge (PK)
must accompany this form or be referenced.  This includes the justification from omitting any RCRA
regulated hazardous waste contaminant from an analytical request.  PK information must be sufficient
to provide a defendable position for excluding or partially excluding sampling and analytical request(s).
PK can be in the form of a general statement provided by personnel knowledgeable in the basic charac-
terization requirements for the applicable program.  PK can include referencing the process and associated
raw materials used in the process.  If the waste is deemed hazardous due to a particular contaminant, a
short statement will suffice for PK documentation (e.g., AF001-assigned due to known solvent use
involving greater than 10 percent solvent constituents prior to use).

If facility personnel/generators use material safety data sheets (MSDSs) to satisfy all or part of the
characterization assessment, the MSDSs must be provided for products used in the process generating
the waste (caution: MSDS information may not reflect waste constituent concentrations or characteristics.
MSDS information reflects the general characteristics and precautions for the unused product, but does
not necessarily provide sufficient information for RCRA characterization).

Any previous analytical results associated with a waste stream must be attached or referenced.

SECTION I

4. NON-CERCLA GENERATED WASTE _________CERCLA-GENERATED WASTE _________

1. Waste Generation Location: Building #__________________ Location ________________

5. Attach a detailed description of the process that generated the waste and the type of waste that
will be generated.

6. Provide a physical description of the waste (wet, dry, damp, liquid, solid, soil).

� Aerosol  � Gas � Liquid � Solid � Sludge � Other ________________________

If solid, is the waste greater than 60mm in size? Yes � No � Unknown �
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8. Can this waste be certified as a non-radioactive waste? Yes � No � Unknown �

If no, attach Process Knowledge statement (e.g. list radiological 
area associated with waste) or radiological analytical results.  
See attachment # _______________

 9. Does the waste contain friable asbestos or asbestos fibers? Yes � No � Unknown �

10. Does the process generating the waste involve metal fabrication, Yes � No � Unknown �
cleaning, grinding, dissolution or other means of potential metal 
or organic contamination?

If yes, attach a list known or suspected organic or metal 
contaminants.  See attachment # ___________________

11. Have more than one type of waste or materials been mixed to Yes � No � Unknown �
generate this stream?

If yes, attach a description of the waste or materials that have 
been mixed together.  See attachment # __________________

12. Is the waste a treatment residual? Yes � No � Unknown �

EXCLUDED OR REDUCED REQUIREMENTS 
(261.2, .3, .4, AND .6)

13. Is the waste to be recycled or treated? Yes � No � Unknown �

If yes, describe the means of recycling or treatment 
(Note: scrap metal contaminated with listed waste cannot be recycled). 

LISTED WASTE (40 CFR 261, SUBPART D)

14. Does the waste contain, or did the waste come into contact Yes � No � Unknown �
with, any RCRA listed waste (i.e., “F”, “P”, “U”, or “K”, as 
defined in 40 CFR 261, Subpart D)?

If yes, list or attach a list, of the EPA Codes and list constituents. 

If unknown, was the waste used as a solvent or extractant? Yes � No � Unknown �

If yes, did the solvent or extractant before use exceed 10% Yes � No � Unknown �
of product composition for contaminants listed in EPA Codes 
F001, F002, F004, or F005?

15. If the waste is an F003 listed solvent, did it retain the Yes � No � Unknown �
characteristic of ignitability upon generation as a waste?  
(Note: F003 is very specific, it must be composed only of the 
constituent identified in 40 CFR 261, Subpart D or only 
composed of the constituent identified in 40 CFR 261, 
Subpart D and exceed 10% product composition of F001, 
F002, F004 or F005 prior to use).

16. Is the waste an unused chemical or an unused Yes � No � Unknown �
off-specification commercial chemical product meeting the 
listing for “U” or “P” waste; or from a non-specific source 
identified in 40 CRF 261, Subpart D (i.e., “K” waste)?

If yes, list or attach a list, of the applicable EPA hazardous 
waste code(s).
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If yes, is the product a combination of unused commercial Yes � No � Unknown �
chemical products?

If yes, is the unused commercial chemical product(s) Yes � No � Unknown �
the sole active ingredient(s) (meeting “P” or “U”)?

If yes, is the waste: soil, water, or other media resulting from Yes � No � Unknown �
a spill or release of a unused commercial chemical product?

CHARACTERISTIC WASTE (40 CFR 261, SUBPART C)

IGNITABLE WASTE (261.21)

17. Is the waste a known (or suspect) ignitable waste? Yes � No � Unknown �

If yes, is the ignitable waste an aqueous liquid and ignitable Yes � No � Unknown �
only due to alcohol concentration?  

If yes, give the percent of alcohol in waste __________________

18. Is the waste a known or suspect oxidizer? Yes � No � Unknown �

19. Does the waste contain a high percentage of nitrates? Yes � No � Unknown �

If yes, give estimate of percent nitrate ______________________

CORROSIVE WASTE ( 261.22)

20. Is the waste a liquid? Yes � No �

If known, what is the pH? Known______ Unknown �

21. Have acids or alkali liquids  been used in the waste Yes � No � Unknown �
generating process?

22. Does a representative sample corrode steel at a rate greater Yes � No � Unknown �
than 6.35 mm/yr (liquids only)?

REACTIVE WASTE (261.23)

23. Is the waste a known or suspect reactive (e.g., sulfates, Yes � No � Unknown �
sulfur, cyanides, etc.)?

If yes, attach a description of the possible list of reactive 
characteristics and precautions.

TCLP WASTE (261.24) 

24. Is the waste TCLP for D004-D043? Yes � No � Unknown �

If yes, list or attach a list, of the EPA Codes assigned to the waste.

If known, list or attach a list, of the organic or metal constituents 
known or suspected in the waste.

PCB WASTE

25. Is the waste an oil filled electrical device, hydraulic equipment, Yes � No � Unknown �
or switch?

If yes, provide volume of oil in the equipment. ________________

26. Is the waste known or suspected to contain PCBs? Yes � No � Unknown �



© 2001 by CRC Press LLC

27. Is the waste a small capacitor (i.e., contains <100 cc or Yes � No � Unknown �
<3 lbs of dielectric fluid)?

28. Is the waste a large capacitor (i.e., contains >100 cc or Yes � No � Unknown �
>3 lbs of dielectric fluid)? 

29. Is the waste an oil filled electrical transformer? Yes � No � Unknown �

If yes, provide the following: Oil Volume_________________
Equipment Serial # _________________

Manufacturer Name _________________________________
Model # __________________________

30. Is the waste PCB contaminated soil or debris? Yes � No � Unknown �

If yes, list the concentration of PCBs or any other information 
relating to the source of the contamination associated with the waste.

WASTE MANAGEMENT

31. If known, identify the receiving facility or location for the waste generated

APPROVALS

Waste Generator/Responsible Manager

Note: Your signature certifies that the information on this form and the attachments is true and
accurate, that you have put forth a good faith effort to acquire and verify the information, that
any willful or deliberate omissions have not been made, and all known and suspected hazards
have, to the best of your knowledge, been made.

_____________________________________________________________________________
Generator’s Name (typed or printed) Phone

_____________________________________________________________________________
Generator’s Signature Title Date

_____________________________________________________________________________
Facility Manager’s Name (typed or printed) Phone

_____________________________________________________________________________
Facility Manager’s Signature Title Date

SECTION II

ANALYTICAL PARAMETERS

1. Based on the information in Section I, will the waste need to be analyzed? Yes � No �

If yes, identify the analytical parameters:

Volatile Organic Analysis__ pH__ TCLP Semi-volatile__ Total Suspended Solids__
TCLP__ TCLP Metals __ Total Metals__ Total Organic Halides (TOX)__
Paint Liquid Filter Test __ TCLP Pesticides __ Total Organic Carbon__ Pu Isotopes__
GC Screen __ Mass Spectrometer __ Polychlorinated Biphenyl __ Gamma __
BTU Content __ Sulfur __ SO4 __ Specific Beta Emitters __
Density __ Flashpoint__ NO3 __ Total Alpha Spec. __
CN __ Ash Content __ CL__ U Isotopes__
Iodine __ TOC __ Total Halogens __ Other (list) __
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Comments:
_____________________________________________________________________________
_____________________________________________________________________________

If individual parameters are to be selected that are a subset of any of the above analytical requests,
please specify below (i.e., nickel, thallium, underlying hazardous constituents):
_____________________________________________________________________________
_____________________________________________________________________________

SECTION III

WASTE DETERMINATION SUMMARY

2. Is the waste excluded from RCRA per 261.2- 261.6? Yes � No � Unknown �

If yes, list reasons for exclusion.
_____________________________________________________________________________
_____________________________________________________________________________

3. If applicable, provide results of the ignitability test (i.e., what is the flashpoint?)______________

 4. If applicable, list the TCLP EPA waste codes__________________________________________

 5. If applicable, list the Listed EPA waste codes__________________________________________

 6. If applicable, list the California waste constituents______________________________________

 7. If applicable, list the PCB concentrations_____________________________________________

 8. Does the waste contain friable asbestos or asbestos fibers?________________________________

9. Is the waste an oxidizer or reactive? Yes � No � N/A �

If yes, identify the oxidizer and/or reactive characteristics _______________________________

10. Is the waste a Low TOC D001 (i.e., liquid and < 10% TOC Yes � No � N/A �
that has been deactivated in lieu of incineration?

If yes, list the Underlying Hazardous Constituents that exceeded 
Universal Treatment Standards upon generation (before treatment) 
or state that all Underlying Hazardous Constituents met LDR treatment 
standards upon generation. 
_____________________________________________________________________________
_____________________________________________________________________________

If yes, list the Underlying Hazardous Constituents that exceed 
Universal Treatment Standards after treatment or state that all 
Underlying Hazardous Constituents met LDR treatment standards.
_____________________________________________________________________________
_____________________________________________________________________________

11. Is the waste a Low TOC D001 (i.e., liquid and < 10 TOC) Yes � No � N/A �
that is to be incinerated in lieu of deactivation (i.e., alternative 
treatments standards for Low TOC liquid ignitable?

If yes, Underlying Hazardous Constituent identification is not required.

12. Is the waste a High TOC D001 (i.e., liquid and > 10% TOC)? Yes � No � N/A �

13. Is the waste a D002, D003, or D018 - D043? Yes � No � N/A �
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If yes, list the Underlying Hazardous Constituents that exceeded 
Universal Treatment Standards upon generation or state that all 
Underlying Hazardous Constituents met LDR treatment standards 
upon generation.
_____________________________________________________________________________
_____________________________________________________________________________

14. Is the waste a D002-D043*? Yes � No � N/A �

*With the exception of D0012-D017 wastewaters 
(these have specified technologies).

If yes, list the Underlying Hazardous Constituents that exceeded 
Universal Treatment Standards upon generation or state that all 
Underlying Hazardous Constituents met LDR treatment standards 
upon generation.
_____________________________________________________________________________
_____________________________________________________________________________

15. Does the waste fail TCLP for mercury and exceed 260 ppm of mercury Yes � No � N/A �
(the 260 ppm criteria is based upon total analysis not TCLP)?

16. Is the waste to be disposed into a Clean Water Act or CWA equivalent Yes � No � N/A �
treatment system?

17. Can the waste be classified as debris?  (i.e., greater than 60mm or Yes � No � N/A �
2.5 inches, non treatment residual, non lead acid battery, non cadmium 
battery or non radioactive lead).

SECTION IV

LAND DISPOSAL RESTRICTIONS (LDR) ASSESSMENT

Upon receipt of analytical results and review of all Process Knowledge statements, LDR treatability groups,
categories/subcategories can  be assessed (for hazardous waste subject to LDR requirements) by using
the following information.

18. Identify the LDR treatability group applicable to the waste stream.

TREATABILITY GROUPS

WASTE WATER NON-WASTE WATER Yes No N/A

P, K, U, F and Most D Wastes <1% TOC and < 1% TSS >1% TOC and/or >1% TSS
Mercury (D009) <260 mg/kg and <1% TOC >260 mg/kg or <260 mg/kg 

and 1% TSS and >1% TOC and, or >1% TSS
High TOC Ignitable Liquid N/A >10% TOC
Low TOC Ignitable Liquid N/A >1% TOC but < 10% TOC
Ignitable Liquid <1% TOC and <1% TSS N/A

TOC - Total Organic Carbon
TSS - Total Suspended Solids

Identify the LDR category and subcategory applicable to the waste stream.

Note: Listed wastes do not have categories/subcategories unless a “characteristic,”
as identified below, is present due to a contaminant other than the contaminant
for which a waste is listed.
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IGNITABILITY (D001)

19. Ignitable liquid: Liquids with a flashpoint less than 140 degrees Fahrenheit Yes � No �
(includes high and low TOC).

20. Ignitable Compressed Gases: Containerized ignitable gases with pressure Yes � No �
above atmospheric pressure.

21. Ignitable Reactive: Include materials such as alkali metals or metalloids, Yes � No �
such as: sodium, magnesium (finely divided), aluminum (finely divided), 
potassium and calcium carbide slags.  Generally includes wastes that react 
readily with air/water to produce ignitable gases.

22. Ignitable Oxidizers: Include peroxides, perchlorates and permanganates, Yes � No �
calcium hypochlorite or nitrates at concentrations at or near 50% and 
Ayields oxygen readily to stimulate the combustion of the organic matter.

CORROSIVITY (D002)

23. Acid: Aqueous waste with pH less than 2.0 s.u. Yes � No �

24. Alkaline: Aqueous waste with pH greater than 12.5 s.u. Yes � No �

25. Other Corrosives: Nonaqueous wastes that are corrosive to steel per 40 CFR Yes � No �
261.22(a)(2) criteria (includes organic liquids and other nonaqueous streams 
such as ferric chloride, benzene sulfonyl chloride, acetyl chloride, formic acid, 
hydrofluoric acid etc.).

REACTIVE (D003)

26. Reactive Cyanides: Cyanide bearing wastes that generate toxic gases between Yes � No �
a pH of 2.0 s.u. and 12.5 s.u. in sufficient quantities to present a danger to 
human health and the environment (i.e., 250 ppm).  See 40 CFR 261.23(a)(5).

27. Reactive sulfides: Sulfide bearing wastes that generate toxic gases in sufficient Yes � No �
quantities to present danger to human health and environment when exposed 
to pH concentrations between 2.0 s.u. and 12.5 s.u. in (currently based on 
500 mg of hydrogen sulfide per kilogram of waste).  See 40 CFR 261.23(a)(6).

28. Explosive reactive: Those wastes that are capable of detonation or explosive Yes � No �
reaction under various conditions are forbidden Class A or Class B explosives.  
See 40 CFR 261(a) (6) through (a)(8).

29. Water reactive: Organic or inorganic wastes that are very reactive with water Yes � No �
or can generate toxic or explosive gas with water (the reactions are usually 
very vigorous and difficult to control, not like ignitable gases identified in 
the ignitable reactive subcategory).  See 40 CFR 261.23(a)(2), (a)(3) and (a)(4).

30. Other reactive: Organic or inorganic wastes that are very reactive with water Yes � No �
or can generate toxic or explosive gases with water (the reactions are usually 
very vigorous and difficult to control).  See 40 CFR 261.23(a)(1)

SUMMARY:

Provide a short synopsis of the waste stream in question. Include, at a minimum, (if applicable) a list of
ALL EPA codes, RCRA treatability group designation and any and/or all Underlying hazardous constit-
uents, as well as,  PCB status and other hazards associated with the waste in question. If the waste is
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nonhazardous, not regulated by 40 CFR 761 (i.e., PCB program), NESHAPS, or any other regulatory
program which requires special handling requirements, provide a statement confirming the classification.
___________________________________________________________________________________
___________________________________________________________________________________
___________________________________________________________________________________

APPROVALS

Note: Your signature certifies that the information on this form and the attachments is true and accurate,
that you have put forth a good faith effort to acquire and verify the information, that any willful or
deliberate omissions have not been made, and all known and suspected hazards have, to the best of your
knowledge, been made.
___________________________________________________________________________________
(typed or printed) Phone
___________________________________________________________________________________
Signature Title Date

CONCURRANCE

� Concur � Do not concur

Comments: _________________________________________________________________________
___________________________________________________________________________________
___________________________________________________________________________________
___________________________________________________________________________________
___________________________________________________
Signature Date
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Iodide
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Solids

Liquids
Metals
Sludge

Metals
Precipitation

I2 and Mercury
Reduction

Mercury
Leaching

Contaminated
Solids

Iron Metal

Mercury

Lime

Clean Solids

Wash

H2O2 and
Sulfuric Acid
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0.2-µm filter

Column 1
0.7 m3Feed

pH 12
7–13 L/min
0.2–70 mg/L

Effluent
<10 µg/L for
further treatment

Column 2
0.7 m3
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3.3
Separation of Radionuclides 
from Aqueous Mixed 
Waste Solutions Using 
Liquid–Liquid Extraction 
Processes
T.A. Todd, J.D. Law, and R.S. Herbst
Idaho National Engineering and Environmental Laboratory
Idaho, Falls, Idaho

Introduction

The presence of long-lived radionuclides in aqueous mixed wastes can significantly increase the
complexity and cost of treating the waste for disposal. Incidental wastes resulting from processes
utilizing nuclear fission may contain radionuclides (e.g., 137Cs and 90Sr) that require remote handling
of the waste and process equipment. Other wastes that contain actinide elements (U, Np, Pu, Am, or
Cm) or radionuclides of lanthanide elements (Ce, Sm, and Eu, for example) require, at a minimum,
extensive containment controls, if not limited shielding to handle the waste. Separation of the major
radioactive elements from the waste allows downstream processing to be performed in less expensive
equipment and facilities with hands-on operation and maintenance. This lowers capital and operating
costs of treatment facilities.

Radionuclide separation technologies can be grouped into categories that describe the general unit oper-
ation of the separation process. These include liquid–liquid extraction, ion exchange, and precipitation. This
section focuses primarily on liquid–liquid extraction methods, because ion exchange methods are described
elsewhere in this handbook. A brief description of precipitation processes is also included in this section.

Liquid–liquid extraction was initially utilized in the petroleum industry beginning in the 1930s.
It has since been utilized in numerous applications, including the petroleum, hydrometallurgical,
pharmaceutical, and nuclear industries. Liquid–liquid extraction describes a method for separating
components of a solution by utilizing an unequal distribution of the components between two
immiscible liquid phases. In most cases, this process is carried out by intimately mixing the two
immiscible phases, allowing for the transfer of components from one phase to the other, and then
allowing the two phases to separate. Typically, one phase is an aqueous solution, usually containing
the components to be separated; and the other phase is an organic solvent that has a high affinity
for some specific components of the solution. The process is reversible by contacting the solvent
loaded with solute(s) with another immiscible phase that has a higher affinity for the solute than the
organic phase. The transfer of solute from one phase into the solvent phase is referred to as extraction,
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and the transfer of the solute back from the solvent to the second phase is referred to as back-
extraction or stripping. Liquid–liquid extraction can be performed on a continuous basis by assem-
bling a number of contactors (equipment to mix and separate the phases) with the phases flowing
countercurrently between contactors. Excellent separation efficiencies (>99.99%) are possible with
liquid–liquid extraction processes because the extractant concentration, diluent, number of stages,
and solution flowrates can be varied.

There are three basic types of liquid–liquid contacting equipment: mixer-settlers, centrifugal con-
tactors, and columns. The mixer-settler is simply a tank with two chambers: one with a mixing
impeller to mix the phases, the other to let the phases separate by gravity. Centrifugal contactors are
similar to mixer-settlers, except that they use a spinning rotor to mix the solutions and the centrifugal
force on the inside of the rotor to separate the phases. Extraction columns utilize countercurrent
flow through a column containing either packing or plates to disperse the phases. Phase separation
is accomplished in a disengaging section, usually of larger diameter than the column, located at either
end (or both ends) of the column. Each type of contactor has inherent advantages and disadvantages,
and all have been used in processes with radioactive elements (Todd et al., 1998). Recent developments
in centrifugal contactors have resulted in increased acceptability in the nuclear industry because of
small facility size requirements, high throughput, low solvent inventory, and the ability to rapidly
reach steady-state conditions.

Four liquid–liquid extraction technologies are described that are effective for the removal of (1)
actinides and lanthanides (TRUEX process); (2) strontium (SREX process); (3) cesium, with or without
the simultaneous removal of strontium (cobalt dicarbollide process); and (4) cesium, strontium, and the
actinides simultaneously (UNEX process). In some cases, hazardous metals can also be partitioned from
the waste and the radioactive products. These processes represent the state-of-the-art for liquid–liquid
extraction for the removal of radionuclides from mixed wastes; however, other processes have also been
developed and are briefly mentioned.

Transuranium Extraction Process (TRUEX)

The TRUEX process was originally developed by E.P. Horwitz and W.W. Schulz for the separation of
transuranium elements from acidic waste solutions (Horwitz, et al., 1985). The process is based on a
powerful extractant, octyl(phenyl)-N,N-diisobutylcarbamoylmethyl phosphine oxide (CMPO), which is
effective in extracting +3, +4, and +6 valance lanthanides and actinides over a wide range of nitric acid
concentrations. The TRUEX process solvent is typically composed of 0.2 M CMPO in 1.2–1.4 M tri-n-
butyl phosphate (TBP) and a paraffinic hydrocarbon. Addition of TBP to the solvent increases the
solubility of metal complexes in the organic phase and prevents third phase formation. The development
of the TRUEX solvent was based on the extensive knowledge of the plutonium and uranium extraction
(PUREX) process, which utilizes TBP in a hydrocarbon diluent as the process solvent. This allowed for
the extensive development of process equipment and safety parameters that existed for the PUREX process
to be utilized for the TRUEX process.

Extraction is carried out in the TRUEX process in acidic solutions, typically 0.5 to 6 M nitric acid,
while stripping of trivalent elements is performed with dilute nitric acid and stripping of tetra- and
hexavalent elements is accomplished with some type of complexant (such as HF, oxalates, or diphosphonic
acids). Reduction of Pu to the trivalent state, followed by stripping with dilute nitric acid, can also be
used to strip Pu from the TRUEX solvent.

The initial development of the TRUEX process was performed at Argonne National Laboratory (ANL)
for the treatment of dissolved Hanford sludge waste streams. Later, the TRUEX process was utilized to
treat over 100 L of TRU analytical waste at ANL and the New Brunswick Laboratory using 20 stages of
4-cm centrifugal contactors (Chamberlain et al., 1997).
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The Oak Ridge National Laboratory (ORNL) tested the TRUEX process for separation and recovery
of macroquantities of Am and Cm from irradiated Mark-42 PuO2 targets (Felker and Benker, 1995). The
test runs were performed in a shielded hot cell using three banks of 16-stage mixer-settlers. The tests
were successful at separating the Am and Cm from Pu, as there was less than 0.1% of the Pu in the Am-
Cm product, and less than 1% of the Am-Cm in the Pu product.

Forty liters of clarified Plutonium Finishing Plant acidic waste were treated at Hanford using the
TRUEX process (Schultz and Horwitz, 1988). The process solvent contained 0.25 M CMPO in 0.75 M
TBP and tetrachloroethylene. The applicability of the TRUEX process to several other Hanford waste
streams has been studied (Lumetta et al., 1996); however, there are currently no plans to utilize the
TRUEX process to treat other waste streams at Hanford.

The Idaho National Engineering and Environmental Laboratory (INEEL) has been testing and evaluating
the TRUEX process for the treatment of acidic mixed waste contained in underground storage tanks as well
as dissolved HLW calcine. Numerous laboratory batch contact tests with simulated and actual acidic tank
waste and dissolved calcine solution, as well as countercurrent pilot-scale flowsheet tests with tank waste
and dissolved calcine solutions, have been performed (Law et al., 1999). TRUEX flowsheets have also been
demonstrated using actual liquid waste in a 24-stage, 2-cm centrifugal contactor pilot plant (Law, Brewer,
and Todd, 1998). A flowsheet of the TRUEX demonstration with actual tank waste is shown in Figure
3.3.1. The flowsheet demonstration was performed on approximately 1 liter of actual waste solution
and resulted in the removal of 99.8% of the actinide elements. This is sufficient to allow the waste, as
a grout waste form, to meet the NRC Class A non-TRU criteria of <10 nCi/g. Additionally, 74% of
the Hg, 42% of the Zr, and 0.7% of the Fe were extracted into the TRUEX solvent. The Fe and Zr
exited with the high-activity waste strip product, and the Hg was removed from the process solvent
in the sodium carbonate wash stream. Subsequent testing using surrogate tank wastes has demonstrated
that 96% of the Hg can be removed and recovered with the TRUEX process (Herbst et al., 2000). This
process therefore allows for the removal and partitioning of TRU elements and mercury.

A TRUEX flowsheet has also been developed for the treatment of dissolved INEEL zirconium calcine
(Law et al., 1997). This flowsheet has been tested using simulated dissolved calcine spiked with 241Am
and 95Zr. With this flowsheet, a removal efficiency of >96.4% was obtained for 241Am. Less than 0.25%
of the 95Zr was extracted and exited with the strip product. An ammonium fluoride scrub was effectively
used to back-extract the Zr from the TRUEX solvent. Also, only 1.1% of the Fe was extracted with
this flowsheet.

In addition to the extensive development efforts carried out in the United States over the past 15 years,
the TRUEX process has been evaluated and tested in several other countries, including Japan, India, and
Russia.

Strontium Extraction Process (SREX)

The need for removal of 90Sr from aqueous mixed waste solutions has stimulated much research in the
area of liquid–liquid extraction. The remediation of mixed wastes may require the selective removal of
Sr in the presence of numerous other ions. The aqueous complexation of Sr by macrocyclic polyethers,
also called crown ethers, has been studied extensively. The crown ether 4,4′(5′)di-(t-butylcyclohexano)-
18-crown-6 (DtBuCH18C6) was determined to be a highly selective and efficient extractant for Sr
(Horwitz, Dietz, and Fisher, 1990). The term “SREX” process was applied by ANL scientists to the use
of DtBuCH18C6 dissolved in 1-octanol in a liquid–liquid extraction process in 1991.

A research program began in 1993 to develop the SREX process for the removal of 90Sr from mixed
wastes and dissolved calcine solutions at the INEEL. This research has focused on the use of 0.15 M
DtBuCH18C6 with a TBP phase modifier (1.5 M) in a hydrocarbon diluent (Isopar-L®), as opposed to
an octanol diluent. Numerous laboratory batch contact tests, as well as countercurrent pilot-scale flow-
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FIGURE 3.3.1 TRUEX flowsheet for the treatment of INEEL mixed waste. (Reprinted from Waste Management, 19(1), Development and demonstration of solvent extraction
processes for the separation of radionuclides from acidic radioactive waste, 17–27, copyright 1999, with permission from Elsevier Science.)
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sheet tests, have been performed with simulated and actual liquid waste and dissolved calcine solutions
(Wood and Law, 1997). An SREX flowsheet has also been demonstrated using actual liquid waste solution
in a 2-cm centrifugal contactor pilot plant (Wood, Law, and Todd, 1998). A flowsheet of the SREX test
with actual tank waste is shown in Figure 3.3.2.

For the SREX flowsheet demonstration with actual INEEL mixed waste, a removal efficiency of 99.994%
was obtained for 90Sr. This is sufficient to reduce the 90Sr activity of the waste, immobilized into a grout,
to below the NRC Class A LLW criteria of 0.04 Ci/m3. With this flowsheet, >94% of the Pb, >82% of
the Zr, 31.5% of the K, >89% of the Hg, 64% of the Ba, and 1.7% of the Fe were extracted and exited
with the high-activity waste strip product. The extracted Pb can be selectively stripped from the solvent
using citrate.

An SREX flowsheet has also been developed for the treatment of dissolved INEEL zirconium calcine
(Law, Wood, and Todd, 1999). This flowsheet has been tested using simulated dissolved calcine spiked
with 85Sr. With this flowsheet, a removal efficiency of 99.6% was obtained for 85Sr. A stage efficiency of
60% in the extraction section of the flowsheet accounted for the reduced removal efficiency for Sr. A
sodium nitrate scrub was effectively used to scrub the extracted K from the SREX solvent, thus minimizing
the amount of K in the strip product. As a result, only 6.4% of the K was extracted and exited with the
strip product.

A similar process to remove strontium and technetium from alkaline wastes, which is based on the
use of the same extractant (DtBuCH18C6), was independently developed by scientists at Oak Ridge
National Laboratory. This process, referred to as the SRTALK process, has been shown to effectively
remove strontium and technetium from alkaline wastes such as Hanford tank waste (Leonard et al., 1999).

Cobalt Dicarbollide Processes (ChCoDiC)

Cobalt dicarbollide was first synthesized and characterized at the University of California (Hawthorne
and Andrews, 1965). Rias first reported the applicability of cobalt dicarbollide in liquid–liquid extraction
processes (Rias, Selucky, and Kyrs, 1976a). Chlorinated cobalt dicarbollide (ChCoDiC) has been devel-
oped as an extractant for Cs from acidic waste solutions in the Czech Republic, Russia, and the United
States (Esimantovski et al., 1992). With the addition of polyethylene glycol (PEG) to the ChCoDiC solvent,
Sr can also be partitioned from acidic waste streams (Rias et al., 1976b). The acid form of cobalt
dicarbollide is completely dissociated in the organic phase; therefore, a polar solvent such as nitrobenzene
has been used. The Mayak Production Facility in Russia is currently using the ChCoDiC process, with a
nitrobenzene-based diluent, for the treatment of acidic radioactive wastes. Over 800 m3 of waste has been
treated with this process from 1996 to 2000. The facility is currently not in operation, due to limited
surge capacity between the separations process, and the vitrification facility which is undergoing instal-
lation of a new melter. Safety considerations associated with the use of nitrobenzene derivatives have led
to the development of acceptable alternatives to nitroaromatic diluents used in the cobalt dicarbollide
process (Todd et al., 1996).

A joint research program with the Khlopin Radium Institute in St. Petersburg, Russia, was initiated
in 1993 to develop the ChCoDiC process with a non-nitroaromatic diluent for the removal of 137Cs and
90Sr from acidic radioactive waste at the INEEL. Numerous laboratory batch contact tests with simulated
and actual liquid waste solutions, as well as countercurrent pilot-scale flowsheet tests with simulated
liquid waste, have been performed. This testing has culminated in the development of ChCoDiC flow-
sheets (with and without PEG for the extraction of Sr), which have been demonstrated using actual liquid
waste solution in a 2-cm centrifugal contactor pilot plant. The flowsheet tested for the demonstrations
of the ChCoDiC process (with and without PEG) is shown in Figure 3.3.3.

For the ChCoDiC flowsheet demonstration with PEG, a removal efficiency of 96.2% was obtained for
90Sr and 99.3% for 137Cs. Also, 98.5% of the Pb, 45.2% of the K, 26.4% of the Hg, 2.1% of the Na, 1.4%
of the Ca, <5.8% of the Zr, and <2.1% of the Fe were extracted and exited with the high-activity waste
strip product.
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FIGURE 3.3.2 SREX flowsheet for the treatment of INEEL mixed waste. (Reprinted from Waste Management, 19(1), Development and demonstration of solvent extraction processes
for the separation of radionuclides from acidic radioactive waste, 17–27, copyright 1999, with permission from Elsevier Science.)
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FIGURE 3.3.3 ChCoDiC flowsheet for the treatment of INEEL mixed waste. (Reprinted from Waste Management, 19(1), Development and demonstration of solvent extraction
processes for the separation of radionuclides from acidic radioactive waste, 17–27, copyright 1999, with permission from Elsevier Science.)
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For the ChCoDiC flowsheet demonstration without PEG, a removal efficiency of >99.998% was
obtained for 137Cs. Also, 50% of the K, 37.5% of the Hg, 0.7% of the Na, <28% of the Ca, and <40% of
the Fe were extracted and exited with the high-activity waste strip product.

Universal Extraction Process (UNEX)

The use of a single liquid–liquid extraction process to remove the desired radionuclides, as opposed to
a combination of processes in separate unit operations that remove these same radionuclides in sequential
steps, evolved from the previous collaborative work between the INEEL and the Khlopin Radium Institute.
The development of a universal extraction (UNEX) process containing ChCoDiC with PEG to remove
137Cs and 90Sr, and a carbamoylmethylphosphine oxide derivative (diphenyl CMPO) to remove the TRUs,
was initiated in 1996. Numerous laboratory batch contact tests with simulated and actual liquid and
dissolved calcine waste solutions, as well as countercurrent pilot-scale flowsheet testing with simulated
liquid waste, have been performed [Law et al., 1999a]. A universal extraction flowsheet has also been
demonstrated using actual liquid waste solution in a 2-cm centrifugal contactor pilot plant (Figure 3.3.4.)

For the UNEX flowsheet demonstration with actual liquid tank waste, a removal efficiency of 99.995%
was obtained for 90Sr, 99.4% for 137Cs, and 99.96% for the actinides. This is sufficient to reduce the activity
of a grout waste form to below the NRC Class A LLW criteria of 0.04 Ci/m3 for 90Sr, below the NRC
Class A LLW criteria of 1.0 Ci/m3 for 137Cs, and below the NRC Class A criteria of 10 nCi/g for the
actinides. With this flowsheet, 87% of the Zr, 98.8% of the Pb, 28% of the K, >99% of the Ba, and 8.3%
of the Fe were extracted and exited with the high-activity waste strip product. Aluminum, mercury, and
sodium were essentially inextractable.

Summary of Test Results of Liquid–Liquid Extraction Processes

The removal efficiencies obtained for the separation of radionuclides and metals from INEEL acidic
mixed wastes are summarized in Table 3.3.1 for comparison purposes. All results presented, with the
exception of the TRUEX and SREX results with surrogate calcine, were obtained from flowsheet dem-
onstration with actual, highly radioactive mixed waste. The feed solution for the TRUEX and SREX
testing with surrogate calcine was obtained by dissolving nonradioactive pilot plant calcine in 5 M HNO3

at a ratio of 100 g calcine per liter of HNO3 and a temperature of 90ºC.

Other Liquid–Liquid Extraction Processes

Other liquid–liquid extraction processes that have been developed and tested include actinide separation
processes based on diethylcarbamoylmethylphosphonate (DHDECMP) and trialkyl phosphine oxide
(TRPO) extractants. These extractants belong to the same class of neutral organic compounds as CMPO,
but have different extraction characteristics. Research on the DHDECMP process was performed mostly
in the 1980s; however, this extractant is no longer produced commercially and there appears to be no
further interest in it. The TRPO processes were primarily developed by Chinese and Russian researchers
(Song, Wang, and Lian, 1997). French scientists have performed extensive development efforts on bifunc-
tional amides for the extraction of actinides (Nigond et al., 1995). The process is referred to as the
DIAMEX process and has the advantage that the process solvent is easily incinerated because it contains
no phosphorus component. Americium extraction is not efficient until nitric acid concentrations are
quite high (>3 M). This limits the application of the process with americium containing wastes.

Liquid–liquid extraction processes have also been developed for removing cesium from acidic and
alkaline wastes using crown ethers and calixarene extractants. The two crown ether extractants that have
been utilized for cesium extraction are typically dibenzo-18-crown-6 and dibenzo-21-crown-7. With
crown ether extraction processes, the choice of a diluent and/or modifier is extremely important because
they have a large effect on complexation reactions. A process utilizing a dibenzo-18-crown-6
derivative was developed at ANL with excellent recovery of cesium; however, the solvent was relatively
unstable in nitric acid solutions. Russian scientists have developed a cesium separation process based on
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FIGURE 3.3.4 UNEX flowsheet for the treatment of INEEL mixed waste.
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dibenzo-21-crown-7 and a fluorinated alcohol diluent; however, removal efficiencies in a countercurrent
process of only about 90% have been achievable with INEEL mixed waste solutions. Recent developments
in France and at the ORNL using calixarene extractants have shown very promising results, but the
processes are less mature and the extractant costs very high (Bonnesen et al., 1998).

Precipitation Processes

Precipitation processes have been developed from analytical chemistry applications for nearly all TRU
elements and fission products. They are typically not preferred for large-scale applications because they
are batch processes, require a solid–liquid separation operation after the precipitation step, produce large
volumes of waste, and, except for a few select processes, are not able to achieve very high separation factors.

Precipitation of actinides was performed nearly 50 years ago using the BiPO4 co-precipitation process
for Pu and Np. This process does not quantitatively remove either element because of solubility limita-
tions, and also precipitates other metals such as zirconium, which forms insoluble phosphates. Oxalates
of Pu, Np, and Am are relatively insoluble in 1 M HNO3. However, multiple precipitation steps must be
used to meet non-TRU limits and other oxalates (e.g., La, Ca) will also precipitate. Strontium may be
precipitated in alkaline solutions by carbonate and, under certain conditions, hydroxide or in weakly
acidic solutions by the addition of sulfate ions. The strontium precipitates are all relatively soluble and
would require multiple precipitation steps to achieve a high separation factor. Numerous precipitation
processes have been demonstrated for cesium, including phosphotungstic acid, ammonium phospho-
molybdate, and ammonium phosphotungstate for acidic solutions, as well as sodium tetraphenylborate
and nickel hexacyanoferrates for alkaline solutions. With the exception of the tetraphenylborate process,
which is capable of decontamination factors of 104, the cesium precipitation processes would also require
multiple batch precipitation steps. At the current time, the Savannah River site is the only DOE facility
evaluating precipitation as a waste treatment process.

TABLE 3.31 Summary of the Removal Efficiencies Obtained from Demonstrations of Solvent 
Extraction Processes with Actual Acidic Mixed Waste and/or Surrogate Waste

Comp.

TRUEX 
(liquid 
waste)

SREX 
(liquid 
waste)

ChCoDiC 
(liquid 
waste)

ChCoDiC 
w/o PEG
(liquid 
waste)

UNEX 
(liquid 
waste)

TRUEX 
(surrogate 

calcine)

SREX 
(surrogate 

calcine)

Alpha 99.8% 94.0% b b 99.96% b b

241Am 99.8% 2.0% b b 99.999% >96.4% b

Pu 99.97% 99.95% b b 99.994% b b

U 99.8% 99.6% b b b b b

90Sr b 99.994% 96.2% 0.09% 99.995% b 99.6%
137Cs b 0.4% 99.3% >99.998% 99.4% b b

99Tc 89% b b b b b b

Al b 0.4% 0.03% b 0.14% b <0.5%
B b <23% b b b b 3.6%
Ba b 63.6% b b >99% b b

Ca b 5.0% 1.4% <28% b b 0.007%
Ce b b b b b >98.7% b

Cr b b b b b 1.1% <1.7%
Fe 0.7% 1.7% <2.1% <40% 6.9% 1.3% <2.6%
Hg 73.7%a >89.2% 26.4% 37.5% 0.16% b b

K b 31.5% 45.2% 50% 27.9% b 6.4%
Na 0.07% 0.4% 2.1% 0.7% 0.13% b b

Pb b >94% 98.5% b 98.8% b b

Zr 42%a >82% <5.8% b 87% 0.01% <0.25%

a Testing of the TRUEX flowsheet, optimized for Hg separation, resulted in 96% Hg removal.
b Data were not obtained.
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Defining Terms

TRUEX process: Liquid–liquid transuranium extraction process.
SREX process: Liquid–liquid strontium extraction process.
Cobalt dicarbollide process: Liquid–liquid cesium and strontium extraction process.
UNEX process: Liquid–liquid cesium, strontium, actinide, and rare-earth element extraction process.
Batch contact tests: Laboratory tests wherein equal volumes of two immiscible phases are mixed and

separated, and sampled for solute concentration.
Scrub: A section in a countercurrent liquid–liquid extraction flowsheet where undesired, extracted metals

are removed from the solvent.
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4. Fail-safe operation during power failures due to the endothermic nature of the reforming chemistry
5. Outstanding safety and reliability through state-of-the-art process control

The following subsection covers the different WFE designs and discusses their advantages for process-
ing different waste forms. Waste feeders discussed include the drum-feed evaporator, heated screw
evaporator, and can-feed evaporator.

Drum Feed Evaporator: To Manage Waste Handling and Commingling Liabilities, 
Small Waste Volumes, and TRU Wastes:

The drum feed evaporator (DFE), schematically shown in Figure 4.3.2, is a specially designed, electrically
heated evaporation chamber suitable for processing organic drummed waste where minimal material
handling is desired. Hot recycled gases enter through the top of a standard drum equipped with a special
process lid and evaporate the volatiles in the waste. In the vapor stream, steam and recycled gases start
to react with the organics as they are pulled into the SRR under slight vacuum. After the SRR destroys
the toxic organics by reaction at high temperature, the syngas product is recirculated to the DFE to
further reform the waste. A small vent stream is released from the SRR effluent gas to an air pollution
control system (APCS), which maintains system negative pressure. This hydrogen-rich vent stream is
also available for potential applications in fuel cells as a co-generation step.

FIGURE 4.3.2 Drum feeder with door open and drum inside.



© 2001 by CRC Press LLC

The system is fully automatic, ramping the flow rate and the waste temperature up to 600°C (1100°F)
at the proper rate to produce a steady stream of volatiles and organics to the SRR. At the end of the cycle,
when the H2 or CO production decreases, the flow is steadily decreased to cool the drum and waste
residue prior to drum removal. The automatic control system is designed for remote operation with
minimal operator interaction, with safety interlocks to prevent premature opening. The SRR-DFE system
has been designed to operate remotely, to be accessed by modem for updates on operating conditions,
and the control system has been designed to call the operator by pager when the drum is cool and ready
for removal. In this manner, one or multiple systems can be operated with minimal labor.

Heated Screw Feeder: To Reduce Cost Through Continuous Operation

The heated screw evaporator (HSE) (Figure 4.3.3) is particularly suited for continuous processing of
slurries, sludges, and shredded solid wastes. Waste is fed continuously into one end of a slowly rotating
single auger within an electrically heated trough. With heat input from the HSE and the countercurrent
flow of steam and syngas, waste traveling through the screw is ramped from an initial reaction temperature
of 150°C (300°F) to a final temperature around 510°C (950°F) at the discharge end. The waste is partially
steam reformed along the screw, and the vapors generated proceed to the SRR to complete the reaction.
SRR exit gases are recycled similar to DFE operation. At the discharge end of the HSE, a steady stream
of processed residue is discharged.

The important characteristics of the HSE are high volume and mass reduction, high heat and mass
transfer for more rapid throughput, and a “ gravel-like”  finished product suitable for disposal or stabili-
zation. A typical HSE uses a 23-cm (9-in.) diameter by 5-m (16-ft) long screw, which has ample capacity
to deliver 1 ton/day (900-kg/day) of organics to the SRR.

Can Feed Evaporator: To Handle Utility Fuel Pools Waste

The can feed evaporator (CFE) (see Figure 4.3.4) was specially designed for processing fuel-pool, high-
level, radioactive wastes. This CFE steam reforming design is the only NRC-approved thermal process

FIGURE 4.3.3 Photograph of heated screw and exit drum.
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Pharmaceutical Waste: Case Study #1

Steam reforming has processed various biohazard-radioactive wastes, as generated by nearly every major
pharmaceutical company. The base waste matrix for volume reduction ranges from DAW to laboratory
animal carcasses. This waste is typically under 2 mR/hr, containing primarily radioactive isotopes of
carbon-14, tritium, and typical medical isotopes of sulfur, phosphorous, barium, and potassium. In
routine operations at GTS Duratek’s Oak Ridge site, refrigerated trucks transport frozen drummed waste
from across the country for steam reforming.15 The drums are stored at the site in large commercial
refrigeration rooms prior to processing. To protect operating personnel against bio-infectious agents, the

FIGURE 4.3.8 Pair of drum feeders.

FIGURE 4.3.9 Heated screw feeder.

Lockhopper

Shredder

Level
Control Heated

screw

Hot gas in
from Detoxifier

Cooled
screw

Star Valve

Grout, vitrified, or landfill

LLW
Container

Star Valve

Contaminated
Cool gas out
to Detoxifier



© 2001 by CRC Press LLC

drums are placed into the DFE while still frozen. Once the frozen drum is placed inside the DFE, the
door is closed and locked, and the processing is started.

After processing, the spent drum is usually nearly empty, with only a small quantity of grayish-white
residue remaining. The residue is analyzed for carbon-14 and tritium, which are normally not detectable
because the isotope-tagged organics are steam reformed and oxidized to 14CO2, HTO, and T2O. The
carbon-14 and tritium isotopes can be captured from the scrubbed vent gases using a chilled alkali
scrubber operation, or they can be vented with the scrubber operating at saturated conditions. In most
cases, the concentrated residue is consolidated into the minimum number of 55-gal drums and disposed
at the appropriate repository or returned to the customer for their “ store and decay program.”  Volume
and mass reduction ratios range between 20:1 and 50:1. The used drums are painted and reused within
the plant as containers or are recycled in the site’s metal melt furnace for reuse as shield blocks.

Nuclear Power Plant EDTA Mixed Waste: Case Study #2

The mobile SRR/twin HSE system was deployed for 8 months at the Palo Verde Nuclear Generating
Station (PVNGS) near Phoenix, Arizona to process spent EDTA steam-generator cleaning solution.
Throughputs of 608 kg/day (1340 lb/day) were achieved, just short of the system capacity, with an 85%
availability factor. Chromium (Cr6+ mixed with Cr3+) was the constituent of regulatory concern, with
concentrations ranging from 7 to 15 ppm. The reductive chemistry of the steam reforming process
produced an inorganic residue with a high volume reduction and reduced the highly soluble Cr6+ to the
more insoluble Cr3+, such that the residue was below the EPA Toxicity Characteristic Leaching Procedure
(TCLP) limits. The project successfully demonstrated that steam reforming is a practical and viable
alternative for EDTA processing compared with incineration, which produces a hazardous Cr6+ residue.

Nuclear Power Plant Fuel-Pool Waste: Case Study #3

The purpose of these projects is to clean up the contaminated spent fuel canisters located in the nuclear
power plant fuel-pool racks to produce a concentrated residue with very low hydrogen content. The
Nuclear Regulatory Commission (NRC) requires that any formation of radiolytic hydrogen in long-term
storage casks be below 5-vol% of the contained void space.16-18 Note that this is very restrictive, and
equivalent to only about 250 mg H2 in a typical final sealed/welded storage cask.

FIGURE 4.3.10 Steam reforming reactor.
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4.6
Thermal Desorption

4.6.1 Thermal Conduction Heating for 
In-Situ Thermal Desorption of Soils

George L. Stegemeier
GLS Engineering
Houston, Texas

Harold J. Vinegar
Shell International Exploration and Production, Inc.
Houston, Texas

Introduction

In situ thermal conduction heating is a soil remediation process in which heat and vacuum are applied
simultaneously to subsurface soils. In the past decade, it has been applied at a number of sites, and the
process has been described in several patents and publications.1-11 In remediation applications, it is
sometimes referred to as in situ thermal desorption (ISTD). ISTD has been used in various modes,
including surface heating with blankets, subsurface heating with an array of vertical heater/vacuum wells,
and ex situ blankets.

Radiation heat transport dominates near the heaters, which are operated at 800 to 900°C. However,
thermal conduction accounts for most of the heating at greater distances into the soil.

As soil is heated, contaminants in the soil are vaporized or destroyed by a number of mechanisms,
including (1) evaporation into the air stream, (2) steam distillation into the water vapor stream, (3)
boiling, (4) oxidation, and (5) pyrolysis. The vaporized water, contaminants, and natural organic com-
pounds are drawn by the vacuum into the blankets or wells in a direction countercurrent to the heat flow.

Compared to fluid injection processes, the conductive heating process is very uniform in its vertical
and horizontal sweep, evenly heating the entire soil volume. Furthermore, transport of the vaporized
contaminants is improved by the creation of permeability, which results from drying and shrinking of
the soil. Flow paths are created even in tight silt and clay layers, allowing escape and capture of the
vaporized contaminants. The combined effectiveness of both heat and vapor flow yields nearly 100%
sweep efficiency, leaving no area untreated.

Furthermore, the contaminants in the heated soil are almost completely removed, with a displacement
efficiency approaching 100%. This occurs because the entire soil zone can be heated to high temperatures
for many days. (If needed, soil can be heated to temperatures greater than 500°C.) Laboratory treatability
studies and field project experience have confirmed that a combination of high temperature and long
time results in extremely high overall removal efficiency of even the high boiling point contaminants.

In practice, most of the contaminants are destroyed in the soil before reaching the surface. Contam-
inants that have not been destroyed in situ are removed from the produced vapor stream at the surface
with an air pollution control system. The basic vapor treatment train consists of a thermal oxidizer, heat
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exchanger, carbon bed absorbers, and vacuum blowers. With this system, destruction and removal
efficiencies (DREs) in excess of six nines (99.9999%) have been achieved in the stack effluent, with
combined in situ and above-ground DREs as high as 99.9999998% having been demonstrated.

The thermal conduction processes have been studied in laboratory and full-scale field research tests
at Shell’s Gasmer Road Field Research Facility in Houston, Texas,1,5,8 and at General Electric’s Corporate
Research and Development Center in Schenectady, New York.2,3 Both thermal wells and thermal blankets
have been demonstrated to be highly effective in removing from soils a wide variety of low and high
boiling point hydrocarbons, PCBs, pesticides, and chlorinated solvents. ISTD processes have been applied
commercially at several contaminated sites by TerraTherm Environmental Services, Inc. (TESI).4,6,7,9-11,19

The operations were fast, clean, quiet, and odorless and caused little disruption of adjoining neighbor-
hoods. In every case, the projects were successfully completed, and the residual contaminants were well
below the remediation goals.

In January 2000, the Thermal Conduction Technology was donated by Shell Oil Company to The
Center for Petroleum and Geosystems Engineering at The University of Texas in Austin. The commercial
license has been granted to TerraTherm, LLC.12

Description of the Process

The thermal conduction process can be used to heat soil for either in situ or ex situ remediation. In either
application, it can be carried out on large volumes of contaminated materials in a single batch. The heat
is injected either from areal surface blankets or from vertical or horizontal wells (see Figure 4.6.1.1).
Thermal blankets are effective for surficial contamination down to about 3 ft, and thermal wells can be
placed to virtually any depth. The fundamental processes, including heat flow, fluid flow, phase behavior,
and chemical reactions, are similar for each method. In each case, heat is applied to a soil from a high-
temperature surface in contact with the soil, so that radiation heat transfer is effective near the heater,
and thermal conduction and convection occur in the bulk of the soil volume. Thermal conduction
accounts for over 80% of the heat transfer. A significant feature of the process is the creation of a zone
of very high temperature (>500°C), which causes destruction of many contaminants before they exit
the soil.

Thermal Blankets
Surface heating and vacuum extraction as an in situ process for removing contaminants from surface
and near-surface soils is achieved by evacuating the soil under a flexible, impermeable sheet and heating
the soil surface up to as much as 900°C with a relatively flat electric blanket heater (see Figure 4.6.1.2).
In commercial field application, thermal blanket modules (each 8 × 20 × 1 ft) are configured in groups
to cover part or all of a site. Each module is a stainless steel box that contains (1) heating elements that
are spaced about 3 in. apart in a furnace belt, and (2) a layer of vermiculite insulation. An impermeable,
flexible sheet covers a group of modules and serves as the vapor seal. Modules contain vapor ports that
are connected by a manifold system to the process trailer, where unreacted contaminants are oxidized
or absorbed from the vapor stream. Each heat treatment of the soil requires 2 to 10 days, depending on
the desired depth of treatment, water content of the soil, and other factors. With average soil conditions,
about 500 watts/square foot (W/ft2) of surface can be injected initially, declining to about 300 W/ft2 after
several weeks of heating.

The heat flows downward by radiation and thermal conduction, and the consequent increase in soil
temperature results in removal of contaminants from the soil by a number of mechanisms, including
boiling, evaporation, steam distillation, pyrolysis, oxidation, and other chemical reactions. Contaminant
vapors or volatile decomposition products are convected by the vacuum to the surface, where they are
collected into the vapor treatment facility. At remediation sites where a large amount of water vapor is
produced, it is sometimes preferable to maintain 100% vapor phase throughout the vacuum treatment
system. In other applications, it may be more efficient to trap liquids in condensers and treat a smaller
stream of vapors. When a flexible vapor seal is used rather than a rigid module box, the differential
pressure between the atmosphere above the flexible sheet and the vacuum under the sheet presses the
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sheet, insulation, and heater firmly against the soil. This improves conformance with the surface and
increases thermal contact of the heater with the soil. The impermeable sheet may extend areally beyond
the surface heater. In this peripheral region, the vacuum seals the sheet directly against the soil. Thus,
air, moisture, and contaminants in the soil below the heater are pulled almost vertically to the surface.
Atmospheric air, which enters the soil from outside the impermeable sheet, is also produced. Entry of
outside air into the central vacuum system is restricted, however, because the air must travel some distance

FIGURE 4.6.1.1 Thermal conduction heating with wells and blankets.
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horizontally through the soil. The flow of air through the high-temperature soil serves to evaporate and
oxidize contaminants in situ, thereby supplementing the boiling and steam distillation mechanisms.

Thermal Wells
For soil contamination at depths greater than 3 ft, heating with surface blankets is ineffective and thermal
wells are needed to attain high temperatures in the soil. The principle of in situ thermal desorption with
heater/suction wells is shown in Figure 4.6.1.3. A standard arrangement is a regularly spaced array of
heaters emplaced in screened holes in the soil. The space between wells at the surface is covered with an
impermeable sheet that enables a vacuum to be imposed by the wells on the entire targeted soil region.
In most applications to date, vertical wells are used; however, slanted or horizontal wells offer attractive
alternatives for remediation under buildings, foundations, roads, or other inaccessible areas.

The vertical wells are installed on a triangular grid, typically with a spacing of 5 to 7 ft between wells.
Several considerations affect the choice of spacing. First, the well spacing should not exceed the thickness
of the heated interval, to avoid excessive heating above and below the target interval. Second, the well
spacing, not the length of heated interval, determines the time required to heat the formation. The time
required for a project is proportional to the square of the spacing because each well has a nearly fixed
power input, but must heat the soil in the hexagonal element of symmetry surrounding it. Third, the
amount of power needed to heat the soil is determined by the soil type and moisture content. Fourth,

FIGURE 4.6.1.2 In situ thermal desorption for shallow contamination (0 to 3 ft).

FIGURE 4.6.1.3 In situ thermal desorption for deep contamination (>3 ft).
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the type of contaminant to be removed determines the temperature to which the soil must be heated.
Using a well spacing of 5 ft, soil can be heated to >500°C in 30 to 40 days. Well spacing for thick
contaminated zones can be considerably greater if lower temperatures are needed or if longer times
are permitted

The heater/vacuum well illustrated in Figure 4.6.1.4 is typically configured in a 6-in. diameter hole
with (1) a 10-20 mesh sand-filled annulus between the soil face and the well casing/liner, (2) a 4-in. or
4.5-in. OD stainless steel slotted (0.032 in. × 2 in.) and screened (40 mesh) liner, (3) a 2.5-in. OD pipe
sealed at the bottom to provide a “ heater can”  to isolate the heater element from the product stream,

FIGURE 4.6.1.4 Heater vacuum well.
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and (4) Nichrome wire heater elements threaded through ceramic insulators. The heaters normally extend
2 ft above and 2 ft below the contaminated layer of soil to apply full temperature to the targeted interval.
In addition, to compensate for heat losses at the upper and lower boundaries, these 2-ft intervals are
designed to deliver about 25% more power per linear foot than the rest of the heater. This can be
accomplished by adding an extra parallel heater or changing the Nichrome wire diameter (e.g., from
0.128 to 0.114 in.). At the surface, the well casing is cemented in the soil and is also sealed to the heater
can, thereby providing an annular space in which to apply a vacuum to the well. Thus, the heater/vacuum
well provides a means of injecting heat into the soil and countercurrently collecting vapors into the well.

Wells may be completed either as heater/vacuum wells or heater-only wells. Heater-only wells are
simply configured with a casing pipe that serves as the “ heater can,”  with the heater elements inside.
Because the heater wells do not have countercurrent flow of vapor, they can inject more heat into the
soil than the heater/vacuum wells.

One useful triangular array forms a series of hexagonal patterns, with a combination vacuum/heater
or production well in the center of each hexagon surrounded by six heater-only wells (see Figure 4.6.1.5).
This arrangement of wells is permitted when the producing capacity of the single producer is sufficient
to capture vapors generated by all of the associated heater wells.

Electric heater wells were originally developed for use at depths up to 2000 ft for enhanced oil recovery.
However, for ISTD remediation projects, the wells are usually less than 100 ft deep. Depth alone is not a
limitation for application of ISTD; however, inflow of groundwater usually increases with depth. Where the
recharge rate of groundwater into the site is greater than the boiling rate of the electric well heaters, the soil
temperature cannot be raised above 100°C. To dry the soil and reach superheat temperatures in these cases,
it will be necessary to control the water influx with temporary bulkheads, freeze walls, or de-watering.

Before beginning heating in a remediation project, it is advisable to produce any liquids that can be pumped
or drawn by vacuum from the screened wells. If the target layer is high in the vadose zone, or if the layer is
a tight silt or clay, very little liquid will be produced. However, if there is active groundwater flow, it is essential
to determine its extent before initiating heating. Groundwater can enter a remediation site from the edges,
from the bottom, or from the top. Because horizontal permeability is almost always greater than vertical
permeability, the edge-water influx can be the most troublesome. Vertical inflow is usually impaired by even
thin clay layers; however, because the area available to inflow is larger than that at the sides, it remains a
concern. Inflow from the top can be prevented by proper drainage design of the impermeable sheet covering
the area. Groundwater problems are often seasonal, and in those cases, the project should be scheduled to
avoid the rainy season. It is more economical to lift out liquid water by pumping than by boiling and
producing it as vapor because of (1) the cost of electrical energy to boil the water, and (2) the increased
operating costs resulting from the longer time required to reach the process temperature in a wet soil.

FIGURE 4.6.1.5 Hexagonal well patterns.
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Start-up of a remediation begins by imposing a vacuum on all of the screened wells with the vacuum
blower. The vapor flow rate will be determined by the soil permeabilities and geometrical factors. The object
of imposing the vacuum during heating is the capture of vapors that are generated and of any air that is
drawn through the soil. A rule of thumb is that one standard cubic foot of vapor flow per minute is needed
for every kilowatt of power injected. Common well headers and subsurface probes can be monitored to
confirm that negative pressures are maintained on the heated soils throughout the remediation.

Thermocouples can be placed within the heater wells to control the power input and to monitor the
performance of the heating elements. If well controllers are used, a high rate of electrical power is injected
until the heater elements reach their maximum operating temperature. As the soil around the wells is
heated, the maximum allowable power input slowly decreases. At heater temperatures of 1400 to 1600°F,
the wells initially can inject about 500 W/ft, declining to about 300 W/ft over a period of weeks. Another
mode of heating is to set the well heaters at the lower limit of power input so that they will not exceed
the maximum allowable temperature during the life of the project. Designs for injecting heat without
well temperature control are simpler to install and operate, but require somewhat longer times for heating.

The progress of the heat-up of the soil between the heater wells is monitored with thermocouple wells.
For triangular patterns, the thermocouples are generally located at the centroid of the triangular area.
This location is the most distant from the heaters; consequently, it is expected to be the coldest spot. For
sites as deep as 10 ft, thermocouple wells can usually be installed by driving a 1-in. OD, stainless-steel
pipe into the soil. The pipes are sealed at the bottom and open to the atmosphere at the top, allowing
temperature logging with traveling thermocouples during the heating operations.

Heating at the thermal wells is continued until the target temperatures (based on contaminant prop-
erties) are reached at the coldest point between the wells. The temperature history of the soil consists of
three periods: heat-up, boiling water, and superheating, as shown in Figure 4.6.1.6. During the first
period, the soil minerals and fluids (mainly water) are heated to the boiling point of water. This heat-
up is fairly rapid, especially if the soil is fairly dry, because the heat capacities of silicate and carbonate
minerals are small. During the second period, the temperature stays at the boiling point until all the pore
water is boiled off. The duration of this phase depends on the amount of pore water to be boiled; if
additional groundwater flows into the target zone during heating, the boiling time is extended even
further. When all the water has been vaporized, the dry soil can be superheated. During this third period,
the soil temperature rise is even more rapid than during the first period, because only the soil minerals
remain to be heated.

FIGURE 4.6.1.6 Theoretical temperature rise in soil.



© 2001 by CRC Press LLC

Figure 4.6.1.7 shows the actual temperature history of soils at 6-ft depth measured during an ISTD
demonstration at the Missouri Electric Works Superfund site in Cape Girardeau, Missouri. The 12
thermocouples shown in Figure 4.6.1.7 were located at the centroids of 12 adjoining triangles with a 5-
ft well spacing. The first (heat-up) phase lasted about 250 hr; the second (boiling) phase ended between
560 and 630 hr, with the center and adjoining triangles drying first and the outer triangles later. During
the third (superheating) phase, soil temperatures rose rapidly until the heaters were turned off on day
42 (1000 hr). Maximum temperatures over 1000°F were reached at the centers of the triangles, and about
50% of the volume was over 1100°F.

As soil temperatures increase, water, volatile organic compounds (VOCs), semivolatile organic com-
pounds (SVOCs), PCBs, petroleum aromatic hydrocarbons (PAHs), and volatile metals contained in the
soil matrix are volatilized by the dynamic heat front and drawn to the wells by the vacuum. If air is
present, the contaminants are rapidly oxidized in the hot soil near the heating elements where temper-
atures typically exceed 1000°F. Remaining contaminants in the product stream (which is composed
primarily of air, water, and oxidation products) are drawn through the manifold system to the process
trailer for further treatment.

Ex Situ Remediation Using Thermal Conduction Heating
At many sites, contaminated soil has already been excavated or stockpiled. At other sites, small amounts
of widely scattered contaminants can be more easily gathered to a single location for treatment rather
than dealt with separately in the ground. In these cases, it is more effective to modify the ISTD system
and use thermal conduction heating at the surface.

Unlike other ex situ processes that are carried out in reactors where residence times are only a few
seconds or minutes, the modified in situ thermal conduction heating allows treatment times ranging
from hours to many days. These longer times are permitted because large volumes can be treated at one
time. Thus, heating the interior of large, metallic objects, lumps of soil, concrete, etc., which is a
particularly troublesome problem for batch reactors, is easily accomplished by ISTD. Furthermore,
irregularly shaped metal objects, vessels, or pipes do not require metal shredding, as is required in
conventional thermal desorption reactors or incinerators. Because the permeability of the soil is increased
by the high-temperature drying, contaminants can be efficiently removed from even tight clays.

FIGURE 4.6.1.7 Temperature rise in MEW triangular patterns.
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Another advantage of applying thermal conduction heating at the surface is the ease of positioning
the heaters in the dirt pile. Heaters can be installed as the soil is being accumulated so that the heating
times can be minimized. For example, blanket heaters can be placed both at the top and at the bottom
of a layer, or horizontal wells can be placed in shallow trenches.

The flexibility of the ISTD thermal well and thermal blanket system allows it to be adapted to many
types of ex situ operations. It has been used in a remote location, where the above-ground process
equipment was skid-mounted and shipped as a complete unit. Figure 4.6.1.1.8 shows an ex situ remedi-
ation on the island of Saipan in the Northern Mariana Islands.

ISTD is essentially a “ closed-loop”  system that eliminates the negative aspects of ex situ operations,
including the noise, dust, fumes, odors, and material sorting that are inherent in ex situ activities. Most
on-site, batch-based systems aggravate these material handling problems due to the limitations on the
amount that can be treated at one time, requiring constant loading and unloading, as well as increased
sampling activities.

Potential Applications for Thermal Conduction Heating
Because thermal conduction is such a simple means of evenly heating the soil, it offers a variety of uses
in soil remediation. Some of these applications are:

1. In its simplest form, widely spaced electric heaters could be driven into the ground to warm the
soil slowly over a period of months and thereby optimize temperature for bioremediation of
degradable contaminants. Warming to 30 or 40°C would be especially helpful in cold regions
where biological activity is low.

2. In the next level of complexity, driven heaters can be used in conjunction with soil vapor extraction
in several different modes:
a. Thermally assisted soil vapor extraction (TSVE) can shorten project life and provide complete

clean-up in conventional SVE projects. For example, with conventional vapor extraction wells at
service stations, dry-cleaning shops, or industrial sites contaminated with chlorinated solvents

FIGURE 4.6.1.8 Ex situ soil remediation, Tanapag, Saipan.
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or fuels, heat injection from driven heaters will accelerate vaporization of contaminants and result
in completion of the projects in weeks rather than years.

b. In another version, the conventional vapor extraction wells can also be heated to prevent
condensation.

c. Thermally assisted, dual-phase extraction (TDPE) is still another application in which con-
taminants are extracted from soil in both liquid and vapor phases.

3. In the conventional use of thermal conduction heating, both heat and vacuum are applied in the
manner described throughout this chapter section to volatilize and destroy or recover contami-
nants in the vapor phase. Thermal vacuum heating has the potential of complete containment
and complete recovery of the contaminants. A wide variety of materials can be treated.
a. Volatile organic compounds, including gasoline and chlorinated solvents such as trichloroet-

hene (TCE) and tetrachloroethene (PCE), can be removed at medium temperatures (100 to
200°C). Semi-volatile compounds, such as PCBs, dioxins, and MGP wastes, will require higher
temperatures (200 to 400°C).

b. Although not field tested, inorganic contaminants such as mercury, arsenic, antimony, and
cadmium, and their compounds are also potential targets for removal or conversion to other
less volatile or less water-soluble compounds.

c. Mixed wastes (those containing a combination of radionuclides and chlorinated hydrocarbons,
carcinogens, etc.) present special challenges, but the thermal conduction/vacuum process is
effective in removal of the volatile organic components and may reduce the water solubility of
the radionuclides.

d. Contaminants heavier than water, also referred to as dense, nonaqueous-phase liquids (DNA-
PLs), when they have migrated below the water table into aquifers, may also be amenable to
recovery by thermal conduction heating. If the water influx precludes complete vaporization,
the DNAPL may be at least partly removed by steam distillation or by reduction in the liquid-
phase viscosity.

4. In deep soil contamination, it may be acceptable to carry out thermal conduction processes under
a positive pressure rather than with a vacuum. If an active water drive provides containment, the
heating and steam distillation could be carried out without significant migration of the contam-
inant. This method might be visualized as a controlled steam drive, with perfect sweep, not limited
by areal or vertical heterogenieties of the soil.

Costs
The cost of thermal conduction remediation, using the applications described above, will vary greatly,
depending on the contaminant type and the level of remediation required. Factors that affect costs per
ton of soil include the size of the project site, cost of electricity, control of water recharge, depth of
contamination, and air discharge limits. In almost all cases, simply injecting heat with electric heaters
will be cost competitive with other in situ thermal processes.

The conventional ISTD thermal/vacuum process was designed with the assumption that contaminants
should be removed from sites, not just dug up and put somewhere else, or capped with a temporary seal.
A further assumption was that acceptable levels of contaminants remaining after treatment must be
extremely low to meet environmental regulatory requirements. Furthermore, there were rigid constraints
to avoid scattering the contaminants or other unwanted effects. With these ground rules, it was concluded
that remediation by full, high-temperature in situ thermal conduction heating with vacuum and complex
vapor treatment was the only process that would meet all of these requirements. TerraTherm has estimated
that the cost of such a complete process would be in the range of $50 to $250 per ton of soil. Additional
improvements and efficiencies in the process are expected to reduce these costs.

Process and Control Equipment

Process and control trailers are connected to the heating modules and the vapor collection manifold to
deliver and control electrical energy to the heating elements contained within the modules and to treat
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the vapor stream before venting to the atmosphere. Process trailer components include a cyclonic particle
separator, an HCl scrubber, a thermal oxidizer, an air-to-vapor heat exchanger, carbon canisters, discharge
blowers, a backup generator, a control cabin, a thermal monitoring system, and a continuous emission
monitoring system (CEM). See Figures 4.6.1.9 and 4.6.1.10.

Process Trailer Operations
Process gases removed from the heated soil (primary treatment) typically contain greatly reduced con-
centrations of original contaminants, oxidation products, water vapor, and atmospheric gases. For exam-
ple, soil contaminated with chlorinated hydrocarbons will produce CO2, H2O, HCl, and small amounts
of unreacted contaminant. If the soil naturally contains sufficient carbonates, HCl scrubbing may not
be needed. The produced gas stream then receives its initial treatment on the process trailer in the
flameless thermal oxidizer (secondary treatment). This operation generates conditions sufficient to reduce
residual contamination concentrations in the recovered gas stream by four nines (99.99%) of destruction
or more. When combined with oxidation processes occurring in the subsurface, over six nines (99.9999%)

FIGURE 4.6.1.9 Schematic of process treatment equipment.

FIGURE 4.6.1.10 MU 1800 process trailer.
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destruction is typically achieved. A high-efficiency thermal oxidizer is not always necessary. For VOCs
or nonchlorinated SVOCs, a regenerative thermal oxidizer capable of 95% DRE followed by adsorption
on activated carbon often provides sufficient treatment of the recovered gas stream

Heat Exchanger and Carbon Beds
Effluent from the flameless thermal oxidizer passes through a cooler to reduce temperatures prior to
carbon adsorption (tertiary treatment). Two carbon beds in series provide redundant adsorption of
recovered process gases. When carbon bed adsorption is combined with in situ and thermal oxidizer
treatment, over eight nines (99.999999%) destruction has been achieved. Process blowers maintain
negative pressure on the soils being treated and pull the gas stream through the secondary and tertiary
treatment processes on the trailer. This feature prevents uncontrolled atmospheric emissions, in that
small leaks anywhere in the treatment train upstream of the vacuum blower will flow into the stream
rather than escape to the atmosphere.

Air Emission Controls
The process vapor stream is monitored continuously. This continuous emission monitoring (CEM)
utilizes an extractive sample probe and conditioning system. The sample stream is analyzed with a
nondestructive infrared analyzer for CO and CO2. O2 is measured using a zirconium oxide detector, and
total hydrocarbons (THC) are measured using a flame ionization detector. CEM data is collected elec-
tronically and displayed graphically. The data is stored using computer software and can be retrieved at
any time.

Stack Emissions
Stack emissions are sampled during operations following EPA methods and procedures and analyzed to
specific quality assurance and quality control criteria. Emission samples are collected from two sample
points. The first is collected after secondary treatment at the post-oxidizer, pre-carbon position, and the
second is collected downstream of the carbon beds (this second sample is representative of actual stack
emissions).

Electrical Power Generator and Safety Controls
Once the soil has been heated, it is essential that a vacuum be maintained throughout the rest of the
remediation. In the event of a power outage, emergency generators kick in to maintain power to the
thermal oxidizer and blowers to ensure that gases are processed through the oxidizer and carbon beds.
Heater power to the thermal blankets or wells is then automatically shut down to prevent the generation
of additional gases.

Control System
The overall process system is controlled by a supervisory programmable logic controller (PLC) located
within the control room of the trailer. A visual monitor displays the operating status of system compo-
nents to the operator through a personal computer. An example of a visual display of the status of a
project is shown in Figure 4.6.1.11. In addition to system control, the operator’s computer provides
extensive data logging and graphing capabilities. The temperatures of the blankets and wells are monitored
continuously using Inconel-sheathed thermocouples. This information allows the operator to control
blankets or wells individually, if desired. If blanket or well heaters exceed the set operating level, an alarm
sounds and the specific blanket or well is shut down. Throughout the air treatment process, vapor stream
temperatures are monitored and recorded, with vapor flow rates monitored continuously using inline
analog meters. Vacuum pressure is measured continuously using Magnahelic gages, and the temperatures
within the oxidizer are monitored continuously using thermocouples. In the event of thermocouple
malfunction, the system identifies the defective component, which is then replaced or repaired. The flow
rate of combustion air is monitored to ensure that excess oxygen is emitted by the oxidizer. Heat exchanger
temperatures are monitored at the hot and cold sides of the stream and tied to the process control system.
The temperature and circulation rate of the air in the exchanger are adjusted to control the temperature
of the vapor stream feeding the carbon beds to ensure efficiency and safety.
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FIGURE 4.6.1.11 Interactive visual display, Eugene Project
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Removal Mechanisms

Heat Flow
Radiation. Heat flow mechanisms in thermal/vacuum soil remediation processes are a combination

of radiation, conduction, and convection. Although conduction heating accounts for most of the heat
flow in the soil, radiation is important in transferring heat from the heater elements to the containment
sheet or pipe. Efficient radiation requires temperatures greater than 600°C, but has the advantage of
instantaneous transfer across empty space. See Appendix 4.6.1.1, Equation (4.6.1.12). This characteristic
can be utilized to spread heat evenly at the irregular soil surface under a thermal blanket or to increase
the initial area to conductive flow into the soil around the thermal wells. In the latter case, a large-
diameter casing allows better heat injectivity of the well.

Conduction. Because thermal conduction in soils is relatively slow acting, the application of heat can
be closely controlled. Most remediation operations are carried out under transient heat flow conditions;
that is, temperature at a given location changes with time. Because these changes occur very slowly, an
operator can safely remediate soil near buildings or underground utilities. For example, thermal blankets
have been placed less than a foot from foundations without overheating, and thermal wells, located inside
buildings, have been used successfully a few feet from sewer or water lines.

Heat flow by conduction has been described mathematically, both for blankets (linear flow13 downward
into the soil) in Appendix Equations (4.6.1.5) and (4.6.1.6), and for wells (radial flow14,15 outward from
the well casing) in Appendix Equations (4.6.1.7– 4.6.1.10). These calculations predict a very fast temper-
ature fall-off near the heat source, especially for radial flow from wells. For example, after a month of
heating, a single heater well can scarcely raise the soil temperature to 500°F only 3 ft away (Figure
4.6.1.12). Fortunately, interwell temperatures reflect the superposition of thermal fronts from all of the
heaters in the patterns (see Appendix Equation (4.6.1.11). This results in a temperature peak close to
each well, but a more uniform temperature rise over the rest of the soil pattern. (See Figure A-3.) Interwell
soil temperatures become even more uniform after long times of heating.

Initially, power input is held constant until the heater reaches its maximum temperature, usually in
less than 1 day. If soil properties are uniform and constant, initial temperature changes can be approx-
imated by the constant-power, line-source, exponential integral solution.14,15 Thereafter, a constant heater
temperature is maintained by decreasing the power to the heaters. Temperatures around a constant-
temperature cylindrical source are described by the Bessel function solution.

FIGURE 4.6.1.11 Interactive visual display, Eugene project.

FIGURE 4.6.1.12 Heating times for a single well.
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Convection. As evidenced by the propagation of thermal fronts away from typical ISTD heat/vacuum
sources when vapors are being drawn into the source, convection heat transfer is less than conduction
heat transfer. An exception to this occurs when large amounts of groundwater or air enter the target soil
from outside the heated region. Thermal diffusion-driven, high-temperature convection of vapors is
another mechanism tending to disperse heat, smoothing the heat fronts.

In practice, in addition to the simple conduction/convection mechanisms discussed above, the actual
temperature rise is also affected by the change in thermal conductivity of the soil as it dries and by latent
enthalpy changes due to water evaporation and condensation. In addition, the temperature dependence
of the thermal properties, and the effects of nonuniform geology, add complexity that is best understood
with numerical simulators. Shell’s numerical simulator for oil reservoirs (THERM) has been modified
for environmental applications and was used to design the initial commercial projects. As actual field
experience has been acquired, the need for detailed numerical simulations has lessened, and average soil
properties and temperature can be used in the design of most projects. Details of the energy balance,
which determines the heating time, are given in Appendix Equation (4.6.1.29).

Vaporization and Phase Behavior
Depending on the process temperature, several mechanisms can contribute to the vaporization of

liquids and solids in thermal conduction soil remediation. Contaminants having boiling points ranging
from that of benzene (B.P. 80°C) to that of dibenzo(a,h)anthracene (B.P. 524°C) have been successfully
removed by the process. Vaporization mechanisms are closely related to vapor pressure, which increases
regularly with temperature (see Figure 4.6.1.13.)

Evaporation. If a flowing stream of air or water vapor is present, it is not necessary to raise the
temperature to the boiling point of a compound in order to vaporize it. An increase in the vapor pressure
increases the mole fraction of a component in the vapor phase, as approximated by Dalton’s and Raoult’s
laws (see Equations (4.6.1.13) and (4.6.1.16)). For heavy, high-boiling-point compounds, an increase in

FIGURE 4.6.1.13 Vapor pressure of various contaminants.
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vapor pressure to only a few millimeters of Hg pressure will result in hundreds of parts per million in
the vapor phase (see Equation (4.6.1.15)). Thus, substances that are normally not considered volatile can
be evaporated in a stream of air that is only mildly heated. Because the masses of flowing air and water
are usually much larger than that of the contaminants in the ground, large amounts of even heavy
contaminants can be removed in the vapor stream.

Steam Distillation. Water is almost always a major component of soils in the subsurface. As temperature
is increased to the boiling point of water (100°C), steam distillation of immiscible compounds occurs.
Steam is a more effective evaporant of heavy organic compounds than air because of its lower molecular
weight (see Equation (4.6.1.18)). Furthermore, the higher temperature (and higher vapor pressure) of
the contaminants provides a richer contaminant fraction in the vapor stream.

Boiling. Even if an evaporant such as air or water vapor is not present, increasing the temperature to
300°C results in vaporization of most organic compounds by simple boiling. At these higher temperatures,
thermal diffusion is the only transport mechanism available after all of the lower-boiling connate com-
pounds have been produced. Therefore, some convection of outside air or in-flow water vapor is useful
in transporting the remaining high-boiling-point contaminants through the soil to the vacuum source.

Chemical Reactions. At the highest temperatures, oxidation and pyrolysis become important vapor-
ization and destruction mechanisms. Products of chemical reactions —  with the exception of coke —
are more volatile than the original organic compounds.

In situ Transport of Contaminants
A critical requirement of any remediation process is the efficient transport and collection of the contam-
inants in the soil. Although contaminants can be vaporized by heating, potential gradients need to be
provided and effective flow paths need to be created to transport the fluids out of the soil.

Vacuum Effects. Maintenance of a vacuum is an important feature of the thermal conduction process.
The imposition of a vacuum in the heated region of a thermal conduction process not only provides a
gradient for flow, but also offers other advantages. Negative pressure in the heated region prevents
pressure-driven gradients from spreading the contaminants outside the treatment volume because the
other physical flow mechanisms, such as capillarity and diffusion, also direct flow into the heated region.
Imposing a vacuum on heater wells prevents the pressure rise that can occur near a heated well, thereby
avoiding escape of vapors to the atmosphere.

The liquids in the soil are volatilized by the temperature increase and drawn into the heater/vacuum
wells countercurrently to outward heat flow. This flow arrangement also exposes all of the flowing
contaminants to high reaction rates in the high-temperature regions near the heater wells (see Equations
(4.6.1.19)– (4.6.1.22). Flow into the hot heater-vacuum wells can yield high in situ destruction efficiency
(90 to 99%) and minimize the amount of treating needed in surface facilities.

Vapor-Phase Flow/Recovery. Another important feature of the thermal conduction process is the
opportunity of heating the soil above the boiling point of water, thereby creating a continuous vapor-
phase flow regime. The production vapor stream consists of (1) air drawn in from outside the heated
zone and from the lesser amount originally in the pores of the vadose zone; (2) water vaporized from
pore liquid water in the soil and any groundwater drawn in from outside the heated region; (3) vaporized
organic compounds, either naturally occurring or contaminants; and (4) gas-phase combustion products
from oxidation and pyrolysis of organic components.

All flow in the heated region occurs in the vapor phase, except for peripheral groundwater influx and
a small amount of capillary wicking into the heated regions. Creation of a continuous gas phase through-
out the soil provides high-relative-permeability flow paths for removal of contaminants. By vaporizing
the last bits of residual liquids, the process also avoids capillary trapping of residual liquid phases that
occurs in all of the multiphase flow processes. This feature distinguishes thermal conduction heating
from other remediation processes in that it permits complete removal of contaminants.
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Creation of Permeability. Another feature of thermal conduction processes is the creation of perme-
ability in the heated, dry regions of subsurface formations. This is important because steam and other
vapors that are generated when soils are heated will build positive pressures unless the soil has sufficient
permeability to allow the vapors to be withdrawn by an applied vacuum. The permeabilities required to
prevent pressure buildup are quite high. For example, Equation (4.6.1.30) predicts that a permeability
of 1 Darcy is needed to produce the vapors generated by a 900°C heat source with a vacuum of 10 in.
of water. Many natural soils, such as clays and silts, are almost impermeable to fluid flow (<1 millidarcy);
however, heating these soils sufficiently to dry them greatly increases the pore permeability and, in some
cases, creates a secondary network of high-transmissibility fractures that allows effective transport of the
vapors over long distances. The creation of polygonal fractures by the shrinkage of the hydrated minerals,
such as clays, is a well-known phenomenon that can be observed at the surface of dry lake beds. Typically,
the frequency of these fracture polygons in dry mud is of the order of 1 ft, and the width of fractures is
as much as 1 in. Assuming the development of a similar fracture network in the subsurface, one might
expect a flow path sequence consisting of a few inches of high-temperature diffusive flow out of the
polygons into the fractures and then many feet of convective flow along the fractures to the wells. Even
in formations that do not have much shrinkage upon drying, a small local buildup of pressure is sufficient
to lift the overburden soil slightly, thereby increasing porosity or creating minute horizontal fractures to
the wells.

Experience in field operations has verified that vacuum can be maintained over considerable distances
in dry soils, even when a large amount of water vapor is being generated. When vacuum is applied at
every heat source, the increase in permeability in the soil occurs faster than the propagation of the boiling
front, and no pressure buildup is observed.

In some cases, heat can be applied to the soil at locations that do not have a coincident vacuum. For
example, a hexagonal heater well pattern with a single heater/vacuum well at the center of the hexagon
can be used (see Figure 4.6.1.5). When mixed well patterns are used, care must be taken to develop
permeability with the heater/vacuum wells before full power is applied to the heater-only wells. A reduced
rate of heating can be applied initially to the heater-only wells until permeability is created by the drying.

An alternative design can be used in which the heater-only wells are sealed at the surface under an
impermeable barrier. In that case, permeability is developed in the region immediately around the heater.
This local permeability increase provides a vertical flow path for the vapors produced by heater-only
wells to escape to the surface. They can be collected by a vacuum applied to a permeable layer.

Thermal conduction is the only process capable of uniformly drying the formation and heating above
the boiling point of water. In view of the adverse experience with soil vapor extraction (SVE) in low-
permeability silts and clays, the creation of permeability by thermal conduction drying may be the most
critical improvement needed for SVE remediation.

In summary, the ability of thermal conduction heating to achieve dryness and superheat satisfies
the requirements for complete vaporization and transport of contaminants via vapor phase to the extrac-
tion wells.

Chemical Reactions

In addition to the physical changes in contaminant properties that occur with increases in temperature,
a number of chemical changes are also known to occur in these compounds. Products of these chemical
reactions are usually more volatile than the original contaminants; hence, they are more easily vaporized.

With even gentle warming, biological activity in soils will increase and promote destruction of organic
compounds. In general, chemical reactions at low temperatures are not expected to be useful in batch
treatments of contaminants. However, in the in situ thermal processes, where the residence time of
reactants is sufficiently long, some of these reactions become important.

Oxidation of hydrocarbons and chlorinated hydrocarbons is known to be effective at very high tem-
peratures, but can destroy contaminants even at low temperatures if the residence time for reaction is
large. One can reasonably expect a considerable amount of oxidation of contaminants during heating in
the 100° to 200°C range because slow oxidation of most organic compounds in air occurs at room
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temperature, and hydrogen-rich hydrocarbons will spontaneously combust at temperatures above 300°C.
In thermal conduction remediation projects, a large amount of air can be drawn through the soil and
be made available for these reactions. At higher temperatures (>550°C), even carbon-rich compounds
can be oxidized, and pyrolysis will occur in the absence of air. Both oxidation and pyrolysis of contam-
inants produce volatile compounds that can be more easily mobilized in the vapor phase. Pyrolysis also
deposits inert solids such as “ dead”  carbon that can be safely left in the soil. The gas flowing out of the
soil typically contains water vapor, carbon dioxide, and HCl (when chlorinated organic contaminants
are present), plus any unreacted components from the soil (see Equations (4.6.1.23– 4.6.1.25)).

In addition to air oxidation, the reactions of organic compounds with water are well known in the
production of “ water gas”  at very high temperatures. Hydrous oxidation reactions have been proposed
as a potential method for destroying contaminants at moderate temperatures in in situ thermal remedi-
ation processes.16 In all thermal conduction remediation projects, a large amount of naturally occurring
water is available for such reactions.

Not much quantitative information is available on chemical reaction as a means of destroying con-
taminants in thermal remediation. However, in the treatability studies discussed in the next subsection,
a significant disappearance of high-boiling-point compounds is observed well below their boiling points.

Treatability Studies

Contaminants
A variety of contaminants have been examined as to their suitability for remediation from soils by the
thermal conduction process. These include (1) light hydrocarbons, (benzene, toluene, xylene, and the
gasoline range distillates); (2) light chlorinated hydrocarbon solvents (TCE, PCE, DCE, etc.); (3) insec-
ticides (chlordane, lindanes [α-, β-, γ-, δ], 4,4′-DDT, 4,4′-DDE, and 4,4′-DDD); (4) high-boiling-point
hydrocarbons (diesel, lube oils, and tar); (5) heavy chlorinated hydrocarbons (including polychlorinated
biphenyls [PCB-1248, PCB-1260]), dibenzo-dioxins [TCDD and OCDD], and dibenzo-furans [TCDF];
and (6) manufactured gas plant (MGP) wastes. The removal occurs either by vaporizing and collecting
them in the vacuum system or by destroying them in the ground.

Treatability Tests
Treatability tests were devised to determine the temperature and time required for removal of contam-
inants from soil samples taken from prospective remediation sites. Several kinds of tests were considered,
including a heating/convection test with flow-through of air or water vapor. However, a simple heating
test with the soil sample in a ceramic crucible has proven adequate for design of field projects.

The treatability tests were carried out by placing soil samples in uncovered crucibles and heating them
in a muffle oven.8 The treatment temperatures were chosen based on the boiling points of the primary
constituents of concern. The temperatures were increased over a period of several hours and then held
constant at the desired treatment temperature for 1 to 3 days. Pre- and post-treatment analyses were
performed to determine the initial and final concentrations of contaminants.

Treatability Results
Although the treatability tests are not scaled to field dimensions and do not replicate the convective
mechanisms operative in the field, they appear to be a reasonable guide for field behavior. Table 4.6.1.1
is a summary of some results of these tests, together with results from pre- and post-treatment sampling
at field remediation project sites. The results clearly show that contaminants are removed from soils at
temperatures considerably below their boiling points. This would not be surprising if the removal
mechanism were only evaporation, because efficient drying of water occurs almost 100°C below its boiling
point. Because there are a number of vaporization mechanisms that can be operative, the removal of
contaminants from soil is more complex. Soil mineral surfaces are known to tenaciously hold a “ recal-
citrant”  fraction of contaminants, and desorption appears to be time dependent.17 As shown in Figure
4.6.1.14, compounds boiling in the range of 400 to 480°C are largely removed by heating to 400°C for
1 day, but they are even more effectively removed by heating to 300°C for 3 days.
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Every compound that has been studied can be removed from soil by heating for only a few days.
Concentrations of benzene in coal tar were reduced from 39,000 µg/kg initially to only 22 µg/kg after as
little as 1 day of heating at 200°C. Benzo-(a)-pyrene and other PAHs boiling in the range of 500 to 525°C
were reduced by a factor of 10,000 as a result of heating 3 days at 300°C (see Figure 4.6.1.1.15). Field
projects typically maintain even higher temperatures for longer periods of time; consequently, they can
be expected to attain better destruction efficiency.

Field Projects

In addition to the field research and development program at Shell’s Gasmer Road Field Research Facility
in Houston, Texas,1,5,8 there have been a number of field remediation demonstrations2-4,6,7 and commercial
field projects9-11,19 at contaminated sites.

ISTD has been used in a number of modes (surface heating, heating from wells, ex situ blankets,
coincident heat/vacuum sources, and separate heaters and vacuum sources). A wide variety of high- and
low-boiling-point contaminants have been remediated in these and other projects (Table 4.6.1.4.6.12).
A few of these field projects will be reviewed to show the range of applications.

TABLE 4.6.1.1 Summary of Treatability Tests and Field Projects

Type/Treatment
Beginning 

Conc.
Ending 
Conc. Matrix

OCDD 6.9 ppb 0.014 ppb Silty clay
Chlordane 1 day, 200°C 41 ppb <0.033 ppb Sandy silt
4,4′-DDT 1 day, 200°C 3500 ppb <0.033 ppb Sandy silt
Lindane 1 day, 200°C 476 ppb <0.066 ppb Sandy silt
4,4′-DDE 1 day, 200°C 750 ppb <0.033 ppb Sandy silt
4,4′-DDD 1 day, 200°C 510 ppb <0.033 ppb Sandy silt
PCB 1260 *Field ~500°C 20,000 ppm ≤0.300 ppm Clay
PCB 1248 *Field ~200°C 5200 ppm ≤0.950 ppm Sand
1,1-DCE *Field ~250°C 650 ppb ≤0.53 ppb Clay
TCE *Field ~250°C 79 ppm <0.005 ppm Clay
PCE *Field ~250°C 3500 ppm <0.005 ppm Clay
Diesel *Field  ~100°C 9300 ppm <100 ppm Silt

MGP Waste
Beginning
Concen.

Ending Concen.
(1 day, 400° C)

Ending Concen.
(3 days, 300°C)

Naphthalene 18,000 ppm <0.033 ppm <0.017 ppm
Acenaphthylene 1300 ppm <0.033 ppm <0.017 ppm
Acenaphthene 750 ppm <0.083 ppm <0.042 ppm
Fluorene 3200 ppm <0.083 ppm <0.042 ppm
Phenanthrene 7600 ppm <0.033 ppm <0.017 ppm
Anthracene 2100 ppm <0.033 ppm <0.017 ppm
Fluoranthene 4500 ppm 0.091 ppm <0.043 ppm
Pyrene 3700 ppm 0.160 ppm <0.046 ppm
Dibenzofuran 15 ppm <0.033 ppm <0.033 ppm
Chrysene 1300 ppm 0.200 ppm <0.032 ppm
Benzo (a) anthracene 1000 ppm 0.130 ppm <0.025 ppm
Benzo(b)fluoranthene 960 ppm 0.410 ppm <0.054 ppm
Benzo(k)fluoranthene 390 ppm 0.140 ppm <0.020 ppm
Benzo(a)pyrene 1100 ppm 0.360 ppm <0.037 ppm
Dibenzo(a,h)anthracene 44 ppm <0.033 ppm <0.017 ppm
Benzo(g,h,i)perylene 690 ppm 0.570 ppm <0.041 ppm
Indeno(1,2,3-cd)pyrene 400 ppm 0.380 ppm <0.071 ppm
1-Methylnaphthalene 2700 ppm <0.066 ppm <0.033 ppm
2-Methylnaphthalene 8000 ppm <0.066 ppm <0.033 ppm

Note: ≤ represents a detectable quantity where multiple samples were tested.
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Missouri Electric Works (PCBs)
Both thermal wells and thermal blankets have been demonstrated to be highly effective in removing PCBs
from soils. In a field demonstration at the Missouri Electric Works (MEW) Superfund site in Cape
Girardeau, Missouri, ISTD thermal blankets and wells were shown to remediate high-concentration PCB
contamination from shallow and deep clay soils.6-7 The MEW site was contaminated with PCBs in both
shallow and deep soils during past operations that included servicing and remanufacturing transformers,
and recycling dielectric fluids containing PCBs. The natural stratigraphy is brown clay soil; the water
table is located about 40 ft below ground surface.

The objectives of the MEW field test were to (1) clean up clay soils contaminated with high concen-
trations of the highest-boiling-point PCB (Aroclor 1260), to less than 2 ppm, (2) demonstrate that stack
discharges were in compliance with state and federal standards for PCBs and polychlorinated dibenzo-

FIGURE 4.6.1.14 Treatability tests: PAHs (400– 480°C B.P.).

FIGURE 4.6.1.15 Treatability tests: PAHs (500– 525°C B.P.).
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dioxins/polychlorinated dibenzofurans (PCDDs/PCDFs), and (3) obtain a system DRE for PCBs greater
than 99.9999%. The demonstration was conducted in support of TerraTherm Environmental Services’
application for a modification of the TSCA permit for alternate PCB treatment. EPA Region VII and the
Missouri Department of Natural Resources (MODNR) monitored the demonstration.

For the blanket demonstration, two heater blankets were placed side-by-side in an area where PCB
concentrations had averaged 510 ppm near the surface and 2.7 ppm at 12 to 18 in. The target treatment
depth was 18 in.

For the well demonstration, 12 heater/vacuum wells were completed in a multiple triangular array
with a 5-ft well spacing to a depth of 12 ft. The area chosen had PCB contamination as high as 19,900
ppm near the surface and still above 2 ppm at the target depth of 10 ft. During the demonstration,
electrical heating and vacuum were applied to the wells for a period of 42 days.

In the blanket demonstration, the soil was successfully remediated to a depth of 18 in. The upper 1 ft
of soil was non-detect for PCBs (i.e., <33 ppb), and averages at all depths met the remedial objective of
<2 ppm.

In the well demonstration, temperatures above 1000°F were achieved in the interwell regions. Maxi-
mum temperatures over 1000°F were reached at the center of the triangles, and about 50% of the volume
was over 1100°F. Sampling after 42 days showed complete clean-up of all contaminants to levels below
1 ppm to a depth of 10 ft below ground surface. Eighty-one samples in the treatment zone were non-
detect (<33 ppb) by EPA Method 8080. Sampling down to 15 ft in the center of the treated zone showed
that no vertical migration of contamination had occurred.

Emission stack sampling by EPA methods demonstrated that the discharge of PCBs and combustion
by-products complied with state and federal ambient air requirements. Stack testing of emissions from
the process indicated 99.9999998% DRE of the PCBs by combined in situ and surface treatment. The
sampling and analysis results of EPA Method 680 analysis performed on the stack samples indicate that
a total of 0.10 mg PCB was emitted from the stack from a conservative estimate of 40 kg PCB in the
treated area.

TABLE 4.6.1.2 Summary of Thermal Conduction Field Projects

Location Project  Soil Type
Depth 

(ft) Process

Number of
Blankets 
or Wells

S. Glens Falls, NY Demo Sand 0– 0.5 Blanket 5– 8×20 ft
Cape Girardeau, MO Demo Clay 0– 1.5 Blanket 2– 8×20 ft
Cape Girardeau, MO Demo Clay 0– 12 Wells 12
Mare Island , CA Demo Silt/Clay 0– 14 Wells 12
Portland, IN Commercial Clay 0– 12 Wells 15
Portland, IN Commercial Clay 0– 20 Wells 130
Tanapag, Saipan Commercial Carbonate/sand 0– 2 Blanket box 28– 8×20 ft
Eugene, OR Commercial Sand/silt/clay 0– 11 Wells 761
Centerville Beach, CA Commercial Sand 0– 15 Wells  53

Location Contaminant Initial Conc. (ppm) Final Conc. (ppm)

S. Glens Falls, NY PCB 1248/1254 5000 <0.8
Cape Girardeau, MO PCB 1260 500 <1
Cape Girardeau, MO PCB1260 20,000 <0.033
Mare Island , CA PCB 1254/1260 2200 <0.033
Portland, IN 1,1-DCE 0.65 0.053
Portland, IN PCE/TCE 3,500/79 <0.5/0.02
Tanapag, Saipan PCB 1254/1260 10,000 <1
Eugene, OR Gasoline/diesel 3500/9300 

+ free product
N.D. Benzene, 250,000 # 

free product removed
Centerville Beach, CA PCB 1254 800 <0.17
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Post-treatment soil samples composited vertically and areally from the treated zone were analyzed for
PCDD and PCDF and exhibited 2,3,7,8-tetrachlorodibenzodioxin equivalent (TEQ) levels from non-
detect to 6.84 parts per trillion (ppt), with an average of 3 ppt. This is below the background level of 8
ppt for uncontaminated soil in North America.

Centerville Beach, California (PCBs)
A commercial PCB remediation utilizing 53, 15-ft deep heater wells was successfully performed at a Navy
base at Centerville Beach, California. Residual PCB levels below 1 ppm were achieved in all target zones.

Portland, Indiana (Chlorinated Solvents)
The first full-scale commercial application of ISTD was performed by Shell Technology Ventures, Inc.,
at a Shell site in Portland, Indiana9,10 (see Figure 4.6.1.16.) The site contained difficult-to-remediate, tight
clay soils contaminated with high concentrations of tetrachloroethene (PCE) to depths as great as 18 ft.
The size of the Indiana project included an area of about 6500 sq. ft2 to a depth of 18 ft, or about 5600
tons. The impacted area was adjacent to and beneath a loading dock at a plastics manufacturing facility,
which was located across the street from a residential neighborhood (see Figure 4.6.1.17.) At the Indiana
site, as at many other sites, there is a wide variation in permeabilities ranging from tight clays to the
high-permeability fill located above the target zone. A large amount of surface runoff water at the site
drained into the vadose zone above the normal water table at 22 ft. Water influx during heating was
partially controlled with perimeter drains.

This area was treated with 130 vacuum/heater wells on 7.5-ft triangular spacing, including 26 wells
that had to be drilled through the concrete loading dock to remediate the underlying soil. The site was
successfully remediated by reducing initial concentrations of PCE that were as high as 3500 ppm to less
than the Tier 2 Industrial Standards established for the site (<8.01 ppm for depths greater than 2 ft). In
fact, after thermal treatment, all samples below 2 ft had less than 0.5 ppm PCE remaining.

A separate smaller area (30 × 20 ft) of 1,1-dichloroethene (1,1-DCE) contaminated soil at the same
facility was also treated successfully with 18 vacuum/heater wells installed on 7.5-ft spacing to depths of

FIGURE 4.6.1.16 Portland, Indiana, thermal wells.
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12 ft. The entire site was remediated in situ without disruption to the adjacent residential neighborhood
from noise, dust, and odors that would likely have been associated with alternative remedial options such
as excavation.

Before the heating was discontinued, soil samples were taken with a hollow sampling probe at the
coldest locations (centroids of the triangular patterns) furthest from each heater well. These were analyzed
and used to decide whether additional heating was required. The sampling data, temperature profiles,
and absence of HCl in the stack were all used to determine when remediation was complete. For quality
assurance, confirmatory samples were taken after heating when the soil had cooled below 100°F.

After the remediation operation was completed, the wells were removed and the holes were grouted
to the surface. After the winter, new grass growth reappeared naturally, without re-seeding. Later, reveg-
etation was accelerated by resodding; and after 1 year, the site was completely restored. No damage was
observed to the nearby trees.

Eugene, Oregon (Diesel And Benzene)
The largest ISTD field project to date was a 3/4-acre Shell diesel loading facility in Eugene, Oregon.11

This site had free-product LNAPL (diesel and gasoline with benzene). Hydrocarbon contamination was
observed in cores to depths of 12 ft. The lithology was gravel and sand fill above silty sands, with a water
table that varied seasonally from 5 ft depth to 12 ft depth.

The project utilized 761 wells, with an ISTD well pattern that included hexagonally heater-only wells
surrounding center heater-vacuum wells. (The ratio of heater-only wells to heater-vacuum wells was 2
to 1.) A ring of dewatering wells was used to control the water influx. A visual display of the Eugene
project heater wells from the computer display inside the instrument truck is shown in Figure 4.6.1.11.
Approximately one fourth of the heater wells were drilled inside buildings through the concrete floors.
The wells also extended down an alleyway adjacent to apartment buildings and straddled a sewer line in
the alleyway.

The site was heated for 110 days, utilizing 4.5 MW of electric power. During the heating, some 250,000
pounds of organic compounds were removed from the soil. After the remediation, sampling wells showed
no remaining free product, and all samples were non-detect for benzene.

FIGURE 4.6.1.17 Portland, Indiana, remediation site.
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Safety

In situ thermal desorption operations have been carried out by TerraTherm Environmental Services, Inc.,
with careful attention to safety and health of on-site operators and nearby residents and with concern
for the long-term impact of operations on the environment. Enclosed by fencing, the operations were
so clean, quiet, and trouble-free that normal activities of nearby businesses and residents were continued
with scarcely any interruption.

In future ISTD projects, attention to safety is of continuing importance. Because the process uses large
amounts of electrical power and high temperatures, it is essential to keep a high profile on safety with
active management controls of ongoing activities and with continuing education of site personnel.

As expected with all new technologies, a number of concerns have been expressed by regulators and
site owners. These have been addressed by TESI’s R&D efforts as follows.

Underground Fires
Ignition of hydrocarbons and other organic materials in soils during heating by the ISTD Process was
examined to assess the possibility of uncontrolled subsurface fires. Typically, the oxidation reactions take
place in porous soils that consist of about 60% by volume of rock minerals (either silicates or carbonates)
and 40% pore space. The large amount of rock minerals absorbs reaction energy, so that even for a soil
laden with 10,000 ppm THC (total hydrocarbons), complete combustion would raise the temperature
to only about one half of a flame temperature. To burn that much hydrocarbon would require hundreds
of pore volumes of air. In practice, the amount of air present in the pore space of even a dry vadose zone
is sufficient to burn only about 20 ppm of the THC, and that amount of combustion would raise the
soil temperature only a few degrees. These are the reasons sand is used to extinguish fires.

Underground fires associated with coal mines occur because of oxygen supplied by the coal itself and
the presence of large mine shafts that can convect large amounts of air. In soil remediation, uncontrolled
fires are not likely, and if oxidation ever became excessive, it could easily be quenched by drawing water
into the soil with the vacuum.

Migration of Contaminants
Theoretical and numerical simulation studies have indicated that ISTD can be used to remove contam-
inants from a region of subsurface soils without dispersion of contaminants beyond the boundaries of
the treated zone. One reason for this is the negative pressure imposed by the vacuum wells in the soil
that draws the mobilized contaminants inward. Because of continued questions on this matter, TESI
made a large effort to detect migration in our field experiments and demonstrations. None of these
investigations found evidence of migration after a completed thermal treatment. The reason for this is
the abruptness with which the temperature falls off with distance from the heat sources. In large projects,
the potential edge dispersion zone is miniscule compared to the dimensions of the treated zone.

Contaminants naturally migrate due to subsurface flow of water driven by hydraulic gradients. Remov-
ing this influence by de-watering, and removing the source of the plume by superheating with ISTD,
prevents further migration.

Formation of Toxic By-products
The question of whether dioxins and furans are formed in the wells as by-products of the ISTD can be
addressed by noting that the reaction rate of formation is slower than the destruction rate of a by-product
at the process temperatures of the heaters through which all of the products pass. In addition, by-products
have comparable volatility to the original compounds so that even if they had been formed in the soil,
they would be vaporized and drawn to the wells. Aside from these theoretical arguments, we have proven
in field experiments that dioxins or furans remaining after thermally treating PCB-contaminated soils
were less than the average concentration in uncontaminated soils in North America.6

Fugitive Emissions
Toxic stack emissions in the field projects are typically two orders of magnitude below EPA ambient air
criteria. This is a result of the in situ destruction, highly efficient thermal oxidizers, and final carbon-
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bed absorbers. The escape of fugitive emissions at the edge and at the surface of the treated soil is
prevented by a combination of an impermeable sheet covering the surface and the imposition of a vacuum
on the entire region. Verification of the absence of escape of contaminants was carried out at field sites.6

Fate of Buried Drums
Many sites contain wastes that had been placed in sealed drums and buried in shallow ditches. Typically,
these drums corrode after a few years and no longer present any hazard of over-pressuring when heated.
To investigate the potential problem with new sealed drums, we conducted field tests on new 30-gallon
drums, crimped at the ends and sealed with conventional rubber-gasketed bungs. The drums were filled
with liquid ethanol and buried, standing vertically and lying horizontally, 2 ft below the surface. These
drums were heated by several nearby heater wells, and the ethanol was successfully remediated from the
drums without any event recorded on a nearby seismometer. The experiment was repeated with the
bungs welded in. At about 100 psi internal pressure, the vertical drum failed and blew out the overburden
2 ft of sand.

These experiments demonstrated the hazard of tightly sealed vessels that might build sufficient pressure
to fail and erupt at the surface. As a precautionary measure, buried drums near the surface could be
perforated with a driven rod. Deeply buried drums will leak at the crimped ends before building sufficient
internal pressure to burst and crater.

A hazardous condition exists at any site containing unexploded ordnance or high-pressure gas bottles.
At suspected sites, detailed location of metallic objects with ground-penetrating detectors will be required;
and during remediation, the site area must be shielded and isolated from personnel.

Discussion

After 10 years of development and field applications, thermal conduction heating with vacuum extraction
is now a technically mature soil remediation process. Being versatile and robust, it has met or exceeded
remediation goals at every contaminated site where it has been used. The reason for this success is that,
although simple in concept, thermal conduction heating has a number of unexpected advantages for soil
remediation:

1. Thermal conduction heating from high-temperature heaters allows large amounts of heat energy
to be injected without fluid injection. Avoidance of fluid injection is an important advantage in
that the entire subsurface region being heated can be maintained at sub-atmospheric pressure,
thereby preventing spreading of contaminants to surrounding regions.

2. The injection of heat energy by thermal conduction is very uniform compared to convective heat
flow. The high sweep efficiency results from the regularity of areal patterns of heat injection wells
and the uniformity of heat flow into the variable layers of natural soils. Thermal conductivities
of dry soils differ by a factor of only about two for various soil types. In contrast, fluid flow
permeabilities of sedimentary layers may vary by a factor of 100,000,000. Furthermore, unlike
fluid flow, heat flow is self-correcting because thermal conductivity decreases with an increase in
temperature, whereas permeability increases with displacing phase saturation. Use of electric
heaters allows heat to be injected exactly where it is needed over the vertical profile. The net result
is that the entire volume of contaminated soil can be heated to a desired process temperature,
regardless of variability in the subsurface geology.

3. Because the soil can be heated to high temperatures, the process is effective in recovering any
contaminant that can be volatilized. The high displacement efficiency results from the nature of
the vaporization in the microscopic pores of the soil. Several mechanisms contribute to the
vaporization of contaminants. If soil is heated to the boiling point of a contaminant, it is readily
mobilized in the vapor state; however, even heating below the boiling point increases the vapor
pressure of the contaminants and permits evaporation into a carrier stream of air that may be
drawn in by the vacuum. Steam distillation is even more effective in vaporizing the contaminants.
Most natural formations contain large amounts of liquid water compared to contaminants. Boiling
this pore water provides a water vapor stream that is an important means of volatilizing the
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contaminant. If air is present when contaminants pass through soils that have been heated, they
are destroyed in situ by oxidation. At higher temperatures (>350°C), air oxidation is nearly
instantaneous, and even reactions with water occur. In the absence of air and water at these high
temperatures, the contaminants are altered by pyrolysis to form more volatile compounds. The
overall result is that low- and high-boiling-point contaminants are all efficiently volatilized and
made available for vapor-phase transport. Treatability studies of soil samples in the laboratory
have shown that removal of contaminants from soils can be a function of both temperature and
time. Unlike ex situ thermal processes, the in situ processes have very long residence times, which
are favorable to the removal mechanisms that might be time dependent. Heating times for natural
soils are necessarily longer than vaporization or desorption times; thus, complete removal can be
achieved if the soil is heated to an adequate temperature, which is nominally the boiling point of
the contaminant.

4. Another important feature of the in situ thermal conduction process is the creation of permeability
in heated dry regions of subsurface formations. The increase in permeability allows the process
to be applied to low-permeability clays and silts where other processes cannot be used effectively.
The major increase in microscopic permeability can occur in soils when the pore water is evapo-
rated. In addition, the drying of a layer of clay-rich soil creates a polygonal network of wide cracks.
Such a drainage network would explain the effective removal of contaminants out of dried silt/clay
soils that is observed with widely spaced wells in field projects.

The ability of thermal conduction heating to achieve dryness and to superheat the soil fulfills both
process requirements essential for perfect remediation: complete vaporization of contaminants and
effective transport via vapor phase to the extraction wells.
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Appendix 4.6.1: Design Equations for In Situ Thermal Desorption18

The proper design of an in situ thermal desorption (ISTD) project depends on an understanding of several
mechanisms that occur in the soil during application of heat. These mechanisms are described by the
fundamental equations that predict (1) fluid and heat flow, (2) vaporization and chemical reactions of
contaminants, and (3) mass and energy balances. Although actual design computations are usually carried
out in numerical simulators, the simplified analytical expressions given below will illustrate the in situ
process behavior.
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Fluid Flow (Steady State)

Flow of fluids in a porous medium is described by a Darcy equation for each of the flowing phases. In
most in situ soil remediation processes, we need to account for flow of aqueous and oleic liquid phases
and of a gas phase composed of air, water vapor, and lesser amounts of oleic vapors. The linear form of
Darcy’s equation, as given in Equation (4.6.1.1), generally describes flow in the thermal blanket process.
The radial form, as given in Equation (4.6.1.2), describes flow in the thermal well process.

In the Darcy equations, the soil properties (absolute permeability and porosity) are differentiated from
fluid properties (viscosity and density). The interference of dissimilar fluids in multiphase flow is
described by a relative permeability correction that is a function of the saturations of each of the phases.
All properties may vary with temperature, and in this way the flow of viscous oil, water, and vapors is
properly described throughout the entire process.

Heat Flow

Conduction (Steady State)
Heat flow by conduction in porous media is described by the temperature/heat flow equations that are
similar in form to the pressure/fluid flow equations. For steady-state, linear, conductive heat flow,
Fourier’s equation, given in Equation (4.6.1.3), is applicable. The Fourier equation for steady-state, radial,
conductive heat flow is given in Equation (4.6.1.4).

Conduction (Transient)
Because heat flow is so much slower than fluid flow, transient solutions are needed to describe this
process. For linear flow, the rise in temperature as a function of time and distance from a plane heater
blanket is given by Equation (4.6.1.5). This equation incorporates the bulk thermal properties of soil and
the heat input rate per unit area of the heater. For pure conduction without convection, the temperature
fall-off with distance is described by the complementary error function as given in Equation (4.6.1.6)
and Figure A.1. The line source solution, given in Equation (4.6.1.7), is a good approximation for radial
conduction heat flow from a thermal well. The shape of the resulting temperature profile with radial
distance from the line source is defined by the exponential-integral function given in Equations (4.6.1.8)
through (4.6.1.10) and Figure A.2. When an array of heater wells is installed in a volume of soil, the
temperature rise at any interwell location is the superposition sum of each of the heaters in the pattern,
as shown in Equation (4.6.1.11) and Figure A.3. Although the contribution to the temperature rise from
distant wells is less than from closer ones, each well in the array contributes to the temperature rise. The
effects of this superposition in the regions between the wells become most important after long heating
times, when the soil heat-up is surprisingly uniform.

Radiation
Radiation heating is important only in the very high-temperature region near the heaters. Typically, at
heater temperatures less than 1000°F, radiation heat transfer becomes insufficient for practical heating
rates from blankets or wells. The Stephan-Boltzmann equation shows radiation heat transfer to have a
fourth-power dependence on the absolute temperatures. This is given in Equation (4.6.1.12).

Vaporization

Dalton’s Law
At moderate levels of heating, most in situ liquids will vaporize by boiling, evaporation into air, or steam
distillation. For immiscible liquids, the fractions of individual components in the gaseous phase are
described by Dalton’s law, which states that the total pressure of a gaseous mixture is the sum of the
partial pressures of the components (see Equation (4.6.1.13). Because the liquids are immiscible, each
component vaporizes independently of the others, as determined by its single-component vapor pressure,
which is a function only of the temperature. The mole fraction of a component is directly related to the
partial pressure, as shown in Equations (4.6.1.14) and (4.6.1.15).
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Raoult’s Law
If the liquids are miscible, the partial pressure of a component is reduced by its mole fraction in the
liquid phase (see Equation (4.6.1.16). For example, the slight solubility of benzene in water will reduce
the partial pressure of benzene in the vapor phase, provided there is no excess liquid benzene present.
This will retard vaporization of the last trace of benzene until all of the liquids are vaporized.

Steam Distillation/Air Evaporation
The weight fraction of an oleic contaminant that can be carried in a stream of air or of steam is given
in Equations (4.6.1.17) and (4.6.1.18). This formulation assumes that a liquid contaminant residue is

FIGURE A.1 Complementary error function.

FIGURE A.2 Exponential integral function.
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being evaporated in a stream either of air or of water vapor. Equation (4.6.1.18) shows that the weight
fraction of contaminant in the vapor stream is dependent on the molecular weights and the pure
component vapor pressures. (Subscript 1 refers to the contaminant and subscript 2 refers to either air
or steam.) In the in situ thermal conduction processes, the total pressure of the vapor stream is slightly
below 1 atm. Therefore, for high-boiling-point contaminants, the partial pressure of the air or steam is
very nearly equal to the total pressure. Because steam has a lower molecular weight than air, it is a more
effective distilling medium than air. The large amount of water vapor present in the subsurface also
makes steam distillation an important mechanism for recovery of contaminants at temperatures well
below their boiling points.

Chemical Reaction Kinetics

When high temperatures are generated in situ and sufficient air is present, most of the contaminants are
destroyed in the subsurface. The long residence time of reactants at elevated temperatures in the ISTD
process favors completion of chemical reactions. Assuming first-order reactions, the kinetic behavior can
be represented as shown in Equations (4.6.1.19) and (4.6.1.20). These equations, when combined with
the Arrhenius Equation (4.6.1.21), provide a combined expression for completion of a chemical reaction,
as a function of time and temperature (see Equation (4.6.1.22)). Our experience in field projects has
shown that 90 to 99% of the chemical reactions take place in the subsurface soil. The remaining unreacted
compounds are reacted in a high-temperature thermal oxidizer, achieving as much as 99.999999+%
destruction efficiency for the combined process. The resulting products are carbon CO2, H2O, and HCl,
all of which are readily vaporized at even moderate effluent temperatures.

Stoichiometry

A generalized stoichiometric equation for reaction of chlorinated hydrocarbons with air is given in
Equation (4.6.1.23). This formulation assumes the air stream to be composed of 20% O2 by volume. By

[

FIGURE A.3 Superposition of exponential integral functions.
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monitoring the effluent stream for CO2, the amount of remediated hydrocarbon removed from the soil
can be calculated (see Equation (4.6.1.24)). Similarly, by  monitoring the effluent stream for HCl, the
amount of remediated chlorinated hydrocarbon can be determined (see Equation (4.6.1.25)).

Material Balance

Material balances of fluid components in the ISTD process are carried out at a particular site with the
following conditions and assumptions:

1. The system volume is that bounded by the periphery of the treated volume of subsurface soil and
the surface treatment equipment out to the effluent stack.

2. The simple balance can be stated as (Mass of a component initially present in the soil) + (Mass
of component flowing into the treated volume from adjacent soil) = (Mass of component produced
during the treatment) + (Mass of component remaining in the treated soil at the end of the
process).

3. Individual components include:
a. The oleic contaminant, (Equation (4.6.1.26)).
b. Water (Equation (4.6.1.27)).
c. Air (Equation (4.6.1.28)).

4. The initial mass of oleic contaminant in the soil is obtained by analysis of soil samples. Depending
on the frequency of this sampling at the site, the total contaminant target can be readily obtained
by construction of iso-concentration maps and comparing the initial amount in place with the
produced amount as determined by Equation (4.6.1.24) or (4.6.1.25). In a well-designed project,
essentially no contaminant is released to the atmosphere, no contaminant is allowed to resaturate
the cleaned volume, and almost no residual contaminant will be left in the heated volume.

5. The initial amount of water in the target zone can also be determined from core sampling. In
general, there is much more water than oleic contaminant. In addition, the movement of ground-
water into the target region occurs at many sites and in some cases can even exceed the amount
of water initially present in the target region. All of this water must be vaporized if it is not removed
by dewatering wells. Typically, the amount of water in the product stream is 20 to 50% by volume.
At the end of a successful project, all of the liquid water will have been vaporized. The mass of
water vapor remaining in the target zone is negligible.

6. The mass of air initially in the soil is negligible, even in dry soils, because of the low density of
air compared to the liquid components. Because of the high mobility of air, one normally expects
to draw in a large volume from outside the heated region. Thus, the produced air almost entirely
originates from outside the treatment area.

Energy Balance

An energy balance for the process is more easily obtained than the mass balance of components. Because
the soil temperatures are a good measure of the completeness of remediation, the energy balance, which
takes into account electrical and thermal energies, provides an independent means of monitoring progress
of the operations. This is accomplished using the heat capacity of the soil and the thermal properties of
the liquids and gas to estimate the average temperature attained from injection of a quantity of electrical
energy. Equation (4.6.1.29) is a simple energy balance that does not take into account conductive heat
losses from the surfaces of the heated region or water that originates from outside the treated volume.

Also not included in this energy balance are the exothermic oxidation reactions of in situ organic
compounds with the inflowing air. This additional energy source, however, is not easily incorporated
into the process design because the distribution of hydrocarbon contaminants and the flow paths of air
are not well-defined. When the amount of heat energy released by oxidation reactions is large, there is
incentive for allowing air to enter some wells in patterns that evenly distribute the air in the heated zone
and for varying the power input in the heater wells to avoid overheating.
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Permeability–Heat Flow/Gas Flow Balance

An estimate of the permeability required to withdraw the vapors as they are generated by a thermal
conduction heat front can be obtained by equating Fourier’s Equation (4.6.1.3) with Darcy’s Equation
(4.6.1.1) (see Equation (4.6.1.30)). Pressure drop is assumed to be small compared with absolute pressure
so that the incompressible Darcy equation is used. The solution is identical for either linear or radial
flow. Gas flow rate is equated to the rate of generation of steam at the boiling front. For simplicity in
this calculation, the gas flow is assumed to be a linear, steady-state stream of water vapor.

Numerical Simulators In Process Design

Successful design of in situ thermal remediation projects requires an understanding of the wide range of
technical concepts described above. Processes can be applied in complex geological settings, in which
multiphase, multicomponent fluids flow in response to the heat injection. In addition, a number of
options exist for optimizing injection and production of fluids. In these cases, the use of numerical
thermal simulators that incorporate the formulations discussed above provides additional insight for the
successful design of a project.

Equations Used in Calculation of In Situ Thermal Desorption

Fluid Flow (Steady State)
Linear:

(4.6.1.1)

Radial:

(4.6.1.2)

Heat Flow (Steady State)
Linear:

(4.6.1.3)

Radial:

(4.6.1.4)

Heat Flow: Conduction (Transient)
Linear:

(4.6.1.5)

(4.6.1.6)
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where (2k + 1)!! = 1·3·5… (2k + 1)

and X = 

Radial:

(4.6.1.7)

For 0 < Ei (– X) < 3:

(4.6.1.8)

where
and

(4.6.1.9)

(4.6.1.9a)

For 3 < Ei (– X) < 10:

(4.6.1.10)

Well patterns:

(4.6.1.11)

Heat Flow: Radiation (Steady State)
Linear:

(4.6.1.12)

Vaporization
Dalton’s law:
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(4.6.1.13)

f1 + f2 + …  fn = 1 (4.6.1.14)

(4.6.1.15)

Raoult’s law:

(4.6.1.16)

Steam distillation:

(4.6.1.17)

(4.6.1.18)

Kinetics: First-Order Reactions

(4.6.1.19)

(4.6.1.20)

Arrhenius equation:

(4.6.1.21)

Combined equation:

(4.6.1.22)

Stoichiometric Reaction of Chlorinated Hydrocarbons

4 Cx Hy Clz + (4x + y –  z) O2 + 4 (4x + y –  z) N2 ⇒

4x CO2 + 2 (y –  z) H2O + 4z HCl + 4 (4x + y –  z) N2

(4.6.1.23)
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(4.6.1.24)

(4.6.1.25)

Material Balance
Contaminant:

(4.6.1.26)

Water:

(4.6.1.27)

Air:

(4.6.1.28)

Energy Balance

(4.6.1.29
)

Permeability–Heat Flow/Superheat Gas Flow Balance

(4.6.1.30)

Nomenclature

Fluid Flow
qL,R = Flow rate [l3 t– 1]
k = Absolute permeability [l2]
kr = Relative permeability
A = Area [l2]
∆p = Pressure drop [m l– 1 t– 2]
∆l = Flow path length [l]
µ = Viscosity [m l– 1 t– 1]
re = Outer radius [l]
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rw = Well radius [l]
h = Length of well [l]

Conductive Heat Flow
∆T = Temperature change [T]
x = Linear distance [l]
t = Time [t]
Fo = Heat injection rate/unit area [m t– 3]
λ = Thermal conductivity of soil [m l t– 3 T– 1]
α = Thermal diffusivity of soil = λ/ρ C [12 t– 1]
ρ = Density of soil [m l– 3]
C = Heat capacity of soil [l2 t– 2 T– 1]
F1 = Heat injection rate/unit length [m l t– 3]
qhL = Linear heat flow rate [ml2 t– 2]
qhR = Radial heat flow rate [ml2 t– 2]
r = Radial distance [l]
x,y = Well distances N– S and E– W [l]
m = Total well count
X = Argument of erfc and Ei functions
k, n = Integers
ln γ = Euler’s constant = 0.577215665

Radiant Heat Flow
S = Stephan-Boltzmann constant [m t– 3 T– 4]
e = Emissivities
f = Shape factor
T1 = Emitting temperature [T]
T2 = Absorbing temperature [T]

Vaporization
Dalton’s law:

p = Total pressure [m l– 1 t– 2]
°p1,2… ,n = Vapor pressure of pure components [m l– 1 t– 2]
f1,2… ,n = Mole fraction of pure components in vapor

Raoult’s law:
x1,2… ,n = Mole fraction of miscible pure components in liquid
°p1,2… ,n = Partial pressure of component in vapor [m l– 1 t– 2]

Steam Distillation/Air Evaporation:
w1 = Weight of high-boiling-point oleic contaminant in vapor [m]
w2 = Weight of water or air in vapor [m]
fw1

= Weight fraction of oleic contaminant in vapor
M1 = Molecular weight of oleic contaminant [m mole– 1]
M2 = Molecular weight of water or air [m mole– 1]

Kinetics
c = Concentration [eq m– 1]
co = Base concentration [eq m– 1]
k1 = Kinetic constant [t– 1]
ko = Reference kinetic constant [t– 1]
∆E = Activation energy [m l2 t– 2 mole– 1]
R = Gas constant [m l2 t– 2 T– 1 mole– 1]
T = Temperature [T]
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Stoichiometry
wCHC = Weight of chlorinated hydrocarbon produced [m]
wHCl = Weight of HCl produced [m]
MCO2

= Molecular weight of CO2 [m mole– 1]
MCHC = Molecular weight of chlorinated hydrocarbon [m mole– 1]
MHCl = Molecular weight of hydrogen chloride [m mole– 1]
VM@STP= Molar volume of a gas [l3 mole– 1]
x = Number of C atoms/molecule
y = Number of H atoms/molecule
z = Number of Cl atoms/molecule
cCO2

= Fractional concentration of CO2 in product streams
cHCl = Fractional concentration of HCl in product streams
qp = Total flow rate of gas in product stream [l3 t– 1]

Material Balance
mc = Mass of contaminant [m]
ρc = Density of contaminant [m l– 3]
ic = Inflow rate [l3 t– 1]
qc = Production rate [l3 t– 1]
rc = Residual contaminant [m]

Energy Balance
l = Length of site [l]
w = Width of site [l]
h = Height of site [l]
ρw = Density of water [m l– 3]
ρR = Density of mineral grains [m l– 3]
CR = Heat capacity of mineral [l2 t– 2 T– 1]
φ = Porosity [– ]
ρw = Density of water [m l– 3]
Cw = Heat capacity of water [l2 t– 2 T– 1]
Sw = Water saturation
qa = Flow rate of air [l3 t– 1]
ρa = Density of air [m l– 3]
Ca = Heat capacity of air [l2 t– 2 T– ]
Tf = Final temperature [T]
Ti = Initial temperature [T]
hw = Heat of vaporization of water [l2 t– 2]
F1 = Well heat injection rate/unit length [ml t– 3]
t = Time of heating [t]
A = Area/injection well [l2]

Permeability–Heat Flow/Superheat Gas Flow Balance
Cg  = Heat capacity of gas [l2 t– 2 T– 1]
Cw  = Heat capacity of liquid water [l2 t– 2 T– 1]
kg  = Gas permeability of heated soil [l2]
hv  = Heat of vaporization of water [l2 t– 2]
Mw  = Molecular weight of water [m mole– 1]
∆p  = pb –  ps, vacuum needed to maintain negative pressure in soil [ml– 1 t– 2]
Tb  = Boiling temperature [T]
To  = Initial soil temperature [T]
Ts  = Source heater temperature [T]
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∆T  = Ts –  Tb, temperature change from vacuum source to boiling front [T]
∆Tw  = Tb –  To, temperature change from ambient to boiling [T]
µg  = Viscosity of gas [ml– 1 t– 1]
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4.7
Molten Salt Oxidation
Peter C. Hsu and Martyn G. Adamson
Lawrence Livermore National Laboratory
Livermore, California

Introduction

Molten salt oxidation (MSO) is a promising alternative to incineration for the treatment of a variety of
organic wastes. It is a non-flame thermal treatment process and it completely destroys (oxidizes) the
organic constituents of mixed wastes or hazardous wastes, including energetic materials, while retaining
inorganic and radioactive constituents in the salt.

MSO technology is not new. Rockwell used the process more than 30 years ago for coal gasification,
and also demonstrated its effectiveness for destroying certain hazardous organics, such as PCBs and
trichloroethylene.1 Extensive experience with laboratory-, bench-, and pilot-scale MSO units has been
obtained at Rockwell, Oak Ridge National Laboratory, and Lawrence Livermore National Laboratory
since the technology’s introduction.2-4 Within the past 5 years, MSO also has been demonstrated as an
effective method for destroying mixed waste oils and energetic materials. Unlike incineration, in MSO
the large thermal mass of molten salt provides a stable heat-transfer medium that resists thermal surges,
ensures uniform temperature, and tolerates rapid process fluctuations. Flame-outs are completely avoided
because MSO is a non-flame process that proceeds by catalytic, liquid-phase oxidation reactions. MSO
generates less off-gas than incineration because it does not require supplemental fuel to sustain a flame.
The MSO system operates at temperatures hundreds of degrees cooler than flame-combustion temper-
atures, which minimizes emissions of radioactive materials from mixed wastes. Acid gases are “scrubbed”
by alkali salts, eliminating the need for a wet off-gas scrubbing system. Lower operating temperatures,
containment of toxic metals and acid gas precursors, and related features are expected to simplify
permitting of a commercial MSO system.

Process Description
MSO is a robust thermal treatment process for destroying organic waste. In this process, organic wastes
are injected with a stoichiometric excess of oxidant air under a pool of molten carbonate salts at
temperatures between 700 and 950°C. Flameless oxidation takes place within the salt bath converting the
organic components of the waste into CO2, N2, and H2O. The product off-gas leaving the processor is
treated to remove any entrained salt particulate and essentially all water vapor before being discharged
to the facility off-gas system. Halogens and heteroatoms such as sulfur are converted into acid gases,
which are then “scrubbed” and trapped in the salt in forms such as NaCl and Na 2SO4. Using sodium
carbonate (Na2CO3) in the processor, this process occurs according to the reaction shown in Equations
(4.7.1) through (4.7.4), where X represents generic halogens.

2CaHb + (2a + b/2)O2 → 2aCO2 + bH2O (4.7.1)

For nitrogen-bearing organic wastes,
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CaHbNc + O2 → CO2 + H2O + N2 + NOx (4.7.2)

For halogenated organic wastes,

CaHbXc + c/2Na2CO3 + (a + (b –  c)/4)O2 → (a + c/2)CO2 + b/2H2O + cNaX (4.7.3)

For sulfur-containing organic wastes,

CaHbSc + cNa2CO3 + (a + b/4 + 3c/2)O2 → (a + c)CO2 + b/2H2O + cNa2SO4 (4.7.4)

Other non-oxidizable inorganic constituents, heavy metals, and radionuclides are held captive in the salt,
either as metals or oxides, and are easily separated for disposal.

The salt remains in the bed catalyzing the destruction of waste until either the viscosity increases above
acceptable levels or the carbonate salt is transformed into halide or heteroatom salts. Inorganic constit-
uents captured in the bed eventually increase the bed viscosity above acceptable limits. These viscous
salts are processed through the salt recycle system to remove the inorganic constituents and the salt is
recycled to the bed.

Wastes that contain acid gas precursors such as chlorine, sulfur, and other heteroatoms eventually
displace most of the carbonate in the salt to form the corresponding salts (e.g., sodium chloride). These
salts are easily disposed of, especially in comparison to the similar volume of salts from an acid gas
scrubber that must be disposed of when the wastes are processed in a conventional thermal treatment
system. 

Molten Salt Reaction Mechansim

The oxidation of organic wastes in the molten salt has been demonstrated by several research groups
over past 30 years. While the chemical reactions shown in Equations (4.7.1) to (4.7.4) represent the
overall reaction, the carbonate moiety actually plays a major role in the oxidation/reaction of wastes.5,6

The formation of sodium peroxide in the molten sodium carbonate and its role in the oxidation of carbon
and hydrocarbons are important. Dunks et al.8 reported on the oxidation of carbon in the presence of
sodium carbonate. The effect of sodium carbonate is to lower the oxidation temperature by 150°C, thus
acting as a rather efficient catalyst for the oxidation. The mode of the catalytic effect is believed to be
the formation of sodium peroxide,7,8 which then participates in an oxidation/reduction cycle with sodium
oxide, oxygen, carbon, carbon monoxide, and carbon dioxide. Consistent with electrochemical studies,
which have shown that peroxide ion is formed directly from molten alkali carbonates and oxygen,9 the
sequence of reactions for the oxidation of carbon in molten sodium carbonate given by Equations (4.7.5)
through (4.7.9) was proposed.8

Na2CO3 + 1/2 O2 → Na2O2 + CO2 (4.7.5)

Na2O2 + C → Na2O + CO (4.7.6)

Na2O + 1/2 O2 → Na2O2 (4.7.7)

Na2O2 + CO → Na2O + CO2 (4.7.8)

Na2O + CO2 → Na2CO3 (4.7.9)

The sum of the sequence is represented by Equation (4.7.10).

C + O2 → CO2 (4.7.10)
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Salt Selection

The use of molten salts as a medium for organic reactions has been known for a long time. A reaction
temperature as low as 200°C is possible in low-melting-point salts such as AlCl3. The use of molten salt
for waste destruction was not studied until about 30 years ago. Rockwell International initiated a research
program aimed at using molten salt oxidation for waste destruction at high temperature using ceramic
crucibles. The process efficiency and quality of the product gas was found to be very sensitive to the salt
temperature. For a thermal process, process efficiency improves as the salt temperature rises; however,
NOx levels in the product gas also increase. Therefore, careful selection of the salt temperature and salt
composition is important for the MSO process. Table 4.7.1 shows the melting points of several candidate
salts for the MSO process.

Comprehensive testing and demonstration at Lawrence Livermore National Laboratory showed that
process efficiencies as high as 99.9999% can be achieved at salt temperatures above 900°C.3,4

Recent Activities in MSO Technology Development

Currently several organizations are actively engaged in the development of MSO technology for waste
treatment. These organizations include Lawrence Livermore National Laboratory (LLNL); Indian Head
Division of the U.S. Navy; Los Alamos National Laboratory (LANL); ATG, Inc.; and the Molten Salt
Oxidation Corporation (MSO Corp.).

MSO Activities at LLNL

Lawrence Livermore National Laboratory (LLNL) was tasked by the U.S. Department of Energy’s Office
of Environmental Management (DOE/EM) to demonstrate the MSO technology for the treatment of
organic-based mixed wastes. Since early 1990, the the LLNL MSO team has built several MSO units of
different sizes, ranging from bench-scale units, a two-stage unit, to the 8-in. ID engineering-scale reactor
unit (EDU). In 1997, the team built a facility in which an integrated pilot-scale MSO treatment system
was demonstrated. This integrated system was designed and engineered based on the operational expe-
rience with the EDU and extensive laboratory development on salt recycle and final forms preparation.
Treatment of over 30 different feed streams was demonstrated in the integrated MSO system from October
1997 to May 1999. These feed streams included surrogates and real waste streams, both liquid and solid.
Results of the demonstrations have been documented and reported.3,4

The integrated MSO demonstration system, shown schematically in Figure 4.7.1, consists of several
subsystems. It includes a reactor vessel, an off-gas treatment system, a salt recycle system, and a ceramic
final waste forms immobilization system. The waste, either in liquid or solid form (solid particle size

TABLE 4.7.1 Melting Points of Carbonate-Based Salt Mixtures

Compositions, (wt. fraction)

Melting Point, 
(° C) Na2CO3 K2CO3 Li2CO3 K2SO4 KCl

890 1.000
850 1.000
723 1.000
710 0.525 0.475
680 0.782 0.218
680 0.450 0.506 0.044
680 0.501 0.304 0.195
680 0.455 0.479 0.066
580 0.664 0.336
580 0.375 0.503 0.122
580 0.414 0.359 0.227
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down to 1/8 in. after a feed preparation step), is fed to the reactor vessel along with oxidant air using a
top-feed injection system designed for solid and liquid waste streams at throughputs up to 8 kg/hr for
chlorinated solvents. Product gases exiting the vessel are then treated in the off-gas system to remove
entrained salt particulates, water vapor, and traces of gas species such as CO and NOx. As waste is injected
into the MSO vessel, residues of inorganic components build up in the salt bed, which necessitates
periodic removal of salt and replenishment with fresh salt to maintain process efficiency. Because many
of the metals and/or radionuclides captured in the salt are hazardous and/or radioactive, without further
treatment the removed spent salt would create a large secondary waste stream. A salt recycle system is
needed to segregate these materials to minimize the amount of secondary waste, and to reduce the
consumption of fresh salt.10 The segregated inorganic residues are then encapsulated in a ceramic matrix
for final disposal. Each subsystem is described below.

Reactor Vessel
The MSO reaction is contained in a 2.74-m tall processor vessel, as shown in Figure 4.7.2. The processor
is 38.1 cm inside diameter over the top half and 29.8 cm inside diameter over the bottom half, with a
30.5-cm long, tapered transition zone in between. The normal salt load is 160 kg and fills the vessel to
the bottom of the transition zone when quiet. When air and feed injection is occurring, the salt level
froths up to the top of the transition zone. The freeboard area of the vessel above the salt level provides
a disengagement zone for salt spray to separate from the off-gas before it exits. There are baffles in this
region to assist in separating the salt spray. The air and feed material enter through an injector lance
extending through the vessel cover to the bottom of the vessel. The injector is insulated and air-cooled
to keep the feed temperature low until it leaves the injector and contacts the molten salt.

The vessel is fabricated from 1.27-cm thick Inconel 600  material. Corrosion tests at LLNL have
shown an acceptable corrosion rate for Inconel 600  in Na2CO3 and NaCl salt mixtures at operating
temperature.11 The most severe corrosion occurs at high NaCl contents. The vessel is protected against
overpressure by placing close limitations on maximum feed rates, by closely monitoring the off-gas system
to prevent buildup of salt deposits that may cause plugging, and by a rupture disk on a dedicated vessel
nozzle. The rupture disk is a low-pressure disk that discharges into a separate exhaust vent stack.

FIGURE 4.7.1 Integrated MSO system.
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The heaters are radiant electric type and are made up of two major subassemblies: one assembly
covering the top half of the vessel and a second subassembly covering the bottom half. The heaters are
separately supported from the vessel support stand. The vessel has a salt drain pipe extending from the
bottom of the vessel to outside the heated zone to drain the salt out when salt replacement is necessary.
The vessel temperature is maintained by the control system. The heaters are segregated into several zones,
each of which is separately controlled to a temperature determined by sensors mounted in blocks on the
outside of the vessel. When exothermic materials are being fed, the vessel must be cooled to prevent
overheating. A blower is provided to blow ambient air though the annular space between the heaters and
the vessel wall for cooling.

Off-gas System
The purpose of the off-gas system is to remove entrained salt particulates, moisture, and traces of CO
and NOx from the off-gas and to ensure that clean gas exits the off-gas system. This is accomplished by
the following components: a piping section with a gas-to-air cooler, an air cylinder and salt trap, a ceramic
filter, a heat exchanger and condenser, an electrical heater, a high-efficiency particulate air (HEPA) filter,
and catalytic converter. Figure 4.7.3 depicts the off-gas system.

The off-gas exiting the reaction vessel is first cooled by the gas-to-air cooler, which consists of two
concentric pipes with an annular gap between them. As the gas stream cools, the entrained salt cools
and sticks to the inner pipe wall. Salt buildup is removed by a wire brush on the end of a rod that is
driven and retracted by the air cylinder. The dislodged salt falls into the vessel on the forward stroke and

FIGURE 4.7.2 MSO reaction vessel.
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FIGURE 4.7.3 Off-gas system.
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falls into the salt trap on the reverse stroke. The smaller entrained particles are captured in the pulsating,
self-cleaning ceramic filter. The ceramic filter captures particles Š 0.5 µm in size and can withstand gas
temperatures up to 700°C. Six silicon carbide filter elements are pulsed with compressed air to remove
caked-on salt when the pressure drop across the elements reaches 2.74 kPa (11 in. water). The captured
salt in the salt trap and ceramic filter is removed by cycling double dump valves that allow the salt to
fall into a drum below them.

The filtered off-gas is then cooled to 100°C by a shell-and-tube heat exchanger using low-conductivity
water. The moisture is removed when the gas is cooled to 2°C by the condenser using propylene glycol
from a chiller. The gas is then heated to 30°C by an electrical heater to ensure that dry gas enters the
HEPA filter. The HEPA filter serves two purposes: it acts as a prefilter for the catalytic converter and a
barrier for remaining particles in the off-gas. Thus, no salt particles escape the process off-gas system.
The catalytic converter is designed to abate 50,000 ppm CO and 30,000 ppm NOx. It converts CO into
CO2 in a catalyst bed at elevated temperatures. It is also equipped with an ammonia injection system
that converts NOx into N2 and H2O by selective catalytic reduction. The off-gas leaving the catalytic
converter is very clean and is exhausted to a building stack via a ducting system.

Salt Recycle System
As waste is injected into the MSO vessel, residues of inorganic components build up in the salt bed; this
necessitates periodic removal of salt and replenishment with fresh salt to maintain process efficiency.
Because many of the metals and/or radionuclides captured in the salt are hazardous and/or radioactive,
without further treatment the removed spent salt would create a large secondary waste stream. A salt
recycle system is needed to segregate these materials to minimize the amount of secondary waste, and
also to reduce the consumption of fresh salt. The segregated inorganic residues are then immobilized as
a ceramic final form for disposal.

The salt recycle system, shown in Figure 4.7.4, receives spent salts from the MSO reactor vessel and
off-gas system. The size of spent salt is reduced to approximately 6.3 mm using hand tools, air-power
tools, and a crusher inside a dedicated enclosure with glovebox for operational safety. Small salt particles
are then transferred to tank T-101 by a spiral conveyor. Salt samples are taken during salt crushing for
analysis. Salt dissolution is performed in tank T-101 using either deionized or clean recycled water. The
salt dissolution step is controlled at 30 to 40°C by an immersion heater and a temperature controller to
minimize the amount of water required. Most of the mineral residues and ashes precipitate as hydroxides
and oxides during the dissolution step. Chemical reagents such as sodium hydroxide, hydrochloric acid,
and dithionite are used at various stages of the process to adjust pH and/or facilitate metals removal.
Reagents such as alum [Al2(SO4)3] and activated silica are added to facilitate the coagulation and precip-
itation process to avoid an excessive holding time in the dissolver tank. These reagents can be fed into
the T-101 or T-102 tanks by metering pumps or by opening the hatch.

Once precipitated, these solids can then be removed by pumping the solution through filter F-101.
The filter has a 1-µm filter element and will efficiently remove solid particles from the salt solution. The
filter element is precoated with a thin layer of diatomaceous earth to facilitate the filtration process. At
various stages, the filter cake must be removed by opening the filter vessel and relocating the filter cartridge
into the wash-off area inside the enclosure. Air and water are used to assist in cake removal. The wet
cakes are then sent to the Final Forms for immobilization. The filtration operation is performed inside
an enclosure.

After metals precipitation, the salt solution goes to a spray-dryer, ion exchange columns, and/or
portable containers, depending on the concentrations of carbonate and radionuclides. If the spent salt
contains a high level of carbonate, then the solution is pumped to tank T-103 for spray-drying. If it
contains low levels of carbonate and traces of uranium and thorium, then the salt solution is pumped
to the ion exchange columns E-101/E-102 for removal of radionuclides. In some instances, such as salt
containing high chloride, it is not for reuse, and the salt solution is pumped to portable containers and
then shipped to a hazardous waste management facility.
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FIGURE 4.7.4 Salt recycle system flow diagram.
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The spray-dryer is part of the salt recycle system. It receives clean salt solution from tank T-103. The
system includes a natural gas-fired air heater, a dryer using hot air as heating medium, a cyclone separator
for collecting clean dry salt, and a venturi scrubber as well as an absorber for gas cooling and dust control.
The clean dry salt is collected in well-sealed drums for reuse. The air leaving the absorber passes through
a HEPA filter and exhausts. The spray-dryer is operated at slight vacuum. Condensate blowdown is
pumped to tank T-104 for reuse or discharge.

Ceramic Final Forms
The wet filter cake produced by the salt recycle system contains residues from the MSO process itself,
typically deriving from a variety of input wastes, and compounds introduced by the salt recycle process.
In addition to metals and oxides, there may be some carbonates, phosphates, sulfates, sulfides, borides,
carbides, and nitrides. Overall, LLNL residues from LLNL wastes have been dominated by Si, Al, Mg,
Zn, Ca, and Fe. Any of a wide variety of elements may be present in minor or trace amounts. The ceramic
final waste form must immobilize the hazardous and radioactive elements present; both the ceramic
material and the process to make it must be adaptable to the variable composition of the filter cake; and
a high waste loading is desirable. The ceramic is intended to satisfy both federal and California leach
resistance standards.

The ceramic material comprises several crystalline phases. They were chosen because they (1) can be
fabricated as a durable ceramic using standard and economical ceramic processing methods; and (2) can
incorporate, either as major constituents or by ion substitution, all of the dominant elements just
mentioned, and most of the hazardous and radioactive elements of concern. A recipe is calculated for
each residue batch (i.e., filter cake), based on its elemental content, and waste loadings are optimized by
blending residue batches.

The main equipment items in the Final Forms subsystem include a standard fumehood for weighing
and mixing powders, a recirculating attrition mill for wet blending and comminuting the formulation,
a rotary calciner for drying the slurry and calcining the dried mixture, a rotary granulator in which the
calcined powder is formed into ~1-mm granules, an automatic pellet press to form the “ green”  pellets,
a large tube furnace with a retort and programmer-controllers for sintering the pellets, and a small tube
furnace with a retort and programmer-controllers for process-control test sintering.

The system also includes a variety of quality-control, process-control, and lab-scale processing equip-
ment. Control is local to each equipment item; process monitoring and data collection is direct to the
Final Forms computer. The production capacity is presently limited by the sintering step; it could be
doubled by adding a second tube furnace. LLNL conducted a limited demonstration on the Ceramic
Final Forms in 1999.

Status
The LLNL integrated MSO system has been transferred to ATG, Inc. In 2000, ATG began reinstalling the
system in its mixed waste facility at Richland, Washington, in an effort to demonstrate the MSO tech-
nology with real waste streams at the industrial scale.

For more information, readers can visit the Web site at www-ep.es.llnl.gov/www-ep/aet/waste/wt.html.
In a parallel development, LLNL has been funded since 1992 by the U.S. DOE Defense Programs and

Department of Defense (DOD) –  Air Force and Army to demonstrate the MSO technology for the
destruction of energetic materials. Several MSO systems of EDU size have been built and tested with a
variety of energetic materials, including ammonium picrate, HMX, K-6 (keto-RDX), NQ, NTO, PETN,
RDX, TATB, TNT, Comp. B, LX-10, LX-16, LX-17, PBX-9404, and XM46.

LLNL is currently building an MSO plant for the treatment of TNT-contaminated sludge and TNT-
contaminated spent activated carbon, both of which will result from a 155-mm artillery shell melt-out
operation. The plant is designed to treat 21 kg/hr of explosives slurry and it will be installed in a U.S.
Army/ROK demilitarization facility in South Korea in March 2001. LLNL also plans (in 2001) to build
an MSO system to be installed at Bluegrass Army Depot in Kentucky to destroy TNT sludge.
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MSO Activities at Molten Salt Oxidation Corporation

Molten Salt Oxidation Corporation (MSO Corp.) was spun off from Ajax Electric in 1997 with the sole
mission to design and fabricate MSO systems for government and industrial applications.12 Since its
inception, MSO Corp. has received three orders from Naval Surface Warfare Center (NSWC) Indian
Head Division (IHD), a confidential industrial client, and Los Alamos National Laboratory. 

Energetic Waste Destruction Unit at the U.S. Navy Naval Surface Warfare Center (NSWC), 
Indian Head Division (IHD)

The Indian Head Division of the Naval Surface has been operating a 6-in. ID MSO unit since 1997, destroying
solid feed energetic materials.13 The IHD has contracted the construction of a new treatment reactor to
MSO Corp. The reactor is a 12-in. ID prototype unit and was delivered in 2000.

The reactor incorporates a number of features that offer some benefits. The features include:

1. Retractable electrodes. Internal electrodes are a common method for heating molten salt baths
through efficient coulombic heating (salts are electrically conductive). Startup of this size unit
with internal electrodes is expected to be accomplished in approximately 4 h, thereby allowing
the electrodes to be withdrawn to a position above the molten salt.

2. Screw feed injection. The screw feeder is outfitted with multi-port injections to allow for the feed
of gases, liquids, slurries, and even energetic solids. The unit has been designed to inject the feed
streams into the bottom of the molten salt bath. Air is used as a cooling medium and as oxidant
gas within the screw feeder.

3. Salt drain valve. This feature allows the unit to be operated continuously as it provides a method
for removing a metered amount of spent salt. Replacement of salt is accomplished through the
addition of salt in the screw feeder.

4. Inconel vessel. A specially treated Inconel vessel is able to withstand the highly corrosive nature of
molten salt. The results are longer vessel life and therefore reduced life cycle cost.

5. Multi-zone cooling. This feature may increase the throughput capacity of the unit, which is usually
limited by the passive heat loss through the vessel walls. In addition, control of the extraction of
heat from the vessel allows good temperature control of the inner vessel wall. The unit operates
at a low wall temperature to “ freeze”  a layer of salt to the surface of the vessel. The frozen layer
of salt further protects the vessel from the corrosive molten salt.

Salt Recovery Unit for a Commercial Client

MSO Corp. is building a large MSO unit (78 ft high × 13 in. ID) for a confidential client to recover a
blend of salts. The proprietary production process creates a slurry of salts contaminated with chlorinated
hydrocarbons. Utilizing an MSO system, it will be possible to remove the chlorinated hydrocarbons by
oxidizing them in the molten salt bed (to gaseous CO2 and H2O). After redissolving the salts in water,
the recovered salt stream is pumped to a neighboring plant for utilization. The MSO unit is constructed
of stainless steel; it will be lined with a specialty brick able to withstand corrosive molten salt.

An aqueous slurry of salts contaminated with chlorinated hydrocarbons is pumped into the MSO unit
through four feed injectors that introduce the feed near the bottom of the MSO vessel. The oxidizing air
required in the molten salt bed is also fed through the feed injectors. The salt is continuously removed
from the unit through an overflow port. The molten salt overflow then flows into a dissolution system
and is eventually pumped to a neighboring chlor-alkali plant for reuse.

To provide a higher level of control over the reaction in the vessel, active heating and cooling is
provided. This MSO unit is outfitted with six pairs of electrodes to internally heat the salt bed. External
air cooling will be provided around the molten salt bed portion of the vessel.

Los Alamos National Laboratory Glovebox Unit for Transuranic Waste 
Volume Reduction and Plutonium Recovery

LANL is testing the MSO process for reducing the number of shipments of transuranic waste shipments
that LANL needs to send to the Waste Isolation Pilot Plant (WIPP) in New Mexico. LANL has asked
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MSO Corp. to build a 10-in. ID MSO reactor for the effort. The integration of MSO processing and
aqueous chemical separation offers a method for recovering plutonium from combustible transuranic
(TRU) waste at LANL. TRU combustible waste includes cellulose rags and polyethylene/polyvinylchloride
plastics with plutonium contamination. By utilizing an MSO system, LANL will be able to destroy the
combustible portion of the waste by oxidation in the molten salt bed. The plutonium remains in the
molten salt, where it can be recovered in a subsequent aqueous chemical separation process.

The complete glovebox line for the process consists of three gloveboxes. A size reduction glovebox
houses a cryogenic shredder to prepare the feed solids for introduction into the MSO unit. A 10-in. ID
MSO unit is housed in an adjoining glovebox. Attesting to the scalability of the NSWC energetic waste
destruction unit design, that particular MSO unit design is scaled down to fit in the required glovebox
for this application.

Conclusions

MSO technology is effective in treating some difficult waste streams such as low-level mixed wastes,
chlorinated solvents, PCB-contaminated oils, and energetic materials. It operates at lower temperatures
than incineration, and generation of secondary wastes such as spent salt appears to be manageable. It
offers a valuable alternative to incineration. The further implementation of MSO technology at the
industrial scale with real waste streams is very important to bring the technology into wider acceptance
by the public and the waste management industry.
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4.8
Fluidized-Bed Calcination
Jerry D. Christian
Idaho National Engineering and Environmental Laboratory
Idaho Falls, Idaho

Introduction

The Idaho Nuclear Technology Engineering Center (INTEC) (formerly called Idaho Chemical Processing
Plant, ICPP*) at the Idaho National Engineering and Environmental Laboratory (INEEL) processed spent
nuclear fuels for the separation and recovery of uranium from 1953 until 1992. They were primarily fuels
of highly enriched uranium. The two major categories processed were Zircaloy fuels from naval reactor
cores and aluminum fuels from the Advanced Test Reactor and other test reactors at the INEEL and
throughout the world. A variety of other types were also processed, such as stainless steel fuels from the
EBR-II reactor and graphite Rover fuel, in which uranium carbide spheres coated with pyrolytic carbon
were dispersed in a graphite matrix; the particles also contained niobium carbide. The Zircaloy fuels
were dissolved in hydrofluoric acid (HF) and, after complexing the excess HF with aluminum nitrate,
nitric acid was added. The aluminum fuels were dissolved in nitric acid, catalyzed by mercuric nitrate.
One tankful (1 × 106 L) of acid-deficient waste was generated from nitric acid-mercuric ion catalyzed
dissolution of uranium-aluminum fuel with ammonium hydroxide used to provide the acid deficiency
and the salting strength for solvent extraction of the uranium. The stainless steel fuels were either dissolved
in sulfuric acid or electrolytically in nitric acid. Rover fuels were processed by burning the graphite in
fluidized-bed burners. Then the residual ash from the fuel particles, in which the uranium and niobium
carbides had been converted to oxides, were dissolved in nitric and hydrofluoric acids, after which excess
fluoride was complexed with aluminum nitrate.

The first-cycle extraction raffinate that resulted after solvent extraction separation of the uranium
consisted of the radioactive waste products, the fuel cladding and matrix material, and the reagents used
to dissolve them. The fluoride wastes were adjusted with aluminum nitrate to result in free HF concen-
trations that were acceptable for long-term storage. The wastes were temporarily stored as acidic solutions
in 1 × 106-L stainless steel underground tanks. Other acidic liquid waste that was accumulated in the
tanks was sodium-bearing waste (SBW). It was generated from sodium carbonate scrubbing of the tributyl
phosphate extractant used in the separations process and from decontamination solutions. The SBW was
blended with the second-cycle extraction raffinates in tanks separate from the first-cycle extraction
raffinate tanks; thus, earlier nomenclature for the blended waste was second-cycle waste. In later years,
other wastes generated from activities such as HEPA filter leaching were included.

In 1963, solidification of these wastes was begun, using a fluidized-bed calciner. This was the first
solidification process for high-level liquid radioactive wastes to be put into practice. In the 1960s and
1970s, a number of high-level waste solidification processes were investigated. High-level liquid wastes
(HLLWs) are the first-cycle extraction raffinates  generated from the processing of spent nuclear fuels

*ICPP is used when describing activities performed when that title was in place.



© 2001 by CRC Press LLC

for the recovery of uranium and plutonium. Their characteristics influence the type and chemistry of
the solidification process and affect the nature of the off-gas that must be treated. There are, in general,
four types of HLLW: acidic or basic that are concentrated in fission products or diluted with salts of
nonradioactive “inert” constituents. Those generated from the processing of commercial LWR fuels from
the chop-leach PUREX process are highly concentrated in fission product radionuclides. The raffinate
that is produced is acidic in nitric acid and that is the primary liquid waste form. In the case of the West
Valley (USA) wastes, the raffinates were neutralized and made basic for interim storage and contained
sludge. As described above, defense HLLW, from the processing of naval Zircaloy fuels at the ICPP in
the United States were acidic nitrate solutions with complexed fluoride. Dissolved nonradioactive fuel
constituents and associated process chemicals made up the bulk of the liquid waste solutes; the activity
levels of these wastes were orders of magnitude less than those of commercial LWR wastes. Other ICPP
wastes, primarily from processing aluminum and stainless steel fuels, also contained substantial nonra-
dioactive diluents, although not as much as the zirconium wastes. Defense waste solutions at Hanford
and Savannah River have been neutralized and made basic.

Of the waste solidification processes investigated, three have emerged as practical systems: (1) fluidized-
bed calcination in use at the ICPP/INTEC in the United States; (2) rotary kiln calcination with vitrification
developed in France (AVM process) and implemented in France and the United Kingdom; and (3) liquid-
fed ceramic melter developed in Germany and the United States and built at the Savannah River site and
at West Valley in the United States. Preconcentration of wastes by evaporation prior to solidification is
sometimes used. This section describes the fluidized-bed calcination process as applied to acidic wastes.

Fluidized-Bed Calcination Technology

Calcination

The fluidized-bed calcination process was developed at Argonne National Laboratory (Jonke et al., 1957;
Loeding et al., 1961) and the INEEL (Brown et al., 1962; Wheeler et al., 1962; Brown et al., 1964a; Brown
et al., 1964b; Lakey et al., 1965; Buckham et al., 1964; Grimmett, 1966; Hickok and Madachy, 1961; Evans,
1961). The original calciner with a 4-ft (1.2-m) diameter bed was built to serve as a hot demonstration
pilot plant for calcining aluminum nitrate wastes and was called the Demonstration Waste Calcining
Facility (DWCF) during its cold testing from 1961 to 1963. It began processing radioactive waste in
December 1963 and operated so well that it served as an operating plant until March 1981 and was called
the Waste Calcining Facility (WCF). During that period, approximately 15,000 m3 of wastes were con-
verted to 2200 m3 of calcined solids (Berreth and Dickey, 1982). In September 1982, the New Waste
Calcining Facility (NWCF) became operational. Its bed section is five ft (1.5 m) in diameter. The system
is depicted in Figure 4.8.1 and a picture of the calciner vessel is shown in Figure 4.8.2.

A comprehensive compilation of the operating history of the calciners is provided by Staiger, (1999).
The report includes an inventory of the calcine produced during the period December 1963 to May 1999
and the range of chemical compositions of the calcine. Information provided includes calciner startup
data, waste solutions analyses and volumes calcined, and calciner operating schedules.

In this process, the acidic high-activity aqueous waste is sprayed through an atomizing nozzle into a
fluidized bed of particles heated to 400 to 600°C. The particles are fluidized by a flow of air through a
distributor plate with holes at the bottom of the bed. The superficial velocity is 0.18 to 0.36 m/s. The
water and nitric acid are flash-evaporated, and the residual salts and oxides are deposited on the surface
of the bed particles or create new particles. A minimum dissolved solids concentration in the feed stream
is needed to build a bed. The required concentration depends on feed type and appears to be a function
of the calcine particle density produced: 150 g/L for zirconium waste, 120 g/L for SBW with aluminum
nitrate additive, and 90 g/L for aluminum waste. Particle size is maintained by a balancing grinding
action that is controlled by adjusting the nozzle air-to-feed ratio. The fluidization maintains a constant
and uniform temperature throughout the bed. As the bed level increases from particle formation and
growth, it is drawn off and pneumatically transported to stainless steel storage bins in concrete vaults.
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FIGURE 4.8.1 Calciner and off-gas treatment system —  NWCF.
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The particle size is affected by the waste being processed. The composition of the solution must be
adjusted to produce calcine particles of appropriate hardness that will not agglomerate or “ clinker,”  but
that will not be so soft as to grind to a powder. When zirconium fluoride wastes are calcined, Ca(NO3)2

is added to hold the fluorine in the bed as CaF2 [Brown et al., 1964a; Hickok and Madachy, 1961; Petrie
et al., 1965). A nominal Ca:F atom ratio of 0.55 was used for those wastes. When sodium-bearing waste
was blended with the zirconium fuel fluoride raffinate, the calcine became more attrition resistant and
nodules grew on the particles, this made fluidization difficult and clinker formation (growth of large,
hard chunks) would sometimes occur. Increasing the Ca:F atom ratio to 0.7 eliminated this effect. Most
of the nitrates are dissociated to the oxides. However, sodium and potassium nitrates in the SBW do not
completely dissociate and this waste could not be calcined by itself. The sodium and potassium nitrates
melt at calcination temperatures. These wastes were calcined by blending them with the aluminum or
zirconium (which contained aluminum nitrate) (Newby, 1979) wastes or with aluminum nitrate additive
so that NaAlO2 formed. In the case of the acidic fluoride (zirconium) waste blending, cryolite (Na3AlF6)
was possibly formed (Brown et al., 1964a; Bower, 1973; Newby, 1979).

When dissolved aluminum is present in the waste feed, the aluminum nitrate decomposes to both
amorphous and crystalline (alpha and gamma) alumina in varying amounts, with as much as 90% alpha-
alumina being produced under certain conditions (Brown et al., 1962; Wheeler et al., 1962). A factor
that affects formation of alpha-alumina is the presence of oxides of nitrogen and water vapor in the
gaseous atmosphere. It is formed, also, only if a small amount of sodium ion is present in the alumina
product (Murray and Rhodes, 1962).

Particle fines that are entrained into the off-gas system and removed by the scrubbing solution (see
subsection entitled “ Integrated Off-gas Treatment System” ) must dissolve to avoid excessive buildup of
solids in the scrubbing system. The amorphous alumina dissolves readily in the hot nitric acid scrubbing
solution, but the alpha-alumina is highly insoluble. The alpha-alumina is also softer and produces more
fines. Therefore, a small amount of boric acid is added to the feed; this effectively suppresses the formation

FIGURE 4.8.2 NWCF vessel showing off-gas cyclone and 2.1-m diameter solids deentrainment section above the
1.5-m diameter fluidized bed.



© 2001 by CRC Press LLC

of the crystalline alumina, apparently by preventing the formation of crystalline sodium nitrate (Murray
and Rhodes, 1962). Boron-to-sodium molar ratios as low as 1 to 8 were effective. A concentration of
0.01 M boric acid was added to the feed solution during calcination of aluminum waste (Brown et al.,
1964a). During blending of SBW and aluminum nitrate cold chemical in the NWCF, boric acid was
added to bring the boron molar concentration to the greater of 0.03 or 0.2364(CNa + CK) –  0.0450 (Newby
and O’Brien, 2000).

The ammonium nitrate waste from the acid-deficient dissolution of aluminum fuels was blended with
acid aluminum raffinate waste for calcining (Brown et al., 1964a; Lohse and Hales, 1970). When calcining
the acidic sulfate waste from the dissolution of stainless steel fuels, aluminum nitrate was added to form
and retain nonvolatile aluminum sulfate in the bed and prevent the vaporization of sulfuric acid (Brown
et al., 1964a; Wielang and Freeby, 1973).

A portion of the atomized liquid evaporates to a dry powder before striking the surface of a bed
particle, and the particles undergo a grinding process. Thus, a fraction of the dried waste forms “ fines,”
small particles that are entrained in the off-gas or act as seed particles for bed growth. The calcine and
powdery solids range in size from 0.05 to near 1 mm; the ideal mass mean particle size is 0.35 to 0.45
mm. In practice, it ranged from 0.25 to 0.60 mm. Also, ruthenium, under oxidizing conditions, can
volatilize. An extensive off-gas treatment system is needed to remove these particulate and volatilized
ruthenium species.

The ratio of the quantity of product to fines (P/F) is a function of the attrition resistance index (ARI)*

and the residence time of the calcine in the fluidized bed. The ARI of the calcine varies with the type of
feed, for example, aluminum, zirconium, sodium-bearing, or simulated LWR HLLW (specifically, AGNS**

waste). For example, the ARI of aluminum calcines is high (60 to 80) and an acceptable P/F ratio is
obtained during operation. Zirconium wastes, however, yield a very friable product with an ARI of only
12, and a large percentage of fines results.

A low ARI may be due to two causes: the particles may have a low resistance to abrasive wear, or the
particles may be friable and easily broken into smaller particles. If the abrasion mechanism prevails,
additives are needed to increase the hardness of the calcine product; to reduce particle breakage, an
additive is required to increase the internal binding of the particles.

Most of the evidence indicates that low ARIs for calcine are due to friability. This immediately suggests
the need for a material (e.g., small amounts of sodium nitrate) that is known to cause agglomeration of
particles when present in significant quantities.

A study was conducted to determine the quantitative correlation between sodium concentration and
ARI (Christian, 1975). The concentrations of the major components of several calcine feed solutions
(and some product compositions), along with the measured ARIs of the calcine product, are listed in
Table 4.8.1. The zirconium calcines have the lowest attrition resistance; but when second cycle/SBW feed
is mixed with the zirconium feed, the ARI of the product is vastly improved.

Examination of Table 4.8.1 shows that, aside from the dilution factor resulting from blending, the
major difference between the zirconium feed and the mixed feed solution is the markedly higher sodium
concentration in the zirconium-SBW blend. In the calcined products, NaNO3 is present in significant
quantities in the blended system (the 4.2:11 weight ratio of Na:NO3 is near-stoichiometric), but absent
in zirconium calcine.

Too much sodium can be detrimental. When the sodium content is too high, the particles tend to
agglomerate. This effect was observed with simulated LWR commercial (AGNS) calcine that contained

*Attrition resistance index is a measure of difficulty of wearing particles to an average smaller size. It is determined
by measuring the weight percentage of particles of a closely sized product, usually a – 28 + 35 Tyler mesh fraction,
that is unchanged in size after undergoing attrition by a jet grinder for a specified period. The apparatus used is a
1-in. ID glass tube with a 1/64-in. diameter orifice drilled in an air distributor plate. In the procedure a 50-g sample
is subjected to the grinding action of an air stream from the orifice at sonic velocity for 1 hr. The weight percent of
solids remaining unchanged in size is reported as the attrition resistance index.

**Allied General Nuclear Services. Barnwell, North Carolina.
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TABLE 4.8.1 Typical Calciner Feed and Product Compositions

Type Al Zr SBW
Zr-SBW 
3:1 Blend

Al-SBW 
8.5:1 Blend

Simulated 
AGNS LWR 

HLLW

Feed Composition (molar)

Al 1.6 0.7 0.56 0.47 1.5 —
Zr — 0.45 — 0.25 — 0.06
F — 3.2 — 1.8 — —
Na 0.05 0.003 1.59 0.35 0.21 0.26
K — — 0.24 0.04 0.03 0.08
NO3– ca. 5 2.4 4.4 2.2 5 2.0
Ca — 1.8 0.13 0.82 0.015 —
Ba — — — — — 0.02
Hg 0.01 — — — — 0.01
Fe — 0.005 0.01 0.01 — 0.26
H3BO3 0.01 0.20 — 0.12 0.01 —
H+ 0.5-1.5 1.6 1.06 1.5 1 0.5
Sr — — — — — 0.01
Co — — — — — 0.01
Ni — — — — — 0.03
PO4

3– — — — — — 0.11
Gd — — — — — 0.07
Ce — — — — — 0.12
La — — — — — 0.03
Nd — — — — — 0.03
Pr — — — — — 0.01

Calcine Product Composition (wt%)

Al 47 8.8 7.2 —
Zr — 9.1 15 5.2
F — 25 10 —
Na 1.0– 1.5 — 4.2 5.7
K — — —
NO3– 2.2 0.9 11 1.9
Ca — 30 25 —
Ba — — 0.9
Hg 2.7 — 1.5
Fe — — 14.0
H2O 0.6 2.0 —
Sr — — 0.9
Co — — 0.6
Ni — — 1.7
P — — 2.2
Gd — — 10.7
Ce — — 16.4
La — — 4.4
Nd — — 4.5
Pr — — 1.4
Product/fines 

(w/w)
6 4 7 0.63

ARIa 60– 80 12b c 85d 74 20– 30

a Attrition resistance index.
b Soft, low density product.
c Agglomerates and forms very friable calcine.
d Calcine was noduled; agglomeration and clinker formation occurred after 90 hr. Increasing

Ca concentration can reduce nodule formation.
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sodium nitrate. The AGNS waste has a sodium concentration slightly less than the blended zirconium-
SBW; however, the AGNS waste is more dilute and, thus the calcined product contains a relatively high
weight percentage of sodium. Consequently, the AGNS feed solution cannot be calcined without agglom-
eration unless iron is added to “ tie up”  the sodium. (An optimization of ARI for AGNS calcine might
be achieved by decreasing the amount of iron additive so that NaNO3 in the product is about 4 wt%.
This concept has not been tested.) Also, SBW cannot be calcined alone because the high sodium nitrate
content causes agglomeration.

A series of mixtures of zirconium waste and SBW were calcined at 500°C and the product ARI
measured. The results are shown in Figure 4.8.3. All values are for blends with Ca:F mole ratios of 0.5,
except where noted. Note that when the Ca:F ratio is lower than stoichiometric for CaF2, the ARI is
decreased. Along the abscissa, sodium content decreases as percent zirconium feed increases. Apparently,
the ARI goes through a maximum as sodium content is changed. The ARI should not be allowed to
attain too high a value because control of particle size becomes poor and clinker formation can occur.

A similar plot for the same data of ARI vs. the Na:Al mole ratio shows a peak with the clinkered calcine
occurring at a mole ratio of 0.55. The optimal ARI of around 60 to 80 occurs on either side of the peak
at Na:Al mole ratios of about 0.03 to 0.35 and 0.78 to 0.92. The dependence of ARI on the lower side of
the Na:Al ratio is a gradual function. On the high side, at 0.78 Na:Al, the function is steep. Therefore,
more careful control of the ratio would be required in that region. Another consideration regarding use
of a high Na:Al ratio is that calcine produced from this composition may be more difficult to retrieve
from a bin if further processing for final disposal is needed. Therefore, retrieval tests should be conducted.

FIGURE 4.8.3 Effect of sodium concentration in blends of zirconium-second cycle HLLW on attrition resistance
index (ARI) of calcine.
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SBW calcine produced at 600°C in the INTEC 10-cm and 15-cm diameter calciner pilot plants from
synthetic wastes calcined with alkali:aluminum atom ratios ranging from 0.56 to 0.74 was subjected to
retrievability tests (Nenni and Marshall, 1998). For the highest alkali:aluminum ratio, the alkali metal
mole percent in the calcine was 17. The tests followed simulated worst-case bin set conditions of 300°C
and compression loading of 15.3 psig for a period of 3 days. The retrieval rates with a vibratory-assisted
vacuum recovery nozzle were all greater than the acceptance criteria of 1.5 kg calcine per kilogram air.
The researchers caution that when both the high-temperature calcine (with increased alkali-to-aluminum
ratio) and the baseline 500°C calcine (with alkali:aluminum mole ratio of 0.32) are exposed to moist air
at low temperatures, they can form hard cakes. Therefore, it is possible that any SBW calcine exposed to
bin set conditions for many years might not be retrievable. However, there appears to be no additional
detriment for the high alkali content.

Cresap, (1980) reported results of shearing strength and retrievability tests on calcine with alkali
contents ranging from 2.2 to 11.3 mole%. The tests were performed as a function of storage temperature.
All calcines tested with up to 7.0 mole% alkali were retrievable with vibration at temperatures up to
650°C, above the maximum temperature of 600°C expected in the bins. Tests with 11.3 mole% alkali
resulted in agglomerated calcine that was too hard to test with the shearing strength test equipment.

An additional factor that affects the ARI is temperature of calcination. Experiments with simulated
AGNS feeds at 500 and 600°C indicate that a more porous, friable product is formed at the higher
calcination temperature.

Now that fuel dissolution raffinates are no longer available to blend with SBW for calcining, the SBW
remaining in the underground liquid high-activity waste tanks at the INTEC is being calcined by blending
it with 2.2 M Al(NO3)3 solution. When calcining at 500°C, a (Na + K):Al mole ratio of 0.25:1 has been
used. Recent operations are converting to 600°C, where a higher (Na + K):Al ratio can be utilized (when
working on the low ratio side of the graphs discussed above). This reduces the bed agglomeration problem
while significantly reducing the amount of nonradioactive chemical additions required to calcine SBW
and increasing the net processing rate. When the (Na + K):Al mole ratio was 0.5, bed building difficulties
were experienced while calcining WM-185 waste. Tests with a 15-cm diameter pilot plant calciner were
successful at a ratio of 0.67. The last NWCF campaign recently completed with WM-189 waste started
with a 0.27 (Na + K):Al mole ratio at 600°C (that produced calcine with 8.6 mole% Na + K) and gradually
increased it to 0.33 (10.6 mole% Na + K in calcine) while maintaining bed stability. The 600°C operation
may convert some of the sodium nitrate to NaCl (Boardman, 2000). This may be correlated with the
observation that chloride scrubbed from the off gas decreased during the 600°C Campaign (see discussion
in subsection entitled “ Off-gas Characteristics” ).

During the first three campaigns of the original Waste Calcining Facility (WCF), the fluidized bed was
indirectly heated to 400°C by circulating hot NaK alloy through a tube bundle in the bed. These conditions
resulted in virtually 100% volatilization of the ruthenium in the feed and required specific unit operations
in the off-gas system for its removal. Starting with the fourth campaign, the heating system was converted
to one of internal combustion of kerosene (in-bed combustion –  IBC); this required an operating
temperature of 500°C to maintain smooth combustion. The heating method change that increased heat
transfer rate also enabled an increase in throughput rate by about 65%. The nominal net throughput
rates were 230 L/hr with indirect heating, and 380 L/hr with IBC (Berreth and Dickey, 1982); the overall
operating range experienced for the WCF was 200 to 420 L/hr. The IBC mode of operation was also
designed into the New Waste Calcining Facility (NWCF) that began operating in 1982, replacing the
WCF. The combination of higher temperature and partially reducing conditions in the off-gas resulted
in some reduction in volatilization of the ruthenium from the bed; more significantly, that which did
volatilize was quickly reduced by unburned hydrocarbons in the off-gas to particulate RuO2 and was
effectively removed by the scrubber.

The WCF calciner vessel was constructed of Type 347 stainless steel and the aqueous scrub system
components were Type 304-L stainless steel. The NWCF calciner vessel, cyclone, and associated off-gas
and fluidizing air piping were constructed of Type 347 stainless steel and the aqueous fluoride-handling
portions of the NWCF were constructed of Nitronic 50, which is more resistant to fluoride corrosion
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and to chloride stress corrosion cracking than the WCF material (Thomas et al., 1977). Chloride con-
centration in the liquid waste increased over time as a result of recycling of calciner off-gas scrub solution
to the tanks, to as high as 875 ppmw (1100 mg/L).

Zimmerman has compiled and reviewed corrosion data reported in the literature from 1957 to 1977
during the development and operation of the waste calcination process, including the selection of Nitronic
50 for the NWCF aqueous liquid sections (Zimmerman, 1978; 1980). Operating history of the WCF
indicates that the Type 347 and Type 304L stainless steels were good choices for construction materials,
even after changing from aluminum nitrate to zirconium fluoride-containing wastes and modification
to replace the NaK indirect heating system with in-bed combustion of kerosene.

Operating data for the WCF have been reported for Campaigns 1 through 5 (Commander et al., 1966;
Lohse and Hales, 1970; Bendixsen et al., 1971; Wielang et al., 1972; Wielang and Freeby, 1973) and 9
(Childs et al., 1982). No campaign reports are available for the NWCF, except for the description of the
most recent experience operating at the increased temperature of 600°C provided by Swenson (2000).
Newby and O’Brien (2000) have recently published a summary of calcine operating experiences at the
ICPP/INTEC. The report describes the calcinability of the different compositions of feed blends and
additives processed and is an excellent source for such detailed information and history.

Off-Gas Characteristics

The calciner is used to calcine HLLWs that are either nitric acid solutions or acidic fluoride-nitrate
solutions. When fluoride-nitrate wastes are calcined, Ca(NO3)2 is added to the liquid feed and reacts
with the fluorides to form stable, nonvolatile CaF2. Thus, the primary off-gas constituents are fluidizing
air, combustion products of kerosene, water vapor, oxides of nitrogen, and calcine fines, with small
amounts of hydrocarbons. Radionuclides in the waste that can volatilize to varying degrees, depending
on the operating conditions, are ruthenium, technetium, iodine, and cesium. Mercury, present as a
processing chemical from dissolution of aluminum fuels, is another partially volatile species.

Approximately 8 to 20% of the solids content of the calcine solids formed were entrained as fines from
the bed and through the cyclone into the off-gas treatment system (OGTS) of the WCF (Christian and
Rhodes, 1977).

Cesium volatilization is not a problem at calcination temperatures of 400°C. It may very slightly
volatilize at 500 to 600°C, but has not been characterized in the calciner. Any small amount that may
volatilize would be quantitatively removed in the scrubber. Technetium-99, while a concern because of
its long half-life (2.13 × 105 years) and its relative mobility in the environment, does not represent a
regulatory issue because of the relatively low concentrations in wastes processed in the WCF and NWCF.
Even for the more concentrated technetium in LWR wastes, NRC effluent concentration limits could be
met with virtually complete release of the technetium (Christian and Thomas, 1996). For quantities in
LWR wastes, as-low-as-reasonably-achievable (ALARA) considerations may warrant attention to tech-
netium behavior and releases.

While volatile Tc2O7 forms under oxidizing conditions, stable alkali and alkaline-earth pertechnetates
can form in high level waste (HLW). Thus, the volatility of technetium is low at calcination temperatures
and becomes significant only as the temperature increases above about 550 to 600°C. Rimshaw and co-
workers (Rimshaw et al., 1980; Rimshaw and Case, 1981) studied the volatility of technetium during the
flash evaporation of HLLW solutions in a laboratory pot calciner as a function of temperature. For wastes
from the reprocessing of aluminum fuels in nitric acid (Rimshaw and Case, 1981), the technetium
volatility was less than 1.1% from 250 to 600°C. The authors attribute the low volatilities to formation
of alkaline-earth pertechnetates. For zirconium fuel wastes containing fluoride and nitric acid with
aluminum ions, but with no Ca(NO3)2 added to hold the fluoride from evaporating as is done in the
INTEC fluidized-bed calciner, the technetium volatility at temperatures up to 350°C was similarly small,
but ranged from 9.2% at 450°C to 21% at 600°C (Rimshaw and Case, 1981). It is evident that the presence
of fluoride may result in formation of volatile technetium species. It is unknown what the effect of added
Ca(NO3)2 to the calciner feed would be. For nitric acid PUREX wastes, the volatility was 0.2 to 1.4% at
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temperatures from 250 to 600°C (Rimshaw et al., 1980), similar to that for the nitric acid aluminum
fuel wastes.

Halaszovich, Dix, and Merz (1986) report volatilization of technetium as a drum-dried waste is heated
up to 1150°C. Volatilization did not occur below 550°C.

Concentrations of 106Ru and total ruthenium in reprocessing wastes from DOE fuels (e.g., at the
INTEC) are sufficiently small that simple technologies enable removal of any volatilized material from
the off-gas stream. The concentrations of 106Ru and total ruthenium in INTEC wastes were approximately
0.6 Ci/gal (0.16 Ci/L) and 2 × 10– 4 M, respectively (Christian, 1976). In 1-year-cooled, first-cycle raffinate
HLLW from the processing of commercial LWR fuels that have been irradiated to 35,000 MWd/MTIHM*,
106Ru is present at a concentration of 1.7 × 103 Ci/gal (2.5 × 105 Ci/MTIHM) and constitutes 3.7% of
total ruthenium present. The total ruthenium concentration is 0.04 M.

Laboratory studies (Christian, 1976) have shown that during fluidized-bed calcination using in-bed
combustion heating, 20 to 62% of the ruthenium is volatilized, the higher value occurring during smooth
burning of the kerosene, as is characteristic of the full-scale WCF and NWCF. The volatile form is most
likely a nitrato or oxyfluoride species.

With in-bed combustion heating at 500°C and a ruthenium volatility from the bed of approximately
60% during calcination of zirconium wastes with fluoride and nitrate, the partial pressure of ruthenium
vapors entering the OGTS is approximately 5 × 10– 6 atm (Christian, 1976). However, as discussed in the
summary of operating experience of the WCF and NWCF, the reducing conditions in the off-gas results
in rapid reduction of the ruthenium vapor species to particulate RuO2 that is removed by the venturi
scrubber in the OGTS. In-bed combustion calcination of commercial LWR-type wastes would result in
0.002% volatilization of the ruthenium from the bed and a partial pressure of approximately 4 × 10– 8 atm.

The percent volatility of ruthenium from evaporating nitric acid solutions increases as temperature is
increased to a maximum at ca. 300°C. Above this temperature, it decreases (Igarashi et al., 1993). Similarly,
the percent volatility during fluidized-bed calcination using indirect heating can be near 100 up to 350
to 380°C, above which temperature the volatility decreases. When the temperature is increased above
about 600°C, the volatility begins to increase from the minimum as a result of the increasing formation
of RuO4(g) above RuO2 in the presence of O2.

The mechanism of the decrease of ruthenium volatility with increasing calcination temperature above
300°C is not clearly understood. It might be attributed to dissociation of the nitrosyl complex vapor
species as temperature is increased. Spectral observations on the complex species formed between
RuO4(g) and NO2(g) from 25 to 55°C show that the complex formation increases reversibly as temperature
is increased (Christian, 1976). However, at 400°C, the ruthenium species dissociated to RuO2. Another
possible mechanism might involve the formation of nitronium ions, NO2

+, as the nitric acid concentration
is increased during the flash evaporation process. Ortins de Bettencourt and Jouan  (1976) observed a
decrease in ruthenium volatility from distilling nitric acid solutions, from the maximum in the range of
8 to 12 M HNO3, at the nitric acid azeotrope concentration of 14.8 M. This may be related to the formation
of NO2

+, which Fletcher (1955) believes causes reduction of RuO4 to Ru(VI). A similar process may be
occurring during calcination, in which the nitronium ion formation rate, and subsequent reduction of
Ru(VIII), may increase relative to the evaporation rate of ruthenium with increasing temperature.

When a fluidized-bed calciner is heated internally by the burning of kerosene, the ruthenium volatility
is greatly decreased (Christian, 1976). Partially unburned hydrocarbons or CO probably reduce the
oxidation potential of the system and reduce the ruthenium volatility.

Thorough discussions of the volatilization mechanisms, behavior, and control of ruthenium, and off-
gas treatment technologies for capturing volatilized ruthenium are presented elsewhere (Christian, 1976;
IAEA, 1982; Klein, 1991; Christian, 1991; Christian and Thomas, 1996).

Analysis of the calcine and wet scrubbing system during the first processing campaign in the WCF
(Commander et al., 1966), which utilized indirect heating at 400°C, indicated that about 95% of the mercury

*MWd/MTIHM = megawatt days (thermal) per metric ton of initial heavy metal. Heavy metal refers to total
uranium and plutonium in the nuclear fuels at the beginning-of-life (i.e., before irradiation).
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in the feed remained in the product and was transferred to bin storage. Therefore, about 5% was present
in the off-gas exiting the calciner bed. The HLLW feed likely had a very low chloride concentration relative
to mercury, which was present in the feed solution at 0.01 M concentration. Data on chloride concentrations
is not currently available to confirm this, however. In later testing, when the WCF was heated by in-bed
combustion to 500°C, 96% of the mercury volatilized from the bed (Herbst, 1979). In the NWCF Campaign
H-4 in 1997, where in-bed combustion heating at 500°C was used, 84% of the feed mercury was found in
the off-gas scrub solution (Schindler, 1997). Some samples of the NWCF bed solids (calcined at 500°C)
have had mercury concentrations below detection limits (Garcia, 1997).

A model of the NWCF emissions was developed by Schindler using the Aspen Plus™  software (Schin-
dler, 1995). When the feed Cl:Hg atom ratio exceeds 2, it predicts that the mercury volatilizes from the
bed as HgCl2(g). The chloride molar concentration in the feed solution of Campaign H-4 was about
twice the mercury concentration, so that volatile mercuric chloride was formed. However, the chlo-
ride:mercury atom ratio in the off-gas scrub solution was less than 1. Application of the model indicates
that the mercuric chloride vapor partially reacted with metal oxide fines (such as CaO) in the off-gas to
form metal chlorides (that were transferred to the calcine bins via the cyclone in front of the scrubber)
and elemental mercury that dissolved in the nitric acid scrub solution.

Normally, when operating at 500°C, the chloride has increased to concentrations exceeding that in the
feed solution as the quench solution absorbs the chloride volatilized from the feed in the calciner bed.
Typically, 5000 mg/L chloride is reached in the scrub solution. During the recent 600°C Campaign,
however, it averaged 1240 mg/L (Swenson, 2000). In addition to increased reaction of vaporized chlorides
with the oxide fines, some NaNO3 may be converted to NaCl (Boardman, 2000).

Approximately 8 to 20% of the solids content of the calcine solids formed were entrained as fines from
the bed and through the cyclone into the OGTS of the WCF (Christian and Rhodes, 1977; Berreth and
Dickey, 1982). For the NWCF, improvements in design result in approximately 2% carry-over of partic-
ulate materials through the cyclone (IAEA, 1988).

Integrated Off-Gas Treatment System

Introduction
The off-gas from the fluidized-bed calciner is unique in terms of gas flow rate, solids loading, volatile
radionuclides, and mercury. Because of the importance of the integral system design and performance
for the fluidized-bed calciner off-gas treatment system (OGTS), it is described here. The description
provides information on actual performance data during operation.

System Design and Performance
The OGTS for the NWCF was designed as state-of-the-art when it was built and is described here. It is
essentially similar to that of the WCF, with some improvements, and is a combination of a wet-dry system
consisting of a series of unit operations designed for progressively smaller particles. Operational data is
presented for the similar WCF off-gas system because more information has been compiled and because
effects of indirect heating vs. in-bed combustion of kerosene can be shown. Improvements in the NWCF
individual component designs generally result in a better performance. Data during cold testing of the
NWCF and early operational data are also provided. Schindler (1978) discusses the specific design details
of the individual off-gas components of the WCF and improvements for the NWCF that resulted from
the WCF experience.

The NWCF off-gas treatment system is depicted in Figure 4.8.1. Off-gas clean-up is primarily directed
at removing particulate matter from the calciner off-gas (Freeby, 1978). During initial operation (1963
to 1970) of the WCF, volatile ruthenium was present in the calciner off-gas in sufficient quantities to
require use of silica gel adsorbers. The nominal gross feed rate is 570 L/hr, the limit being established by
particle entrainment and, in recent years, constraints on NOx release rates imposed by agreement with
the State of Idaho. The NWCF has operated, when conditions permit, at up to 900 L/hr, the limit being
the ability of the OGTS, primarily the blowers, to handle the flow. To minimize carry-over of fine particles
from the fluidized bed, the 1.5-m (5-ft) diameter bed section has a 2.1-m (7-ft) diameter expanded
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deentrainnment section above it as high as permitted by cell dimensions (3.0 m). The top of the
deentrainment section has a double venetian-blind baffle for deflecting particles. A majority of entrained
fine particulate material is removed from the 500°C off-gas by a high-efficiency cyclone fines separator
at the exit of the calciner and transported pneumatically to the product storage bins. The off-gas is then
cooled to 70 to 75°C and saturated in a spray quench tower prior to passing through a high-energy
venturi scrubber where most of the remaining particles are removed along with some of the volatilized
ruthenium. The scrub solution is typically 2 to 4 M HNO3; this dissolves the scrubbed solids. Some
condensation of water occurs in this step, generating a liquid recycle to the feed system of some 10 to
15% of the gross feed rate. The off-gas then passes through a venturi scrubber knockout drum, where
removed water aerosols are returned to the scrub hold tank for the quench tower, then a condenser, and
a mist eliminator.

The scrubber off-gas exiting the mist eliminator passes through the adsorber superheater and three
parallel silica gel ruthenium adsorber beds. The adsorbers each contain a lower and upper bed of silica
gel. The lower bed acts primarily as a prefilter to remove residual entrained particles and hydrocarbons.
The dry upper bed will remove any remaining ruthenium vapor species. The final off-gas clean-up step
consists of four parallel banks of three series HEPA filters. Two banks are online during normal processing;
one bank is online during shutdown periods. Two off-gas compressors in parallel (one online during
normal processing) maintain the entire off-gas system under a slight negative pressure; a third parallel,
auxiliary blower is used to maintain the system under negative pressure during shutdown periods.

The silica gel beds are periodically washed to reduce the pressure drop from accumulation of particles
and condensed hydrocarbons. This will also regenerate the silica gel for capacity of adsorbing ruthenium,
although it is never challenged with in-bed combustion heating of the calciner.

The NWCF process off-gas is combined with other plant gases, and is finally treated with the Atmo-
spheric Protection System (APS) HEPA filters.

The stack gases are sampled at the 27-m (90-ft) level. During routine operations in the earlier years
of NWCF operation, the sampling system consisted of a particulate filter and three gas monitoring beds
in series: charcoal, silver zeolite, and silica gel. The particulate filter was pulled daily for counting. It had
a detection limit for 106Ru of 0.63 µCi for the 24-hr sample. The gas sample adsorber beds were pulled
biweekly and had a detection limit of 0.41 µCi 106Ru, equivalent to 0.029 µCi/24 hr average. No 106Ru gas
species has ever been detected since operation of the NWCF began in 1982.

In recent years, as fuel and waste processing operations have decreased, the main stack monitoring
system and its operation have been modified. The particulate filter is pulled weekly for gamma scanning.
However, an online NaI scintillation counter will detect any instantaneous increase in gamma nuclides
collected on the filter and set off an alarm. A monthly composite is counted for americium, plutonium,
and strontium. Only a charcoal gas sampler is used for iodine. (The charcoal is only changed out for
counting when requested; there is no regulatory requirement for it.)

The NOx, normally present in the approximately 2000 scfm (3400 Nm3/hr*) process off-gas at 1.5 to
3 vol% during processing of HLLW, is diluted by a factor of 50 in the stack by plant ventilation air and
released. The concentration at the site boundary is generally two orders of magnitude below the clean
air standard of 0.05 ppm. Nevertheless, as mentioned earlier, the State of Idaho has recently imposed
limits on NOx emission rates, agreed to by the Department of Energy, that sometimes restrict the
processing rate. The above operating conditions correspond to between 97 and 194 kg NO2 equivalent/hr.
The current permitted NOx emission rate is 472 lb/hr (214 kg/hr). NWCF flowrates are held to limit the
rate to 95% of the permitted value, or 203 kg/hr. Because the remaining sodium-bearing wastes can only
be calcined now by blending in aluminum nitrate with the feed stream, the nitrate concentration will
increase. To limit the NOx emissions to 90% of the current limit, the feed rate to the NWCF will have
to be decreased to between 570 and 680 L/hr, the range depending on the ratio of Al(NO3)3-to-SBW

*Refers to cubic meters of gas per hour at normal (N) condition (i.e., standard temperature [70°F] and pressure).
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volumes required. When processing HLLW, the feed rate was typically 680 L/hr, but occasionally reached
760 L/hr.

Iodine-129 quantities in the processed fuels were sufficiently small that the site boundary doses
resulting from releases during fuel dissolution and calcination of HLLW have been on the order of 0.1
mrem/year EDE, well within the 10 mrem/year DOE INEEL limit. Thus, iodine removal technology has
not been necessary.

Schindler (1978) summarized the performance of the WCF OGTS for removal of 137Cs and 90Sr for
eight campaigns; the report discusses the basis for the design of the NWCF OGTS in light of the WCF
design and performance. Christian and Rhodes (1977) tabulated the performance of the WCF OGTS
components for ruthenium and particle removal during the first five campaigns. The results of these two
compilations are summarized in Table 4.8.2. The waste feed types are aluminum fuel dissolution first-
cycle extraction raffinate, which is a nitric acid solution, and Zircaloy fuel dissolution first-cycle extraction
raffinate, which is an acidic fluoride-nitrate solution. In the first three campaigns, the WCF was operated
at 400°C with indirect heating (by circulating hot NaK through a tube bundle in the fluidized bed). In
subsequent campaigns, the bed was heated by in-bed combustion of kerosene at 500°C, which is the
mode of operation for the NWCF.

During the first three campaigns, the WCF used a “ multiclone”  with six elements operating and ten
elements plugged. Then the multiclone was replaced with a cyclone.

In Campaign 2, the efficiency of the scrubber system for removing ruthenium and particles was greater
for the Zr-type waste than for the Al waste. The latter is representative of a commercial fuel dissolution
HLW. In later campaigns, the pressure drop across the scrubber was decreased from 13– 17.5 kPa to 5– 7.5
kPa, resulting in decreased efficiency for particle removal.

The behavior of cesium changed when the calciner was converted from NaK indirect heating at 400°C
to in-bed combustion heating at 500°C. In Campaign 1, the DFs (decontamination factors) for 137Cs and
90Sr were essentially the same, indicating that cesium and strontium were both particulate solids. In
Campaign 6 at 500°C, the DF for cesium was a factor of six smaller than that for strontium and other
particulate species. The cesium may be partially volatilized at the higher temperature and then condensed
in the quench tower to form fine particles. In-bed combustion of kerosene may have an effect.

TABLE 4.8.2 Component Decontamination Factors for the WCF

DF

Campaign 
No.

Waste 
Feed Type

Nuclide 
Removed

Calciner & 
Cyclone

Scrubber 
System

Feed thru 
Scrubber

Silica Gel 
Adsorbers

HEPA 
Filters

Overall 
(feed-to-stack)a

1 Al 90Sr 6.6 600 3900 12 160 1 × 107

137Cs 5.9 690 4100 9 280 1.3 × 107

106Ru 2.1 10.8 23 240 1 (2– 5) × 103

1 Al 90Sr 1000 10 1000– 2000 1 × 107– 5 × 108

106Ru 13 400– 2000 1 103– 105

Zr 90Sr 2750 10 3000 1.7 × 108

106Ru 100 1000 1 105

4 Zr 90Sr 2800 8.0 630 1.4 × 107

106Ru 80 12.4 850 8 × 105

5 Zr 137Cs 12 25 300 3 (wet) 1300 1.2 × 106

106Ru 1.4 30 42 3 1030 1 × 105

6 Zr 90Sr 2300 3 (est) 75 5 × 105

137Cs 400 3 (est) 75 9 × 104

8 Zr 137Cs 2– 6 (wet) 10– 30

a The overall DF is usually an independent measurement from the individual DFs and may be larger than the combined
component DFs.

Data from Christian and Rhodes, (1977); Schindler, (1978).
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The conversion to in-bed combustion heating resulted in reducing the volatile form of ruthenium to
particulate RuO2 by the time it reached the scrubbers. Thus, after the third campaign, its removal
efficiencies by the silica gel adsorbers and HEPA filters were the same as for other particulate species. In
earlier campaigns, ruthenium was in the form of a vapor species and the silica gel provided a high DF
for it while the HEPA filters provided no removal.

In the first four campaigns, separator-type HEPA filters were used and provided an average DF of
greater than 1000. During Campaign 5, the filter type was changed to a separatorless filter that provided
greater flow and solids capacities. However, they deteriorated rapidly in service from moisture, acid
fumes, and pressure stresses. When freshly installed, DFs of 42,000 were measured. However, failed filter
elements in a bank during the course of a campaign resulted in DFs decreasing to 75.

Specific conditions and details of the WCF off-gas equipment operation and performance may be
found in Schindler’s report (Schindler, 1978).

The WCF was replaced by the NWCF operations in 1982. Improvements in the design of specific off-
gas treatment components, such as the cyclone and venturi scrubber, resulted in more efficient particulate
removal. Provisions were incorporated to keep the HEPA filters dry.

Unpublished results of measurements of particle decontamination factors show a feed-to-filter DF of
1.0 × 105, based on filter leach analyses during hot operation (Donovan and O’Brien, 1984), and 0.83 ×
105, based on extensive off-gas sampling during initial cold (nonradioactive) operation of the NWCF
(Swenson, 1982). Also, cold tests of particle removal by the silica gel adsorbers showed an average DF of
13 (range 9.1 to 19; because of measurement uncertainties downstream of the adsorbers, an average DF
of 10 is claimed) (Swenson, 1982). Measurements of the off-gas particle loading just ahead of the HEPA
filters showed average and maximum values of 0.29 and 0.43 mg/Nm3, respectively (a normal cubic meter
of off-gas corresponds to feeding of 0.33 L aqueous waste to the calciner).

Additional limited performance data for the NWCF OGTS for particles during cold testing and early
hot operations were tabulated by the International Atomic Energy Agency (IAEA) (IAEA, 1988). DFs
are: calciner and cyclone, approximately 50; quench tower and venturi scrubber, approximately 200;
calciner through venturi scrubber, 104; silica gel adsorber bed, 10. The DF from feed through the adsorber
bed is 1 × 105, consistent with the unpublished results reported above for feed-to-filter DFs. If one assumes
1000 for the HEPA filter DF, the calculated feed-to-stack DF is 108.

In the first WCF fluidized-bed calciner campaign at the ICPP (400°C, indirect heating), about 95%
of the mercury feed appeared in the product transferred to storage (Commander et al., 1966). The wet
scrubbing system removed about 80% of the mercury in the calciner off-gas and the silica gel adsorbers
and HEPA filters efficiently trapped the remainder. In a later mass balance study for mercury in the WCF,
when it was operating with in-bed combustion at 500°C, 96% of the feed mercury was volatilized from
the calciner bed (Herbst, 1979). The venturi acidic scrub system removed 98% of the volatilized mercury.
The scrub solution was recycled to the calciner feed inlet. At the end of a campaign, the loaded scrub
solution was returned to the HLW tanks. Silica gel adsorber beds downstream of the scrubber collected
92.5% of the mercury entering the beds, or 1.4% of the feed mercury. These beds were periodically
regenerated by washing; the washings were recycled to evaporators or routed to the HLW tank farm and
then calcined with the HLLW. Provisions were in place for the silica gel to be changed out and the spent
material placed in the calcine storage bins; however, this was never necessary. HEPA filters beyond the
adsorbers removed 83% of the mercury reaching them, collecting 0.1% of feed mercury; 0.02% of the
feed mercury, ca. 6 g/day, was vented to the main stack.

When chloride was present in the waste of NWCF Campaign H-4, the mercury was completely
volatilized. Over a 3-month sampling period, 84% was found in the scrub solution and 0.75% was
discharged to the atmosphere. The 15% not found was likely distributed as residuals in unrinsed process
vessels and piping, sorbed on the silica gel beds, and, possibly, in the calcined solids fines (Schindler,
1997). As mentioned above, WCF studies showed that the silica gel beds adsorb most of the mercury
that exits the scrubber. Pilot plant calcining tests with mercury have shown higher mercury concentrations
on the fines samples than in the calcine bed particles (Newby, 1980). The atmospheric discharges from
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the NWCF resulted in an average stack gas mercury concentration of 15 µg/Nm3. For a stack gas flowrate
of about 100,000 scfm (170,000 Nm3/hr), this corresponds to a daily release rate of 60 g mercury.

The Cl:Hg atom ratio in the scrub solution started at 1:1 and decreased over time to 0.7:1, below the
stoichiometric ratio of the expected HgCl2. As noted in the subsection entitled on “ Off-gas Characteris-
tics,”  thermodynamic modeling led to the conclusion that about half of the HgCl2 vapor formed during
calcination of the feed reacted with metal oxides to form metal chlorides that were retained with the
calcine and removed by the cyclone (Schindler, 1997).

The stack emission rate of mercury from operation of the NWCF observed by Schindler was confirmed
by extensive sampling results reported and evaluated for environmental risk assessments (Young et al.,
2000).

The concentration of mercury in the NWCF (and WCF) off-gas probably depends more on the HgCl2

concentration in the scrub solution than on the mercury concentration in the feed. Downstream of the
scrubber, of the dissolved mercury species, only the HgCl2 would be evolved as a vapor. The partial
pressure of mercury in the NWCF off-gas corresponding to the 15 µg/m3 observed in the stack is many
orders of magnitude less than the vapor pressure of HgCl2 at the scrubber temperature. In the absence
of a Henry’s law constant for it, Raoult’s law was assumed for HgCl2 in the scrub solution. The calculated
vapor pressure is within an order of magnitude of the observed partial pressure, indicating some possi-
bility of vapor transport through the scrubber.

Another significant observation is that mercury was found on the HEPA filters in the WCF study
(Herbst, 1979). Mercury has also been observed on NWCF filters (Brewer, 1993). This indicates transport
of the nonvolatile (at near ambient temperature) HgO. The partial pressure of mercury-containing gas
(presumably as HgCl2) downstream of the scrubber is insufficient to result in desublimation of HgCl2

on the filters. Because the off-gas exiting the scrubber is warmer than the scrub solution temperature,
equilibrium is not established, and some of the oxide may simply pass through. Aerosol formation from
evaporation of some 15% of the scrub solution may carry some of the mercury, as Hg(NO3)2.

Defining Terms

ALARA: As-Low-as-Reasonably-Achievable. The principle established by the U.S. Nuclear Regulatory
Commission that a licensee “ shall establish, implement, and maintain procedures designed to
maintain doses of radiation as low as reasonably achievable, social and economic factors being
taken into account.”

ARI: Attrition Resistance Index. A measure of difficulty of wearing particles to an average smaller size.
It is determined by measuring the weight percentage of particles of a closely sized product, usually
a – 28 + 35 Tyler mesh fraction, that is unchanged in size after undergoing attrition by a jet grinder
for a specified period. The apparatus used is a 1-in. ID glass tube with a 1/64-in. diameter orifice
drilled in an air distributor plate. In the procedure, a 50-g sample is subjected to the grinding
action of an air stream from the orifice at sonic velocity for 1 hr. The weight percent of solids
remaining unchanged in size is reported as the attrition resistance index.

DF: Decontamination Factor. The ratio of entering-to-exiting concentration of the species for the unit
operation. Percent removal is 100(1– 1/DF).

Fluidized-bed calcination: Thermal process for converting HLLW and SBW into solid granules. The
acidic, high-activity aqueous waste is sprayed through an atomizing nozzle into a fluidized bed of
particles heated to 400 to 600°C. The particles are fluidized by a flow of air through a distributor
plate with holes at the bottom of the bed. The water and nitric acid are flash evaporated, and the
residual salts and oxides are deposited on the surface of the bed particles.

HEPA filter: High-Efficiency Particulate Air Filter. Tested to remove 99.97% of dioctyl phthalate (DOP)
particles of 0.3 µm diameter.

HLLW: High-Level Liquid Waste. The first-cycle extraction raffinate from processing irradiated nuclear
fuels for solvent extraction separation of uranium. It contains the radionuclides and processing
chemicals after having separated out the uranium.
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ICPP: Idaho Chemical Processing Plant; name changed to INTEC in 1998. U.S. Department of Energy
facility where spent naval nuclear fuels were received, stored, and processed for recovery of enriched
uranium from 1953 to 1992.

INEEL: Idaho National Engineering and Environmental Laboratory. U.S. Department of Energy site
where the INTEC is located.

INTEC: Idaho Nuclear Technology and Engineering Center, location of NWCF and WCF.
LWR: Light-Water Reactor. Commercial nuclear power plants used in the United States for producing

electricity.
Nitronic 50: A nitrogen-strengthened modification of austenitic Type 316 stainless steel developed by

Armco Steel Corporation. Its higher chromium and molybdenum content results in improved
corrosion resistance to aqueous fluoride solutions encountered in NWCF operation.

NWCF: New Waste Calcining Facility. Replacement fluidized-bed calciner, with 5-ft diameter bed, for
the WCF. Began operation September 1992.

OGTS: Off-Gas Treatment System. Comprised of all components for treating the flowing off-gas from
the calciner to cool it and remove radioactive particles and volatilized radioactive ruthenium prior
to discharge to a stack.

P/F: Mass ratio of calcine product particles to powdery fine particles that are entrained out of the bed
of the fluidized-bed calciner.

PUREX: Plutonium-Uranium Extraction solvent extraction process developed to separate uranium and
plutonium from dissolved irradiated nuclear fuel elements.

SBW: Sodium-Bearing Waste. The remaining high-activity liquid waste at the INTEC that must be
removed from the underground storage tanks and stabilized into a solid form. It was generated
from sodium carbonate scrubbing of the tributyl phosphate extractant used in the separations
process and from decontamination solutions.

WCF: Waste Calcining Facility. Original fluidized-bed calciner, with 4-ft diameter bed, for converting
HLLW into solid granules. Operated from December 1963 to March 1981.
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%++& 0;A
9�?�:8 → KJ�� )�B-�×�)-=
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Since then, under support from the U.S. Department of Energy (DOE), the technology has progressed
steadily from proof-of-principle testing and laboratory-scale development, through pilot- and production-
scale demonstration, and finally on to commercial deployment. In addition to the development activities
conducted at BNL, the DOE has supported several years of process testing at Rocky Flats Environmental
Technology Site (RFETS) (Faucette et al., 1994) As the need for treatment of mixed wastes emerged in the
late 1980s, application of the technology for hazardous wastes was also established. Following numerous
bench-scale processing studies, final waste form product performance testing (Fuhrmann and Kalb, 1996;
Lageraaen et al., 1995; Kalb, 1983) and studies investigating long-term durability (Kalb et al., 1991; 1993)
a full-scale demonstration was conducted in 1994 (Kalb et al., 1996). Using a production-scale extruder
capable of processing 2000 lb/hr, the demonstration successfully confirmed all aspects needed for a fully
integrated processing system, including pretreatment of aqueous wastes, precise feed metering, extrusion
processing, online quality control monitoring, and computerized process control. Figure 6.5.1 is a photo-
graph of the full-scale polyethylene encapsulation extrusion process installed at BNL. Following successful
development of the extrusion-based microencapsulation process, an alternative processing method using a
kinetic mixer was developed and demonstrated (Lageraaen et al., 1997). A pilot-scale kinetic mixing process
for polyethylene microencapsulation is shown in Figure 6.5.2. Each method has advantages for specific
waste types and properties. BNL currently holds three patents for the polyethylene microencapsulation
process, with several others pending (Kalb and Colombo, 1997; 1998; 1999). In 1997, BNL issued a com-
mercialization license to Envirocare of Utah, where polyethylene microencapsulation has been deployed to
treat DOE and commercially generated mixed wastes using both kinetic mixing and extrusion processing.
Various polyethylene microencapsulation processing options, selection of optimal polymer feedstock, pre-
treatment requirements and options, critical process parameters and formulations, and typical final waste
form performance results are discussed in this chapter section.

For waste streams that contain large particles not conducive to microencapsulation processing (e.g., pieces
of lead, large debris with a particle size >60 mm), a related technology known as polyethylene macroen-
capsulation was developed (Kalb et al., 1995). For macroencapsulation, the waste is consolidated or

FIGURE 6.5.1 Full-scale polyethylene encapsulation extrusion process.
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compacted and a clean layer of molten polymer is extruded around it to form a thick, durable, leach-resistant
barrier around the entire waste package. The U.S. Environmental Protection Agency (EPA) has established
macroencapsulation as the Best Demonstrated Available Technology (BDAT) for these types of wastes. Thus,
for these waste streams, the treatment vendor is not required to demonstrate compliance with specific
performance criteria for treated macroencapsulated waste form packages. With DOE supported technology
transfer assistance provided by BNL, Envirocare has also implemented polyethylene macroencapsulation
and has successfully treated over a million pounds of mixed waste lead and debris to date. Macroencapsu-
lation treatment techniques and applications are also discussed in detail in this chapter section.

Equipment Selection

Several types of processing techniques have been explored for polyethylene encapsulation (Patel et al.,
1995). Selection of the optimal system must consider the type, properties, and volume of waste to be

FIGURE 6.5.2 A pilot-scale kinetic mixing process for polyethylene microencapsulation.
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7
Off-Gas Control for 
Mixed Waste Thermal 
Treatment Systems
Nicholas Soelberg
Idaho National Engineering and Environmental Laboratory
Idaho Falls, Idaho

Introduction

Mixed waste treatment is often required to meet treatment objectives that include (1) destruction of
hazardous organics in the waste, (2) volume reduction, and (3) stabilization of hazardous metals and
radionuclides in less leachable and more durable final waste forms such as vitreous, ceramic, or cement-
stabilized products. Thermal treatment to destroy and ultimately oxidize hazardous organics and reduce
the mass and volume of mixed wastes, together with stabilization of the inorganic components, has been
used at many facilities worldwide (IAEA, 1989). For example, in the United States, incineration (or
treatment that is demonstrated to be equivalent to incineration) of Department of Energy (DOE)
combustible mixed wastes is generally required to meet Resource Conservation and Recovery Act (RCRA)
Land Disposal Restriction (LDR) treatment standards and requirements, Site Treatment Plan commit-
ments, and “Path To Closure” commitments. Other waste streams, such as radioactive liquid wastes
currently stored in liquid storage tanks at the Idaho National Engineering and Environmental Laboratory
(INEEL) Idaho Nuclear Engineering and Technology Center (INTEC), at the Hanford Site in Washington
state, and at the Savannah River Site in South Carolina may also require treatment to reduce waste volume,
destroy hazardous organic compounds, and separate or stabilize the radionuclides and hazardous metals
in a better waste form for final disposal.

Thermally treating mixed wastes can produce off-gas that contains pollutants, including particulate
matter (PM), radionuclides, toxic metals, organic products of incomplete combustion (PICs), polychori-
nated dibenzo-p-dioxins and polychlorinated dibenzofurans (D/Fs), and acid gases. Increasingly strict
regulatory standards and increasing public concerns are forcing operators of mixed waste treatment
facilities to control air emissions to unprecedented low levels, and to provide more assurance through
monitoring that emissions controls are effective. 40 CFR 61, National Emission Standards for Hazardous
Air Pollutants (NESHAPS): Subpart EEE, Final Standards for Hazardous Air Pollutants for Hazardous
Waste Combustors (EPA, 1999a), requires more stringent emissions control and more extensive moni-
toring for mixed waste treatment facilities. These standards are also known as the Hazardous Waste
Combustor (HWC) Maximum Achievable Control Technology (MACT) standards (or MACT Rule),
because the standards are based on MACT. Even if some mixed waste treatment facilities ultimately are
not regulated under the MACT Rule, emissions from these facilities will likely be regulated with similar
emission limits and monitoring requirements for at least some pollutants in order to obtain public
acceptance and to be considered adequately protective of human health and the environment.
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Public and regulator concern about hazardous air emissions from mixed waste treatment processes
affects the ability to permit and operate mixed waste treatment processes. Public unease or even outcry
and lawsuits against either the permitting or continued operation of treatment processes have occurred
at several mixed waste treatment facilities, including the Toxic Substances Control Act Incinerator
(TSCAI) at the East Tennessee Technology Park in Oak Ridge, Tennessee, and the privatized Advanced
Mixed Waste Treatment Facility (AMWTF) at the INEEL.

Public concern about air emissions from mixed waste treatment has resulted in part from:

• An increased awareness of potential risks of exposure to various hazards

• Distrust in the ability of off-gas control systems to control air emissions to within safe limits

• A perception that there is no limit below which emissions of hazardous air pollutants, including
radionuclides, is safe

Public concerns are often exacerbated by perceptions of incineration and off-gas control from decades
ago when there was less emissions control because hazards were less understood, monitoring and control
technologies were less advanced, and regulations were less strict.

Treatment facility operators and workers, and even regulators, often consider potential risks to be
minimal and acceptable when all applicable regulatory requirements, including risk assessments, are
satisfied. In fact, treating most mixed wastes before final disposal is regulatorily required, and not treating
mixed wastes can result in higher potential risks to the public and the environment than risks posed by
treating the wastes. However, even with regulatorily acceptable mixed waste treatment facility design,
permitting, and operation, public concerns need to be addressed and resolved by cooperation and
communication between treatment system operators, regulators, and the public.

Thermal and Non-Thermal Treatment Technologies

In response to public concerns about air emissions from waste incineration, “non-thermal” technologies
have been evaluated in recent years as possible alternatives to thermal treatment technologies such as
incineration (Biagi et al., 1997; DOE 2000; Schwinkendorf et al., 1997). Non-thermal technologies have
been classified for simplicity as those that perform hazardous organic compound destruction at tempera-
tures below 350°C. Based on this definition, many treatment technologies, including plasma arc melters
and steam reforming processes, that are alternatives to classic incineration are thermal processes, operating
at temperatures that exceed 350°C. Technologies such as electrochemical oxidation, wet oxidation, non-
equilibrium plasma oxidation, and photocatalytic oxidation can operate at temperatures below 350°C.

Demonstrations to date have shown that some non-thermal technologies, especially those that use
oxidizers other than air, can result in smaller volumes of off-gas emissions. At lower operating temper-
atures, volatilization of most hazardous metals and radionuclides can also be reduced. Non-thermal
technologies therefore can result in lower total off-gas emissions and lower emissions of hazardous metals
and radionuclides that would need to be controlled in an off-gas system. However, these technologies
also usually have applications in only certain niches of mixed waste treatment (Schwinkendorf et al.,
1997). Some non-thermal technologies are only applicable to aqueous wastes, which account for only
about 3.2% of the DOE’s mixed wastes that require treatment to destroy hazardous organic compounds.

The most recent DOE evaluation of technologies for mixed waste treatment (DOE 2000) recommended
several thermal treatment technologies as most promising. None of the currently available non-thermal
treatment technologies alone have the versatility and capability that thermal treatment has to treat a wide
variety of heterogeneous organic and organic-contaminated mixed wastes. Most non-thermal treatment
technology evaluations have recommended that DOE should (1) not depend solely on non-thermal
technologies for treating the majority of the DOE’s mixed wastes; (2) continue to improve both air
emissions control for all treatment systems, and also work to improve public acceptance of thermal
treatment technologies; and (3) develop, on a limited basis, some non-thermal technologies that may be
candidates for treating selected or unique niche waste streams.
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Emission controls and risk assessments for non-thermal treatment technologies should be at least as
protective of the public and the environment as those for incineration and other thermal treatment
technologies. Most non-thermal treatment technologies will ultimately have emission limits and perfor-
mance requirements that are similar to those for thermal treatment systems.

Because thermal treatment technologies continue to provide the best technical solutions for meeting
treatment objectives for the majority of the DOE’s mixed wastes, and because off-gas control technologies
for thermal treatment systems will generally encompass off-gas control requirements for non-thermal
treatment technologies, this section to be consistent focuses on off-gas control technologies and systems
for thermal treatment technologies. Off-gas control systems for non-thermal treatment technologies may
vary according to the design and operation of the particular treatment technology and the kinds of waste
materials that the technology is designed to treat.

State-of-the-Art Air Emissions Control Capabilities

With increasingly strict regulations and higher levels of public concern, the ability to control air emissions
from existing and new mixed waste treatment facilities can determine the fate of the facility. Air pollution
control system (APCS) configurations that previously provided adequate control might not provide the
emissions control necessary to meet stricter current or emerging emission limits without severely restrict-
ing potential pollutants or their precursors in the waste feed. Facility operators must design and use
high-performance off-gas systems capable of meeting stricter emission limits during normal and non-
normal operating conditions to better address public concerns.

Such high-performance off-gas systems are commercially available and may be the key to regulatory
and public acceptance for mixed waste treatment facilities. Their use may also allow less rigorous feed
characterization and control, resulting in lower overall treatment costs. Rigorous feed characterization
and control for most mixed wastes can be very expensive and difficult because of the physical and chemical
heterogeneity of the wastes. For example, without efficient mercury emissions control in the off-gas
system of a hypothetical mixed waste treatment system, the Hg feed limit (and therefore analytical
detection limit in the waste feed) may need to be 1 ppmw or lower to demonstrate regulatory compliance.
With 90 to 99% mercury emissions control in the off-gas system, the facility can be permitted to operate
with a more achievable and less costly analytical feed/analytical limit for Hg of 10 to 100 ppmw.

Waste treatment facility systems studies have estimated the life-cycle cost of the APCS for a mixed
waste treatment system to be 5% or less of the total estimated life-cycle cost (Feizollahi and Quapp, 1996;
Biagi et al., 1997). Estimated costs for upfront waste handling and characterization can range up to 30%
of the total costs. If, by doubling the off-gas control system costs, the upfront waste handling and
characterization costs could be halved (by making feed limits and resulting feed analytical limits less
stringent), then the total life-cycle costs may be lowered by 10%. This savings could amount to $100
million for a treatment facility that has a total life-cycle cost of $1 billion.

Contents of this Section

Many books, reports, and other references have been published over the past decade on off-gas control
for hazardous and mixed waste treatment. These are listed in the “References”  and “For Further
Information” subsections at the end of this section. The intent of this section on off-gas control is not
to repeat information provided in these other references, but to update, focus, and apply this information
and provide new information to aid in state-of-the-art off-gas control system design and operation for
mixed waste treatment.

Following this introduction, the main components of this section include:

• Design and performance objectives for off-gas control systems: identifies regulatory, operator, and
stakeholder objectives that off-gas systems for mixed waste treatment should satisfy.

• Input off-gas flowrates and compositions: provides estimated ranges for off-gas flowrates and com-
positions that an off-gas system for mixed waste treatment may be required to handle.
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• Examples of existing off-gas systems for mixed waste treatment: summarizes the off-gas systems for
several different existing or prior mixed waste treatment facilities, and provides a perspective and
comparison for existing off-gas systems for mixed waste treatment.

• APCS designs for reliable and efficient off-gas control: describes designs that meet current objectives,
because many existing and prior off-gas systems may not meet all new performance objectives,
especially for emissions control based on new regulations.

• Mercury emissions control technologies for mixed waste treatment: Under the MACT Rule, mixed
waste treatment may require more extensive mercury control than has been required in the past,
or will be required at most hazardous waste combustion facilities. For this reason, mercury control
for mixed waste thermal treatment has been specifically evaluated. Extra attention to mercury
control is given in this section compared to control of other pollutants because of this unique
need for mixed waste treatment.

• Off-gas system design, mass and energy balances, and capital cost estimates: summarizes some results
of process simulations, including design and performance information, mass and energy balances,
and installed capital cost estimates. Operating costs and life-cycle costs are not included.

Design and Performance Objectives for Off-Gas Control Systems

Off-gas systems for mixed waste treatment must be designed to reliably control off-gas emissions within
regulatory requirements, protect workers from unnecessary exposure to radiological and other safety
hazards, and provide an ample margin of safety to ensure that emissions are adequately controlled during
both normal and upset operating conditions. The most important and fundamental design objectives
are listed in Table 7.1.

Regulatory Requirements

Above all, the off-gas system must control off-gas emissions within regulatory limits. Concurrent with
increasing information on the hazards to the environment and human health presented by air pollutant
emissions, emission regulations for mixed waste thermal treatment are becoming more stringent. Reg-
ulatory compliance for mixed waste treatment is discussed in Chapter 1. Regulations that may apply
either directly or indirectly to off-gas control for mixed waste treatment in the United States include:

1. 40 CFR 61, National Emission Standards for Hazardous Air Pollutants (NESHAPS): Subpart EEE,
Final Standards for Hazardous Air Pollutants for Hazardous Waste Combustors (EPA, 1999a), also
known as the Hazardous Waste Combustor (HWC) Maximum Achievable Control Technology
(MACT) standards or MACT Rule for hazardous waste combustion. For simplicity, the terms
“MACT standards” and “MACT Rule” are used in this section, although there are also other MACT
regulations and standards for other industries and sources.

2. National Emission Standards for Hazardous Air Pollutants (40 CFR 61). Some large, mixed waste
streams contain sludges produced from industrial wastewater treatment, so 40 CFR 61.52 for
mercury emissions may apply. Because radionuclides are present in mixed waste, 40 CFR 61.92
would apply for DOE waste treatment facilities.

3. Standards for hazardous waste incineration [40 CFR 264, Subpart O (264.340–351)].
4. Standards for Boilers and Industrial Furnaces [BIF rules, 40 CFR 266 Subpart H (266.100–112)].
5. Standards from the Toxic Substances Control Act (TSCA, 40 CFR 761). Section 761 regulates the

incineration of wastes that contain PCBs in concentrations greater than or equal to 50 ppmw.
6. Human Health Risk Assessment Protocol (HHRAP) guidance (EPA, 1998a) and ecological risk

assessment protocols requirements (EPA, 1999b) for site-specific risk assessments.
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TABLE 7.1 Design/Performance Objectives for Mixed Waste Treatment Off-Gas Control Systems

Design/Performance Objective Comments

Control emissions of gaseous organics, 
radionuclides, toxic metals, 
particulate, and acid gases to meet 
expected regulatory limits

Emission limits can be derived from applicable final or proposed regulations such 
as the MACT Rule, permit requirements, new source performance standards, 
state implementation plans, requirements for prevention of significant 
environmental deterioration, and site-specific risk assessments. An 
administrative limit, generally 10 to 50% of the regulatory limit, should be used 
to provide an adequate margin below the regulatory limit to avoid frequent 
noncompliant conditions. Feasibility studies reported in Feizollahi and Quapp 
(1996) assumed an administrative limit of 10% of the assumed regulatory limits, 
and Soelberg et al. (1999) assumed a target of 50% of the regulatory limits. 
Selection of the appropriate margin within applicable standards must consider 
feed and operational variabilities of the treatment facility.

Provide ongoing, continuous emissions 
monitoring

Continuous emissions monitoring must meet regulatory requirements for 
monitoring specified pollutants and for instrument performance. Additional 
continuous monitoring may be necessary in some cases to provide added public 
and regulator confidence in the ability of the treatment and off-gas system to 
protect public health and the environment.

Ensure that a nuclear criticality 
condition will be avoided

Design and operation must avoid holdup of fissile radionuclides in amounts, 
concentrations, and geometries that could cause criticality, especially in wet 
scrubbing systems where the presence of water can increase the criticality 
potential.

Accept any likely off-gas flowrate and 
composition variations from the 
primary treatment process without 
upsets or degradation of performance 
beyond acceptable limits

This allows the treatment system to process widely varying feed materials with 
less feed characterization and sorting, turndown (feedrate reduction below the 
design level), or feed additives.

Operate reliably with minimal 
downtime and upsets

The annual availability of a mixed waste treatment system for actual operation 
has been estimated at only 50% or less (4400 hr/yr or less) in several studies 
(Eddy et al., 1995; Feizollahi and Quapp, 1996). Operating costs are the largest 
single component of a mixed waste treatment facility’s life cycle costs. Operating 
costs per unit of waste treated and time required to treat waste increase 
substantially when availability is decreased.

Comply with As Low As Reasonably 
Achievable (ALARA) objectives by 
minimizing the exposure of workers, 
the public, and the environment to 
radiological hazards

An ideal goal would be to operate remotely during normal, routine conditions, 
although some direct operator-performed maintenance should be expected 
during shutdowns or unusual conditions.

Minimize amounts of secondary 
streams and maximize ease of 
secondary stream final treatment and 
disposal

Handling and disposal of off-gas system secondary product streams (such as used 
filter media, scrubber solution, and bulk fly ash) can involve significant ALARA 
and waste form issues because of the potential for concentrated toxic metals and 
radioactive contamination in or on small particles, regardless of the treatment 
or off-gas system design. Regulatory requirements prohibit the generation of any 
waste, including off-gas system secondary wastes, for which there are no available 
final treatment and disposal options.

Minimize total treatment facility life-
cycle cost

While some higher performance off-gas systems that include more comprehensive 
monitoring may be more costly to purchase or operate, they may enable lower 
overall facility life-cycle costs if less downtime is required or if less upfront feed 
characterization, sorting, or blending is required. Costs for decomissioning and 
disposal following the working life of a facility should be estimated and included 
in total life-cycle costs.

Minimize technology implementation 
risk

This is important for any components or technologies that are not well 
demonstrated, proven, or accepted for the application in which they are specified.

Simplify equipment operation and 
maintenance by design

Achieve reliable operation with minimal downtime and minimal total facility life-
cycle cost.

Interface adequately with the treatment 
process and secondary waste form 
handling process

This is an important systems engineering design objective to ensure that the entire 
treatment facility operates as desired.
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7. DOE Orders 435.1, Radioactive Waste Management; 5400.1, General Environmental Protection
Program; and 5400.5, Radiation Protection of the Public and the Environment. These DOE Orders
regulate air emissions of radionuclides and hazardous materials from DOE facilities by specifying
compliance to the EPA’s 40 CFR Part 61 National Emission Standards for Hazardous Air Pollutants
(NESHAPs) and 40 CFR Part 264 RCRA regulations.

8. State regulations. In the United States, state regulations may also apply to off-gas emissions from
mixed waste thermal treatment facilities. Facilities must comply with the stricter of the state and
federal regulations. EER 1997 lists many of the different state regulations that may apply (EER, 1997).

Examples of emission limits that may apply to off-gas emissions from mixed waste thermal treatment
facilities are shown in Table 7.2. These emission limits are based largely on the MACT Rule for hazardous
waste combustors. Not all of these limits necessarily apply to treatment facilities not directly regulated
under the MACT Rule, and in some cases other limits may also apply in addition to MACT standards.
Even if certain regulatory limits and standards do not directly apply to a given treatment facility, the
RCRA permitting authority may apply them via the “Omnibus” provision in Section 3005(c) of RCRA,
if it is deemed appropriate and necessary to adequately protect human health and the environment.
Similarly, site-specific limits derived from risk assessment evaluations for projected and measured emis-
sions can be applied by RCRA permitting.

MACT Rule Applicability

The MACT Rule may not apply directly to facilities that use processes that do not include combustion
or pyrolysis of organic waste materials, or combustion of fossil auxiliary fuels. Some treatment processes
thermally treat inorganic wastes using indirect or electric heating. In these cases, the off-gas from such
processes consist largely of process air (on a dry basis), with negligible or unmeasureable products of
organic combustion. The MACT Rule emission standards are based on concentrations of a given pollutant
per volume of off-gas, corrected to 7% O2, in combustion off-gas. The correction is used to eliminate
any variations in concentrations for different facilities due to varying degrees of dilution of the off-gas
with added combustion or other process air, placing concentration measurements on the same basis for
comparison to the regulatory standards.

The mathematical correction to 7% O2 is based on the O2 content of the air used for combustion,
atomization, fluidization, etc, and the O2 content of the combustion off-gas*:

Correction factor = 14/(E – Y)

Where E = Average O2 content of all input air, inerting gas, air inleakage, etc.
Y = Measured O2 concentration in the off-gas on a dry basis

When only air is used in the process, without any input of other gases such as inerting N2 or pure O2,
then E = 21%, which is the level of O2 in ambient air rounded to two significant figures. Then the
correction factor equation is simplified to**:

Correction factor = 14/(21 – Y)

When there is little or no combustion of organic matter, either in the waste or in auxiliary fuels, then
the off-gas on a dry basis is primarily air or inert gas such as nitrogen, with unmeasureable amounts of
combustion or pyrolysis products. The O2 content of the off-gas on a dry basis approaches either E (in
the general case when gases other than air are used in the process) or 21% (when only air is used in the
process), and the correction factor approaches infinity:

Correction factor = 14/(21 – 21) = 14/0 = Infinity

*Federal Register, 55(82), 17918, April 27, 1990.
**40 CFR 264.343.
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This correction cannot apply when there is little or no combustion of organic matter either in the
waste or in auxiliary fuels, because the off-gas on a dry basis is primarily air or inert gas such as nitrogen,
and the correction factor approaches infinity. For example, electrically or indirectly heated calcination
of acidic, primarily inorganic liquid wastes stored at the INEEL INTEC and at the Hanford Site would
be in this category if they did not use fossil-fired auxiliary fuels for heat or fossil-fired secondary
combustion. Electric-arc melters and indirectly heated thermal desorbers that treat inorganic wastes
would also be in this category. Emission limits for such processes would need to be based on other
standards, which would need to be protective of human health and the environment. Such limits may
ultimately be as restrictive or more restrictive than the MACT standards.

TABLE 7.2 Air Emission Standards That May Apply to Mixed Waste Thermal Treatment Facilities

MACT Emission Standardb Applicable Other Standard

Pollutant or Surrogatea Existing Sources New Sources Value Ref.

D/F 0.20 ng TEQc/dscm; or 0.40 
ng/dscm and temperature at inlet 
to the PM control device ð 400°F

0.20 ng
TEQ/dscm

— —

Hg 130 µg/dscm 45 µg/dscm — —
PM 34 mg/dscm (0.015 g/dscf) — —
SVM (Cd, Pb)d 240 µg/dscm 24 µg/dscm — —
LVM (As, Be, Cr)d 97 µg/dscm — —
HCl/Cl2

e 77 ppmv 21 ppmv — —
HCf,g 10 ppmv (or 100 ppmv CO) — —
DREh 99.99% for each specific POHCi 

except 99.9999% for specific 
dioxin-listed wastes

— —

Be See LVM standard 10 g/24 hr 40 CFR 61.32
Total radionuclides — — 0.1-10

mRem/yrj

40 CFR 61.92

PCB DREk — — 99.9999% 40 CFR 761.70
Other metalsl — — Risk-based EPA (1998a; 1998b)
PICsm — — Risk-based EPA (1998a; 1998b)

a Some parameters are used as surrogates to indicate compliance with hazardous air pollutants. PM is used as a surrogate
for non-enumerated metals Sb, Co, Mn, Ni, and Se. CO and HC are used as surrogates for organic hazardous air pollutants.
DRE is used to indicate the control of organic hazardous air pollutants other than D/Fs, which are controlled by a specific
standard.

b All emission levels are corrected to 7% O2; and EPA (1999a).
c Toxicity equivalency quotient, the international method of relating the toxicity of different D/F congeners to the

toxicity of 2,3,7,8-tetrachloro dibenzo-p-dioxin (2,3,7,8-TCDD).
d Total metals regardless of speciation.
e Total HCl and Cl2 in HCl equivalents (Cl2 in ppm is multiplied times 2 to get HCl equivalents).
f Hourly rolling average. HC is reported as propane.
g Facilities that choose to comply with the CO standard by continuously monitoring CO rather than HC emissions

must also demonstrate compliance with the HC standard of 10 ppmv during the comprehensive performance test.
h DRE = destruction and removal effiency.
i POHC = principal organic hazardous constituent.
j Total radioactive emissions are limited to an effective dose equivalent received by any member of the public to exceed

10 mRem/yr. Pollutant dispersion after the emissions leave the stack, and prior to potential human exposure, is considered
in addition to the actual amounts and kinds of radionuclides emitted. Several mixed waste facilities are limited to an
effective dose equivalent as low as 0.1 mRem/yr to maintain the effective dose equivalent for the entire site, which may
contain many radioactive facilities, below 10 mRem/hr.

k PCBs = polychlorinated biphenyls.
l Other metals specified for inclusion in risk assessments in addition to those metals listed in the MACT standards [Hg,

SVM (Cd, Pb) and LVM (As, Be, Cr)] are Ag, Al, Ba, Co, Cu, Mn, Ni, Sb, Se, Tl, V, and Zn.
m PICs = products of incomplete combustion, referring to speciated organic hazardous air pollutants.
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Input Off-Gas Flowrates and Compositions

The design and performance of any APCS depend on the flowrate and properties of the off-gas to be
treated, which in turn depend on the properties and processing rate of the input waste as well as the
design and operation of the primary treatment system. Mixed wastes that are thermally treated include
primarily combustible solids and liquids, but other significant waste streams such as aqueous liquids and
largely noncombustible solids are also thermally treated. These different combustible, noncombustible,
solid, and liquid waste streams can have very different chemical compositions and thus can result in
widely varying off-gas flowrates and compositions when thermally treated. Knowledge of — or at least
an estimate of — waste feed properties and feedrates is necessary for designing and operating an APCS
for a thermal treatment system.

The APCS must also be tailored for compatibility with the primary treatment system. Several different
processes have been or can be used to treat mixed wastes to (1) destroy hazardous organic contaminants,
(2) reduce the waste volume, or (3) transform the waste into more easily disposable or recyclable waste
forms. Example waste treatment processes include incineration, melting/vitrification, calcination, lower-
temperature oxidation, gasification, and thermal desorption. Each of these treatment processes encom-
pass various unique technologies such as slagging or non-slagging rotary kiln incineration, fixed-hearth
controlled air incineration, plasma torch arc melting, graphite electrode arc melting, joule-heated (resis-
tance) vitrification, non-thermal plasma oxidation, catalytic oxidation, and supercritical oxidation. In
addition to waste feedrates and properties, treatment process conditions including operating tempera-
tures, reactor configurations, sources of heat input, and added reactants will also affect the amounts and
properties of off-gas.

Off-gas flowrates and compositions entering an APCS are rarely measured. Such measurements are
difficult because of typically high temperatures and high particulate loadings. APCS input gas measure-
ments are even more challenging in mixed waste treatment because of potential worker exposures to
radioactive fields or radioactive contamination that is normally present upstream of off-gas filtration.
Typically, there are no regulatory requirements for APCS input measurements. Values for most APCS
input gas properties are usually estimated or calculated using mass balances, input feed and fuel com-
positions, flowrates, and APCS outlet off-gas measurements.

Possible ranges of treatment system off-gas flowrates and other relevant properties upstream of the
off-gas system (“uncontrolled off-gas conditions”) are shown in Table 7.3. These are the order-of-
magnituded ranges of off-gas compositions, flowrates, and conditions that offags systems for mixed waste
treatment need to be designed to accept and treat prior to atmospheric discharge. These ranges were
calculated using measured or estimated air emission rates, adjusted for control performance of the APCS;
or calculated using mass balances, waste input feedrates and properties, and treatment system operating
conditions.

Table 7.3 also shows estimated ranges of some metals and PM emissions that can enter the off-gas
system in off-gas from mixed waste treatment systems. One of the most important off-gas system
functions is to control PM within applicable emission limits. Because many hazardous and toxic metals,
radionuclides, and trace organics are associated with PM, emission limits for these pollutants, rather
than PM emission limits, usually determine the required PM removal performance for the off-gas system.
For this reason, most off-gas systems for mixed waste treatment facilities include high-efficiency partic-
ulate-arresting (HEPA) filters for radionuclide control, although such efficient control is usually not
necessary to meet just PM emission limits.

Examples of Existing Off-Gas Systems for Mixed Waste Treatment

Many variations of off-gas control systems have been designed, installed, and used worldwide in radio-
active waste treatment processes. The IAEA (1989) summarizes radioactive and mixed waste treatment
and off-gas systems used, or at least demonstrated, up until the late 1980s in 15 different countries.
Understandably, some of these off-gas systems vary widely in design and performance according to
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TABLE 7.3 Example Off-Gas Conditions at the Inlet of the APCS for Mixed Waste Thermal Treatment Systems

Parameter Typical Range Comments

Off-gas temperature (°F) 1,700–2,200 Typical SCC outlet temperature range.
Off-gas flowrate (scfm) 1,000-10,000 Most mixed waste treatment systems are fairly small, with design waste 

feed input rates ranging from 100–3,000 lb/hr.

Off-gas composition (by volume, wet basis)a

O2 (%) 3–21 O2 levels above about 15% can occur in systems that do not include 
auxiliary fossil fuel combustion, or in systems that use O2-enriched air 
for combustion.

CO2 (%) 5–30 CO2 levels above ~15% are normally only possible with O2-enriched 
combustion.

CO (ppm) 10–100
NOx (ppm) 100–4,000b NOx is mostly NO, except in off-gas from systems that treat aqueous 

nitric acid wastes; then, NOx can be much higher, and mostly NO2.
Total HCl & Cl2 (ppm) 500–25,000b Depends on the Cl feedrate and the amounts of off-gas generated from 

combustion of organic waste material or auxiliary fuels.
Limited Cl2 measurements suggest that Cl2 levels range around 3% of 

HCl levels (Soelberg et al., 1999).
H2O (%) 10–50 The range depends on waste and fuel types, moisture contents, and O2-

enrichment.
N2 (%) Balance Air-fired systems can have N2 levels ranging between 50 and 80%; O2-

fired systems can have lower N2 levels ranging from 1 to 10%; O2-
enriched combustion systems can have N2 levels between 10 and 50%.

Particulate and metals concentrations at 7% excess O2 (dry basis)
PM (mg/dscm) 200–50,000 Estimated from feed material partitioning to the off-gas and to bottom 

ash products.
SVM [total Cd and Pb],

(µg/dscm)
200–1,300,000b Depends on Cd and Pb feedrate and treatment system conditions; the 

maximum value is based on maximum estimated SVM levels in mixed 
waste, assuming 100% of the SVM evolves to the off-gas system.

LVM [total As, Be, and
Cr], (µg/dscm)

<70,000b Depends on the As, Be, and Cr feedrates and treatment system 
conditions; up to 10% of feed As, Be, and Cr is assumed to be carried 
over to the off-gas system.

Hg (µg/dscm) 10–500,000b Depends on the Hg feedrate, assuming that all Hg partitions to the off-
gas system.

Organic concentrations at 7% excess O2 (dry basis)
Total hydrocarbons (HC)

(ppm)
<10 Most off-gas systems are not required to provide trace organics control 

in addition to organics control provided by the treatment and 
secondary combustion processes. Measured trace organic 
concentrations at the outlet of the off-gas system are often assumed to 
be representative of trace organic concentrations at the inlet of the off-
gas system, except for any changes in diluting air or moisture content. 
If carbon adsorption is included in the off-gas system, then the carbon 
may adsorb some of the trace organics, making this assumption invalid.

a These values are for typical oxidizing systems. Those that produce a reduced gas (synthesis gas) will have a different
chemical composition and flowrate.

b Such high estimated levels typically result from using relatively conservative estimates, because of limited measurements
of off-gas conditions at the inlet to an APCS. Some of the high levels can result from the use of specific waste treatment
processes. For example, high-temperature melters that may be desired for producing a good waste form may result in a
carry-over of certain hazardous metals that is higher than for typical hazardous waste, municipal waste, or hospital waste
incinerators. Such atypically high assumed or known emission levels can drive certain features of APCSs for mixed waste
thermal treatment.

From Soelberg et al., 1998, 1999.
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different performance requirements determined by wastes being processed, different local and national
regulations, funding, facility size, and engineering approaches to off-gas control. In recent years, off-gas
control systems even at a single location have evolved through retrofits or new installations as waste
material properties have changed, regulations have become universally more strict, and new or better
technologies and systems have become available.

Off-Gas Control for the Forschungzentrum Karlsruhe Alpha Waste Incinerator

The evolution of the state-of-the-art for off-gas control for mixed waste treatment is exemplified by the
operating experience of the Forschungzentrum Karlsruhe (Karlsruhe Research Center) located in Ger-
many (Dirks et al., 1992; Dirks and Muller, 1995; Dirks, 1998; Steinhaus and Dirks, 1994). For several
decades since 1972, incineration of combustible radioactive wastes has been conducted at this facility.
Three different incinerators have been used during this time to treat solid beta-contaminated waste, solid
alpha-contaminated waste, and liquid waste from many different sources, including nuclear research
laboratories, nuclear reactors, and a reprocessing plant at the Forschungzentrum Karlsruhe, and from
several universities, commercial nuclear stations, and fuel element fabrication plants.

These incineration facilities and associated off-gas systems have changed considerably as waste types
and regulatory requirements have changed. These changes have included retrofits of two-stage wet
scrubbers (1989–1990), installation of D/F control (1991), and closures of the beta- and liquid waste
incinerators in favor of extensive upgrades of the alpha waste incinerator done in 1996/1997 to comply
with the 17th Federal Emission Control Regulations (BImSchV) of November 1990. The new regulations
required a significant reduction in D/F emissions to 0.1 ng TEQ/dcsm at 11% O2 (0.14 ng TEQ/dcsm at
7% O2) and zero liquid secondary wastes by December 1996.

A schematic of the upgraded incinerator and off-gas system is shown in Figure 7.1. Retrofits
to comply with the new regulations and to increase capacity included a larger afterburner,
selective noncatalytic NOx reduction (SNCR), activated charcoal and lignite coke D/F adsorber, off-gas

FIGURE 7.1 Process schematic of the alpha waste incinerator at Forschungzentrum Karlsruhe. (From Dirks, F.,
1998, Radioactive waste incineration at the Forschungzentrum Karlsruhe, 1998 Proc. Int. Conf. Incin. and Thermal
Treatment Technol., Salt Lake City, UT, May. With permission.).
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temperature fast quench within the first scrubber step, fluidized-bed drying of the scrubber blowdown,
and partial flue gas recycle.

Off-Gas Control for U.S. DOE Mixed Waste Incinerators

As of early 2000, the U.S. Department of Energy operated three low-level mixed waste incinerators.
The DOE has been evaluating whether to continue operating any of these incinerators. Considerations
in this evaluation have included (1) amounts, locations, and types of mixed wastes that could or should
be incinerated; (2) past and expected operating costs; (3) costs and schedules for any facility
modifications needed to needed to comply with the MACT Rule; and (4) potential alternative treatment
and disposal options for wastes that would be “orphaned” should any of these incinerators be closed.
These incinerators include the:

• Consolidated Incineration Facility (CIF) at the Savannah River Site (SRS) in South Carolina

• Toxic Substances Control Act Incinerator (TSCAI) at the East Tennessee Technology Park in Oak
Ridge, Tennessee

• Waste Experimental Reduction Facility (WERF) incinerator at the Idaho National Engineering
and Environmental Laboratory (INEEL) near Idaho Falls, Idaho

In 2000, the DOE determined to close the CIF and WERF incinerators, assuming that there are other
adequate options for treating waste streams that were destined for treatment in these incinerators.

Major features for each of these DOE incinerators as of early 2000 are summarized in Table 7.4. All
three incinerators have treated hazardous and mixed low-level waste; and the CIF and WERF incinerators
have also treated low-level waste. The TSCAI was permitted to treat TSCA-regulated polychlorinated
biphenyl (PCB) mixed wastes. The WERF incinerator could accept PCB-contaminated wastes that are
not TSCA-regulated and contain less than 5 ppm PCBs. CIF and TSCAI are rotary kiln incinerators,
while WERF is a fixed-hearth, controlled air incinerator.

The off-gas system for each of these three incinerators is uniquely designed to meet the requirements
for that system. All three off-gas systems achieve highly efficient particulate matter and metals removal,
typically below applicable PM and metals emission limits, because of the need to efficiently control
radionuclide emissions. Each system employs multiple stages of PM removal. Off-gas systems for CIF
and WERF use HEPA filters for final filtration, while the TSCAI off-gas system uses five stages of
increasingly efficient PM removal.

As of 2000, these facilities were all permitted and were operated within permit requirements. An
evaluation of how these facilities could comply with the recently promulgated MACT standards was
reported in 1999 (Soelberg et al., 1999). The ability of these facilities to comply with the MACT standards
finalized in September 1999 is summarized as follows:

1. None of these facilities presently has PM or HC CEMs. When the MACT Rule establishes the
schedule for requiring PM CEMs, then PM CEMs would need to be added. If any of the facilities
determine to use HC compliance monitoring instead of the CO compliance monitoring option,
then those facilities will also need to add HC CEMs. While HC measurements have not yet been
performed at any of the facilities, prior trial burn results for all three facilities suggest that the
MACT HC standard can be met. Optional CEMs for Hg, metals, or total Cl would also need to
be installed should the DOE opt to use them instead of, or in addition to, feed control.

2. The CIF can meet all MACT emission standards, although Hg feed control could be required to
comply with the MACT Hg standard, assuming minimal or no removal efficiency for Hg in the
off-gas system. If feed control for Hg is too restrictive, then the off-gas system will need to be
modified to provide some level of Hg control that would allow a less restrictive Hg feed limit.
While D/F emission measurements have in the past exceeded levels of the new standard, more
recent D/F measurements have been within the standard. Other MACT emission standards can
be readily met based on prior operating and trial burn experience.
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TABLE 7.4 Overview of DOE Incinerators as of Year 2000a-h

Consolidated Incineration 
Facility Incinerator 

(CIF), SRS

Toxic Substance Control Act 
(TSCA) Incinerator 

(TSCAI), East Tennessee 
Technical Park

Waste Experimental Reduction 
Facility Incinerator 

(WERF), INEEL

Treatment system Rotary kiln with secondary 
combustion chamber 
(SCC)

Rotary kiln with SCC Fixed hearth, controlled air 
primary combustion chamber 
(PCC) with SCC

Designed & permitted 
feed materials

Incinerable solid and liquid 
hazardous, LLW, and mixed 
waste from SRS. Solid waste 
is box-fed. Liquids are fired 
through a burner in the 
kiln or through a burner in 
the SCC.

Incinerable solid, sludge, 
and liquid hazardous, LLW, 
mixed, and PCB wastes. 
Solid and sludge wastes are 
box-fed to the kiln, and 
liquid wastes are injected 
through burners. Bulk-
feeding of solids is not 
presently done.

Box-fed combustible LLW and 
mixed incinerable solid, sludge, 
and liquid waste from the INEEL 
and other DOE sites. Liquids are 
packaged in containers or with 
sorbent and placed in boxes. 
Liquid waste feed system was 
designed and partially installed 
in early 1990s, but is not 
operational.

Capacity (MMBtu/hr) 39.26 (permitted total) 30 max 5 (solid waste), 6.5 (total)
Waste feedrate (lb/hr) 2426 total for all waste 2500 max 400 (permit limit)
Treatment temperatures PCC: >1500°F (>820°C)

SCC: >1800°F (>980°C)
PCC: >1800°F (>1000°C)
SCC: >2200°F (1200°C)

PCC: 1600–2200°F (870–1200°C)
SCC: 1700–2200°F (930–1200°C)

SCC design residence 
time (s)

~2 >2 s-design
~4 s-actual

2

Off-gas flowrates (scfm) Stack: ~16,800 (higher due 
to added water vapor used 
in evaporative cooling and 
scrub solution atomizing 
steam)

SCC outlet: ~10,000
Stack: ~20,000 (higher due 

to added water vapor used 
in evaporative cooling)

SCC outlet: ~1800
Stack: ~6600 (higher due to added 

cooling air)

APCS
Off-gas cooling Evaporative quench to a 

saturation temperature of 
~180°F (stage 1 PM, 
radionuclide, and acid gas 
removal)

Water spray and scrub 
solution evaporation 
quench to a saturation 
temperature of ~180°F 
(stage 1 PM, radionuclide, 
and acid gas removal)

Air dilution to ~1250°F; gas/air 
heat exchanger to <625°F; air 
dilution to <395°F

PM and radionuclide 
control

Steam atomized scrubber 
removes PM and acid gases; 
cyclone separator provides 
liquid-gas separation of 
scrubbing mixture; mist 
eliminator removes 
entrained water droplets 
(Stages 2 and 3 PM, 
radionuclide, and acid gas 
removal)

Venturi scrubber removes 
PM 1 µm or greater and a 
portion of the HCl, 
followed by a demister to 
remove entrained water 
droplets (Stage 2 PM, 
radionuclide, and acid gas 
removal)

Baghouse with 27,000 dscm/hr 
(16,000 scfm) capacity; removes 
99% of the dust; preceded by 
spark arrestors (Stage 1 PM and 
radionuclide removal)

Acid gas control Cross-flow packed bed 
scrubber removes HCl, HF, 
and SO2 (Stage 3 PM, 
radionuclide, and acid gas 
removal)

None by design, although the bag-
house achieves some inherent 
dry scrubbing (19–34%). A spray 
dryer was designed and partially 
installed in the early 1990s, but 
not commissioned.

NOx control None None None
Final filtration Prefilters and HEPAs (Stages 

4 and 5 PM and 
radionuclide removal)

Two-stage ionizing wet 
scrubbers remove particu-
late less than 1 µm (Stages 
4 and 5 PM, radionuclide, 
and acid gas removal)

Single-stage prefilters and single-
stage HEPAs (Stages 2 and 3 PM, 
and radionuclide removal)
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TABLE 7.4 (Continued) Overview of DOE Incinerators as of Year 2000a-h

Consolidated Incineration 
Facility Incinerator 

(CIF), SRS

Toxic Substance Control Act 
(TSCA) Incinerator 

(TSCAI), East Tennessee 
Technical Park

Waste Experimental Reduction 
Facility Incinerator 

(WERF), INEEL

Off-gas CEM Flowrate, O2, CO, 
radioactivity, opacity

Flowrate, O2, CO, CO2, 
radioactivity and metals 
collected continuously on 
filters and in impingers, 
and analyzed offline

Flowrate, O2, CO, HCl, and 
combustible gas, radioactivity

Measured emissions or control efficiencies:
D/Fs Worst-case 1997 trial burn 

D/F levels, 0.65–4.2 
ng/dscm toxicity equiv-
alent (TEQ) dry basis @ 7% 
O2. More recent test results 
are lower at 0.043–0.253 
ng/dscm TEQ.

<0.04 ng/dscm TEQ dry 
basis @ 7% O2

Trial burn D/F levels averaged 6.2 
ng/dscm TEQ (INEEL, 1998a)

Hg 19–45 µg/dscm dry basis @ 
7% O2 (Barber, 1999)

70–100µg/dscm dry basis @ 
7% O2 (0% SRE) 
(Lockheed Martin, 1995)

Not measured

PM 0.0013–0.0030 gr/dscf dry 
basis @ 7% O2

0.0019–0.0049 gr/dscf dry 
basis @ 7% O2 
(94.5–99.986% SRE) 
(Lockheed Martin, 1995)

0.0015–0.0040 g/dscf (dry, 7% O2) 
(INEEL, 1998a)

HCl/Cl2 27–93 ppmv total HCl and 
Cl2 concentration dry basis 
@ 7% O2; HCl/Cl2 removal 
efficiency of 99.97–99.99%

0.15–0.39 ppm dry basis @ 
7% O2 (99.82–99.909% 
SRE) (Lockheed Martin, 
1995)

57–232 ppm HCl and <4 to 57 
ppm Cl2 (dry, 7% O2) (INEEL, 
1998a)

CO 5.2–17 ppm dry basis @ 7% 
O2

1.8-3.0 ppm dry basis @ 7% 
O2

0.0–5.1 ppm, dry basis @ 7% O2 
most recent trial burn results 
(INEEL, 1998a)

HC Not measured Not measured Not measured
SVM (Cd, Pb) Average removal efficiencies: 

99.98% for Cd, 99.94% for 
Pb

Average Pb removal 
efficiency was 98.5%; Cd 
removal efficiency has not 
been measured but is 
assumed to be similar to 
that of Pb

Average Cd removal efficiency was 
>99.998% (INEEL, 1998a); Pb 
removal efficiency has not been 
measured but is assumed to be 
similar to that of Cd

LVM (Cr, As, Be) Average removal efficiencies: 
99.99% for Cr, 99.94% for 
As, 99.95% for Be

Average Be removal 
efficiency was 99.68%; As 
and Cr removal efficiencies 
have not been measured 
but are assumed to be 
similar to that of Be

Average Cr removal efficiency was 
>99.996% (INEEL, 1998a); As 
and Be removal efficiencies have 
not been measured but are 
assumed to be similar to that of 
Cr

a Soelberg, N.R., Knecht, M., and Haas, B., Air Pollution Control Status and Needs for Thermal Treatment Systems,
presentation at the 1997 EPA/DOE National Technical Workgroup Annual Meeting, Newport Beach, CA., November 5–7, 1997.

b DOE, Summary of DOE Incineration Capabilities, DOE/ID-10651, July 1998, Revision 1.
c Soelberg, N. and Chambers, A., Screening Matrix of Modifications to Enable the WERF Incinerator to Meet the Proposed

MACT Rule, internal draft INEEL report, January 1998.
d Idaho National Engineering and Environmental Laboratory, WERF High Temperature Trial Burn Plan, DOE/ID-10131(-

98), May 1998.
e Knecht, M.A. and Priebe, S.J., Proposed MACT Rule for Hazardous Waste Incinerators and Potential Impacts on DOE

MLLW Incinerators, presentation at INEEL on July 16, 1997.
f Radian International, Trial Burn Report, Consolidated Incinerator Facility, Savannah River Site, July 16, 1997.
g IT Corporation, RCRA Trial Burn Report for a Dual Purpose RCRA/TSCA Incinerator at the U.S. Department of Energy’s

K-25 Facility in Oak Ridge, Tennessee, August 31, 1989.
h Stack gas concentration limits are adjusted to 7% O2.
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3. The TSCAI can meet all MACT emission standards provided that the feedrates of sludges and
solids are restricted to meet PM, SVM, and LVM standards, and provided the feedrate of Hg is
limited to meet the Hg standard. Alternatively, the TSCAI can be retrofitted to include more
efficient PM, SVM, LVM, and Hg removal. Cost estimates for such retrofits need to consider
potentially extensive modifications to the existing facility to provide space needed to install addi-
tional equipment.

4. The WERF would require off-gas system modifications to comply with the MACT D/F standard.
Modifications or very restrictive feedrate limits would also be required to comply with Hg and
HCl/Cl2 standards.

5. Other miscellaneous upgrades in areas such as feed control and characterization, continuous
process monitoring, or automatic waste feed cutoffs may also be included for MACT compliance.

Brief descriptions and discussion for each of the three DOE incinerator facilities are provided below.

Consolidated Incineration Facility (CIF)

The CIF includes a rotary kiln incinerator which is designed to treat (1) solid and sludge wastes in the
kiln, (2) liquid aqueous wastes fired through a burner in the kiln, (3) liquid blended radioactive wastes
(BRW) fired through a burner in the kiln, and (4) liquid radioactive organic waste (ROW) fired through
a separate burner into the secondary combustion chamber (SCC). The off-gas system (Figure 7.2) includes
a wet quench, hydrosonic scrubber system (including free jet and agglomeration zones, a cyclone, and a
demister), reheater, prefilters, and HEPA filters (Radian, 1997; DOE, 1998).

Off-gas leaving the SCC (at a nominal temperature range of at least 1800°F) is rapidly cooled adia-
batically by sprays of scrubber liquid in the quench vessel. The quench vessel is Halar-lined carbon steel
with acid-resistant refractory in the upper, higher temperature section. The off-gas is cooled to the
saturation temperature of the blend of off-gas and some amount of evaporated scrub solution, normally
180 to 190°F. NaOH is added as needed to the quench solution for pH control and initial acid gas
scrubbing. Particulate matter scrubbing also begins in the quench vessel, although downstream scrubbing
provides much more efficient PM removal.

The quenched off-gas enters the steam-assisted, single-stage hydrosonic scrubber. Steam is used to
atomize recirculated scrubber solution into the gas stream, induce the flow of off-gas from the quench
vessel (minimizing induced-draft fan requirements), and provide free-jet mixing of the atomized scrub
solution with the off-gas for very efficient acid gas and PM scrubbing. The three-phase mixture of off-
gas, PM, steam, and atomized scrub solution flows through a section designed to provide residence time

FIGURE 7.2 Process schematic for the CIF incinerator. (From DOE, 1998, Summary of DOE Incineration Capa-
bilities, DOE/ID-10651, Revision 1, July.)
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for agglomeration to form larger droplets of condensed steam, scrub solution, scrubbed acid gases, and
wetted PM. The agglomerated droplets are removed in the downstream cyclone separator and higher
efficiency mist eliminator.

The quenched, scrubbed, and demisted off-gas is then reheated from about 190°F to 240 or 250°F in
an electrical resistance-heated reheater, to prevent moisture condensation in the prefilters and HEPA
filters and induced-draft fans. The quenched, scrubbed, and filtered off-gas from the incinerator system
is mingled with building ventilation air in the stack for discharge to the atmosphere.

The scrubber liquid is recirculated in the scrubber system, and a portion is also discharged to the
quench system to make up for evaporation in the quench vessel. Clean makeup water is added to the
scrubber system to replace scrub solution discharged to the quench system. Thus, the “dirtiest” water is
contacted with the “dirtiest” gas, and the “cleanest” water is contacted with the “cleanest” gas. The quench
water is recirculated until total dissolved solids (TDS) levels approach 10% and total suspended solids
(TSS) levels approach 3% (both permitted limits). As these solids levels approach the permitted limits,
the spent quench water is sent to one of two blowdown tanks for subsequent stabilization for disposal,
or to the on-site Effluent Treatment Facility (ETF) for wastewater treatment. The scrubber liquid is
subject to the same permitted TDS and TSS limits, but is maintained well below these limits with makeup
water and by discharging scrubber liquid to the quench system.

The high efficiency of this off-gas system for controlling pollutant emissions is attributed to the
multiple, increasingly efficient control devices. The wet quench is a relatively inefficient control device,
but it can remove large-particle-size PM and some of the acid gases. The wet scrubber system (which
includes the hydrosonic scrubber free jet and agglomeration zones, the cyclone, and the demister)
provides highly efficient acid gas and PM removal in two stages. The prefilters and HEPA filters provide
two additional stages of PM removal. Altogether, this off-gas system provides five stages of PM removal
and three stages of acid gas removal.

Toxic Substances Control Act Incinerator (TSCAI)

The TSCAI includes a rotary kiln incinerator designed to treat solid, sludge, organic liquid, and aqueous
liquid wastes fired in the kiln. High heating value organic liquid wastes can also be fired in the SCC. The
off-gas system for controlling air emissions from this incinerator (Figure 7.3) includes a wet quench,
venturi scrubber, demister, cross-flow packed bed scrubber, and two ionizing wet scrubbers in series
(Lockheed Martin, 1995; DOE, 1998).

FIGURE 7.3 Process schematic for the TSCAI. (From DOE, 1998, Summary of DOE Incineration Capabilities,
DOE/ID-10651, Revision 1, July.)
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Off-gas exits the SCC at a nominal temperature of 2200°F, and is rapidly cooled adiabatically to around
180°F by contact with fresh water and recycled water. Excess quench water collects in the recycle tank at
the base of the quench section. While the purpose of the quench section is to rapidly cool the off-gas,
PM, radionuclide, and acid gas scrubbing is also initiated in the quench section.

The quenched off-gas enters the venturi scrubber, which provides the next scrubbing stage. The venturi
scrubber is automatically controlled using an adjustable throat to provide a pressure drop of typically 9
to 12 in. water. Scrubber solution is injected into the gas stream just upstream of the throat, where the
energy of the pressure drop provides efficient contacting of the scrubber solution with the off-gas. A
demister downstream of the venturi scrubber separates the liquid droplets from the gas stream. The
separated liquid is drained to the quench recycle tank.

Additional scrubbing is provided in the next three stages, which consist of a packed bed scrubber and
two ionizing wet scrubbers (IWSs) in series. The primary function of the packed bed scrubber is acid
gas removal, although it is also capable of removing some particulate. The IWSs remove submicron PM
from the off-gas, and are also capable of removing some residual acid gases. The TSCAI off-gas system
has four stages of PM and acid gas removal.

Waste Experimental Reduction Facility (WERF)

The WERF incinerator is a fixed hearth, controlled air incinerator, designed to treat solid, sludge, or
liquid wastes that are packaged into solid waste boxes. The off-gas system (Figure 7.4) consists of a gas-
to-air heat exchanger, controlled introduction of dilution air for further cooling, and a baghouse followed
by HEPA filters (DOE, 1998). This off-gas system is a completely dry system. There is no wet quenching
or wet scrubbing in this system, so that there are no wet aqueous secondary effluents.

Off-gas leaving the SCC (at a temperature of around 1800°F) is immediately cooled to around 1250°F
by dilution with cool ambient air. The diluted, cooled off-gas passes through the tube side of a shell and
tube heat exchanger, where the off-gas is cooled to around 625°F. The off-gas exiting the heat exchanger
is further cooled to less than 395°F using additional air dilution. The cooled and diluted off-gas then
enters the baghouse, followed by the prefilters and HEPA filters. This off-gas system has three stages of
PM filtration, which also removes solid-phase metals and radionuclides. By design, the WERF off-gas
system does not include acid gas control equipment, although tests have shown limited HCl scrubbing
in the baghouse.

FIGURE 7.4 Process schematic for the WERF incinerator off-gas system. (From DOE, 1998, Summary of DOE
Incineration Capabilities, DOE/ID-10651, Revision 1, July.)
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APCS Designs for Complying with New Regulations

Off-gas systems installed in the United States prior to 1996, such as those described in Chapter 7.4 for
the DOE mixed waste incinerators, do not generally have all of the capabilities needed to provide
compliance with the recently promulgated MACT Rule. In order to comply with the MACT standards
or similarly restrictive regulations these facilities would need to either employ some feed restrictions
(especially for Hg) or upgrade the off-gas system.

Incinerator off-gas systems designed or upgraded after 1996, when the EPA proposed the MACT
standards for hazardous waste incineration (EPA, 1996), generally do have features needed to meet current
performance requirements such as those described in a previous subsection (“Design and Performance
Objectives for Off-Gas Control Systems”) including compliance with the MACT standards. Various
designs for reliable and efficient off-gas systems are described in Table 7.5. This table does not include
all known existing or planned off-gas systems.

Dry, Dry-Wet, and Wet-Dry APC Systems

Off-gas systems included in Table 7.5 reflect the three general approaches for high-performance off-gas
systems for mixed waste treatment:

1. Dry systems (partial cooling, dry particulate filtration, and dry acid gas scrubbing)
2. Dry-wet systems (partial cooling, dry particulate filtration, and then wet acid gas scrubbing)
3. Wet-dry systems (total quench and wet scrubbing for both particulate and acid gases, followed by

dry final particulate filtration)

These high-performance off-gas systems were conceptually designed to better tolerate system upsets
and to meet pollutant emission limits through the use of various combinations of traditional and
innovative designs. Entirely wet systems (total quench and wet scrubbing for both particulate and acid
gases) were excluded from the above categories. Although entirely wet systems are commonly used in
many thermal processes, including hazardous waste incineration and some mixed waste incineration
systems such as the TSCAI facility, they are not generally as efficient for radionuclide, PM, and metals
removal as systems that include dry HEPA filtration. HEPA filtration is a standard for most radioactive
and mixed waste handling and treatment processes, and also for ventilation systems for facilities that
contain such processes.

Dry Off-Gas Systems

One example of a dry system was proposed for upgrading the WERF incinerator (INEEL, 1998b; Figure
7.5) to meet MACT standards. A primary objective of this design was to avoid any liquid secondary waste
streams, and also takes advantage of operating experience with the existing dry baghouse at this facility.
In this proposed design, off-gas that exits the SCC at a temperature of around 1,800°F is cooled to a
temperature of around 300°F using automatically controlled evaporative cooling. The evaporative cooler
uses air-atomized water sprayed directly into the off-gas stream. The operation of the evaporative cooler
must be carefully monitored and controlled to avoid high-temperature upsets that could thermally
damage the downstream baghouse, and also avoid low-temperature upsets that could allow incompletely
evaporated water to wet and foul the downstream sorbent injection section and blind the baghouse bags.
Multistage PM filtration is performed in the baghouse, the prefilters, and HEPA filters.

Acid gas scrubbing is accomplished by dry adsorption of acid gases onto hydrated lime sorbent that
is injected upstream of the baghouse and collected in the baghouse. This dry scrubbing technique is
common, commercially available, and demonstrated in operating facilities for many thermal processes
including hazardous waste incineration. The dry secondary waste collected from the baghouse can contain
largely spent and unspent hydrated lime, including all of the scrubbed adsorbed chlorides. With the
added dry scrubbing sorbent, the mass flowrate of this secondary waste could be several times higher
than for systems that do not use dry scrubbing. Hydrated lime and Cl in the secondary waste will affect
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how this secondary waste is handled and stabilized. While the hydrated lime could improve the perfor-
mance of hydraulic cement-based final waste forms, the presence of Cl could impair the performance of
many waste forms, including hydraulic cements.

As of 2000, the DOE has determined to close the WERF incinerator rather than modify the system
for MACT compliance that would be required to continue operating this incinerator.

Dry-Wet Off-Gas Systems

Examples of dry-wet systems include the off-gas system for the Forschungzentrum Karlsruhe Alpha Waste
Incinerator (see subsection entitled “Examples of Existing Off-Gas Systems for Mixed Waste Treatment”),
the off-gas system for the U.S. Bureau of Mines (USBM) arc melter demonstration facility (Soelberg,
1996), an off-gas system design initially planned for the proposed AMWTF incinerator (Guay et al.,
1998), and one of the system upgrades proposed for the WERF incinerator (INEEL, 1998b). In a dry-
wet system, particulate (including most of the toxic metals and radionuclides) is removed from the off-
gas to form a dry secondary stream that can be recycled to the primary treatment device or immobilized
for final disposal. Acid gases are removed by wet scrubbing following the particulate removal. The dry-
wet system can use lower temperature baghouses or high-temperature filters for the initial particulate
control, followed by wet acid gas scrubbing. Some designs include reheating and final dry filtration
downstream of the wet scrubber, and hence can also be correctly called dry-wet-dry systems.

The general features of dry-wet systems are typified by the USBM arc melter off-gas system (Figure
7.6). Installed in 1995, the performance of this system has been demonstrated in several large pilot-scale
tests. In this system, off-gas from the SCC is rapidly cooled using evaporative water spray cooling to
around 260°C (500°F), followed by additional dilution air cooling to around 150°C (300°F). This com-
bination of evaporative and dilution air cooling achieves the multiple objectives of (1) rapid cooling to
a temperature below the 200–400°C temperature range in which de novo D/F formation is known to
occur most rapidly; (2) careful control of high- or low-temperature upsets that could cause thermal
damage or wetting, blinding, and corrosion in the baghouse; and (3) limiting the increase in total off-
gas flowrate that would occur if only air dilution cooling was used. In this configuration, the added
cooling air increased the total off-gas flowrate by about a factor of 2, compared to an eightfold increase
if only air dilution cooling was used. Five stages of particulate removal are performed in (1) the cyclone

FIGURE 7.5 Proposed off-gas system upgrade design for the WERF incinerator.
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just upstream of the baghouse, (2) the baghouse, (3) and (4) two packed-bed scrubbers in series, and
(5) final HEPA filters.

The primary function of the packed bed scrubbers is acid gas control. NaOH is automatically added
to maintain the pH of the recycled scrub solution around 8. A portion of the scrub solution is discharged
to control the level of dissolved salts in the scrub solution. Because particulate filtration is performed
upstream of the scrubbers, the scrub solution stays relatively free of dissolved and undissolved solids.
The packed bed scrubbers serve as redundant PM scrubbers and provide some protection for the
downstream carbon and HEPA filters in the event of a baghouse failure that would allow appreciable
amounts of particulate to pass through the baghouse.

Other features of this off-gas system include a cooler and condenser downstream of the packed bed
scrubbers to lower the off-gas temperature to as low as 90°F (and condense water for reuse), and a reheater
to raise the temperature of the off-gas above its dewpoint to prevent moisture condensation in the
downstream carbon and HEPA filters. The carbon filters were installed to adsorb trace-level gaseous
contaminants that are not collected in the HEPA filters.

Wet-Dry Off-Gas Systems

Wet-dry systems are typified by the existing off-gas system for the CIF incinerator (Section 7.4) and the
off-gas system for the Mountain States Energy Technology Applications (MSE-TA) Plasma Arc Centrif-
ugal Treatment furnace test facility (Whitworth et al., 1999). In wet-dry systems, the off-gas is rapidly
cooled and all contaminants, including PM, radionuclides, toxic metals, and acid gases, are wet scrubbed
and produce a single secondary aqueous mixed waste with some suspended and dissolved matter. After
wet scrubbing, the off-gas is reheated (to prevent moisture condensation in downstream control equip-
ment) and dry-filtered (to remove trace-level particulate and other contaminants).

Comparisons of Different Wet and Dry Systems

Each of the three general types of off-gas systems has several distinct advantages and disadvantages
because of the differences in how each type addresses particulate and acid gas control. These advantages
and disadvantages are summarized in Table 7.6. Trade-offs must be considered by system designers and
operators when selecting the off-gas system that best suits their off-gas treatment requirements, operating
experience, maintenance and ALARA issues, funding for capital and operating expenses, existing facility
configurations, and secondary waste requirements and restrictions.

High-Performance Off-Gas System Functional Operations

Functional operations needed for off-gas control for most mixed waste treatment systems are shown in
Figure 7.7. Particulate control, acid gas control, Hg and trace organics removal, HEPA filtration, and in

FIGURE 7.6 Schematic of the USBM arc melter demonstration facility off-gas system.
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TABLE 7.6 Comparison of Dry-Wet and Wet-Dry APC Systems

Off-Gas 
System Advantages Disadvantages

Dry No aqueous wet effluent, and no wet scrubber 
criticality problems.

Potential for dispersible fines in the baghouse catch and 
potential worker exposure and contamination control 
issues during baghouse/filter maintenance.

Lime-based sorbents used for acid gas control 
may improve hydraulic cement-based 
techniques for stabilizing the dry particulate 
secondary waste.

The presence of scrubbed acid gases in the dry 
particulate secondary waste can impair the 
effectiveness of downstream stabilizing techniques 
such as hydraulic cements.

Moisture, corrosion, or thermal damage in the 
baghouse/filter can be very severe and costly problems 
that must be strictly avoided by using accurate and 
responsive process monitoring and control in the 
partial quench step upstream of the baghouse/filter.

Recycling some of the dry particulate can 
significantly reduce the volume of this waste.

The typical baghouse temperature of ~300–400°F is not 
cool enough to prevent some D/F formation in the 
particulate filter according to some recent studies 
(Soelberg et al., 1996). However, this potential is 
minimized by using high temperature filtration. Also, 
if carbon adsorption is used for Hg control, the carbon 
should remove D/F formed.

The off-gas system can be more simple, with 
fewer steps, less or no off-gas reheating, and less 
auxiliary equiment such as scrub solution 
pumps, tanks, and piping.

Dry or semi-dry sorbent injection can significantly 
increase the amount of dry particulate secondary 
wastes.

Bags or filters require occasional replacement at 
considerable expense, resulting in additional 
secondary waste generation, and potential for worker 
exposure or environmental release of hazardous or 
radioactive contamination.

Dry-wet Separate dry particulate (radionuclide/hazardous 
metal) and aqueous salt solutions can simplify 
secondary handling and treatment for each of 
these streams. The dry particulate can be 
recycled to another thermal process or solidified 
in cement technologies such as polyethylene or 
sulfur polymer cement that do not allow water. 
The aqueous salt streams with essentially no 
radionuclides or solids can be treated or 
disposed of more easily without the 
radionuclides or toxic metals.

Potential for dispersible fines in the baghouse catch and 
potential worker exposure and contamination control 
issues during baghouse/filter maintenance.

Moisture, corrosion, or thermal damage in the 
baghouse/filter can be costly problems that must be 
strictly avoided by using accurate and responsive 
process monitoring and control in the partial quench 
step upstream of the baghouse/filter.

Wet scrubber criticality is not a concern because, 
essentially, all fissile radionuclides are removed 
in the baghouse.

Volume reduction of the separate dry and 
aqueous secondary wastes is easier. Recycling 
dry particulate can significantly reduce the 
volume of this waste. Evaporation of the 
scrubber effluent (made more easy by removal 
of most radionuclides and most particulate) can 
significantly reduce the volume of this waste.

The typical baghouse temperature of ~300–400°F is not 
cool enough to prevent some D/F formation in the 
particulate filter according to some recent studies 
(Soelberg et al., 1996). However, this potential is 
minimized by using high-temperature filtration. Also, 
if carbon adsorption is used for Hg control, the carbon 
should remove D/F formed.

There is still barrier filtration in the event of a 
power failure.
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some cases NOx removal, are needed to comply with the emission regulations listed in Section 7.2. Some
conditioning steps are often required to prepare the off-gas for the gas cleaning steps, enable the gas
cleaning steps to operate effectively, and prevent damage to gas cleaning and other downstream equip-
ment. Conditioning steps include initial off-gas cooling of hot SCC outlet gas, secondary gas cooling
downstream of dry particulate removal in dry-wet systems, and off-gas reheating to temperatures above
the dewpoint for final dry HEPA filtration or to reaction temperatures for such processes as NOx control.
The sequence and operating conditions for these various functional operations can vary depending on
off-gas system design. Continuous emission monitoring of the off-gas that exits the off-gas system is
required to show that emission limits are being met and to indicate when significant changes occur.

TABLE 7.6 (Continued) Comparison of Dry-Wet and Wet-Dry APC Systems

Off-Gas 
System Advantages Disadvantages

Wet-dry Simpler gas cleaning by rapidly cooling the gas 
to the dewpoint (or lower, condensing some 
water out of the off-gas), and combining acid 
gas and particulate removal functions.

Produces an aqueous mixed waste scrubber secondary 
stream that could contain fissile radionuclides, toxic 
metals, and halogen salts, producing more treatment 
challenges prior to disposal. This lessens the potential 
for recycling this waste stream to the primary 
treatment unit or evaporation to reduce secondary 
waste volume.

No dispersible fines are produced, unless 
treatment of the scrubber effluent requires 
precipitation, filtration, or drying.

The performance of the free-jet scrubber strongly 
depends on constant off-gas flowrate, composition, 
temperature, and differential pressure, which may be 
difficult to control for different heterogeneous waste 
input streams.

Minimizes D/F formation by rapidly quenching 
the off-gas to under 200°F.

Marginally better Hg control upstream of the 
carbon adsorbers because of the initial quench 
to a lower gas temperature.

Increased potential for problems related to dissolved or 
suspended particulate in the scrub solution: nozzle 
erosion/plugging, sludge deposition, nuclear 
criticality, and residual submicron particulate in the 
gas remaining from evaporation of scrub solution 
droplets.

Stoichiometric caustic agent required for acid gas 
removal.

A power failure or other upset that affects the scrubber 
spray can significantly reduce particulate removal 
capability.

FIGURE 7.7 Functional operations that are required in most mixed waste off-gas systems.
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Initial Off-Gas Cooling

The high temperature of the off-gas exiting the SCC (usually at least 1800°F) must be reduced to prevent
thermal damage of the downstream equipment needed to control PM, metals, radionuclides, and acid
gases. Design objectives for off-gas cooling include:

• Sufficient control over the quench process to enable rapid response to temperature, flowrate, and
composition variations of the off-gas.

• Quench as rapidly as possible to reduce residence time in the temperature range in which D/F
may be formed if D/F precursors are present. D/F precursors, if present in sufficient amounts, can
cause unacceptable D/F emissions if allowed sufficient time to form in the temperature window
of approximately 200 to 400°C, especially in the presence of significant catalyzing surface area
provided by PM deposition in such equipment as heat exchangers, or simply in the PM entrained
in the off-gas.

• Minimize the potential for solid or liquid deposits that may impair off-gas cooling or cause flow
restrictions.

• Limit amounts of added cooling water or air that ultimately add to the total off-gas flowrate
through the remainder of the system.

Heat recovery, although normally a good practice to increase energy efficiency and reduce operating
costs for thermal processes including incinerators, is a very low priority for mixed waste treatment. Energy
cost benefits and energy efficiencies generally do not justify the added capital costs and potential for
maintenance costs, downtime, and worker exposure. Energy costs are generally one of the smallest factors
in mixed waste treatment facility operating and life-cycle costs (Feizollahi and Quapp, 1996).

Using gas/air heat exchangers or heat recovery boilers to perform off-gas cooling is not recommended
because they add to the potential for process upsets from fouling or corrosion of heat transfer surfaces.
Heat exchangers can add capital costs to upfront facility costs. Maintenance that can be performed quickly
and inexpensively in nonradioactive processes takes longer, costs more, and has added potential for worker
exposures to hazards in radioactive processes. Perhaps most important, heat exchangers can increase de
novo D/F formation by increasing off-gas residence times and catalytic surfaces in the D/F-forming tem-
perature window.

Depending on the downstream operations, the off-gas can be cooled to a temperature well above its
dewpoint (around 300°F for particulate control in a baghouse), at its dewpoint (typically resulting in a
saturated gas temperature of around 170 to 180°F), or below its initial dewpoint. The recommended
choice for off-gas cooling is direct contact with water or scrubber solution spray in a spray evaporation
chamber. Dilution with cool air, steam, or recycled off-gas has been used, but dilution cooling can increase
the mass flowrate of the off-gas mixture by up to 10 times, depending on the initial and final air and gas
temperatures. The larger total diluted off-gas flowrate would increase the size and performance require-
ments of downstream off-gas system equipment. Dilution cooling is best used when the off-gas temper-
ature only needs moderate cooling of 100 to 200°F, when the mass increase in the off-gas flowrate is
perhaps a factor of 2 or less (Soelberg et al., 1996; IET, 2000).

Cooling the off-gas with a water or scrubber solution spray to a temperature below the initial dewpoint
(“subcooling” below the initial off-gas dewpoint) is sometimes desired to (1) reduce corrosion, (2)
agglomerate condensed particles for more efficient removal, (3) further minimize D/F formation, (4)
improve control efficiencies for hazardous air pollutants, (5) reduce the off-gas volumetric flowrate, (6)
reduce moisture condensation in downstream HEPA filter housings and ducting, or (7) condense water
vapor that may contain tritium out of the gas stream. Off-gas can be subcooled using additional cool
water (and discharging the added heated water), or by a secondary cooling system that cools the quench
or scrubber solution. However, energy costs for removing heat of condensation as the off-gas is subcooled,
and the potentially increased discharge rates of condensate and scrubber solution, must be compared to
benefits achieved by subcooling the gas.
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Particulate, Toxic Metals, and Radionuclide Control

Particulate, toxic metals, and radionuclide control are grouped together because most toxic metals and
radionuclides exist primarily in condensed aerosol forms at typical cooled off-gas temperatures between
120 and 300°F, and can be removed with efficient particulate control equipment. This temperature range
is low enough that even relatively volatile Cs, Co, K, and Zn species are mostly condensed into particulate
form. Species of these elements can be concentrated in smaller, sub-micron sized particulate, and control
of submicron particulate can be more challenging for the off-gas system. Other challenges include Hg
and the radionuclides 14C, 3H, and 129I, which can exist appreciably or entirely as gaseous species at
practical off-gas temperatures.

Various radionuclides and their relative volatilities include:

These volatility relationships are qualitative because the actual volatility of any element will vary
depending on the speciation of that element between its pure form and compounds such as oxides and
chlorides. Metal chlorides are typically more volatile than the elemental or metal oxide species. The
speciation of many of these radionuclides can depend on time and temperature history of these elements
in the treatment system and the availability of other reactants. Final designs for off-gas systems should
be based on waste analyses, modeling, and experimental data to determine metal and radionuclide
concentrations and speciation in the off-gas so that the off-gas system can be designed to adequately
control such species.

Design objectives for particulate, toxic metals, and radionuclide control include:

1. Meeting expected emission limits by efficiently controlling both gas-phase and condensed or solid-
phase metals and radionuclides that may exist in the off-gas. While most metals and radionuclides
exist in condensed forms at practical off-gas system temperatures, some may be concentrated in
submicron particulate. This submicron PM can form as material volatilized at high temperatures
during thermal homogeneously condenses into aerosols at lower off-gas system temperatures.
Particulate matter control efficiencies of at least 99.9% are typically required to meet emission
limits for particulate and particle-phase metals and radionuclides.

2. Minimizing the amounts of secondary streams that are radioactive or mixed wastes and require
further treatment or disposal.

3. Minimizing amounts of dispersible (dusty) secondary streams that can present worker exposure
and contamination control challenges.

4. Enabling easier and less costly handling and final treatment/disposal of the secondary streams,
including avoiding liquid mixed waste streams and maximizing recycle.

Only high-efficiency particulate control technologies should normally be considered. Figure 7.8
compares generally expected particulate control efficiencies for various control devices. Low-efficiency
devices such as stand-alone settling chambers and packed beds have little place in off-gas control

Isotope Volatility Comments

241Am Nonvolatile Transuranic element
238Pu through 241Pu Nonvolatile Transuranic element
232U through 238U Nonvolatile Transuranic element
137Ba Low volatile
60Co Low volatile
90Sr Low volatile
137Cs Semivolatile
90Y Semivolatile
65Zn Semivolatile
14C Volatile as CO2
3H Volatile as H2O
129I Volatile as HI, I2
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systems for mixed waste treatment. While they can be relatively inexpensive to purchase and operate,
they still require space that can be very expensive in mixed waste treatment facilities. Costs for buildings
that house mixed waste treatment facilities can range into thousands of dollars per square foot.

Along with building costs, other cost factors for mixed waste facilities, such as costs for design,
associated equipment, inspection, project management, and construction management, can escalate
installed facility capital costs 6 to 20 times higher than the actual cost of the control device from the
vendor. In addition, at the time of treatment facility decommissioning and dismantlement, treatment
facility equipment will need to be handled as radioactive or mixed waste. Worker risk of hazardous and
radioactive exposures, and costs for decontaminating or otherwise handling and disposing of contami-
nated process equipment can be high. The limited performance of relatively low-efficiency control devices
is not likely to be worth the capital and decommissioning costs when high particulate control efficiency
is ultimately required.

The foremost dry technologies for use when the off-gas temperature is higher than the moisture
saturation temperature include pulse-jet baghouses that can operate at off-gas temperatures up to around
500°F, and higher temperature ceramic and sintered metal filters that can operate up to around 1,700°F.
Baghouses can require heat tracing and thermal insulation to prevent moisture condensation, and special
containment mechanisms to maintain radioactive contamination control during normal operation, upset
conditions, and maintenance.

Higher temperature filters have been and are being tested for DOE use (Christian et al., 1978; EER,
1992; MSE-TA, 1995), and have been used in Germany, Austria, and Japan for low-level waste incineration
using the Karlsruhe-type shaft incinerator (IAEA, 1989; and Dirks, 1998). High-temperature filters were
included in an early off-gas system design for the proposed AMWTF incinerator (Guay et al., 1998).
High temperature filters provide advantages of PM filtration before significant off-gas cooling. Removing
PM prior to off-gas cooling can make heat recovery in heat exchangers more feasible by reducing the
potential for heat exchanger fouling, and by reducing the potential for de novo D/F formation catalyzed
by PM as the off-gas cools through the de novo D/F formation temperature window. High-temperature
filtration can also improve overall combustion of organics and soot by holding solid-phase organics and
soot on the filter media, thus providing longer residence times for heterogeneous reactions.

FIGURE 7.8 Relative efficiencies of different particulate control devices. (From EER (Energy and Environmental
Research Corporation), 1992, APC and Monitoring Technologies for Rocky Flats Fluidized Bed Unit, State of the Art
Assessment, EPA Contract 68-CO-0094.)
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Wet scrubber particulate removal efficiency depends primarily on the energy input to atomize and
mix the scrubber solution with the off-gas. High energy scrubbers are used to provide better atomization
of scrubber droplets and better droplet mixing with the off-gas so that the droplets can more efficiently
contact, wet, and agglomerate particulate matter for removal. One example of a high-energy scrubber is
a free-jet scrubber. Free-jet scrubbers provide this energy input through the supersonic steam or com-
pressed air-assisted nozzle that atomizes and injects scrubber solution into the off-gas. Free-jet scrubbers
are available in various designs for specific performance objectives. This technology has been specified,
tested, or implemented in several DOE waste treatment testing and operating facilities, including the
Mountain States Energy Technology Applications (MSE-TA) Plasma Arc Centrifugal Treatment furnace
test facility (MSE-TA, 1994; 1995), the Savannah River Site (SRS) Consolidated Incineration Facility
(CIF), and the Defense Waste Processing Facility (DWPF).

A key, although typically passive, component of wet scrubbers is the mist elimination equipment
downstream of the high-energy scrub solution atomizing and contacting section. The free-jet scrubber
incorporates dual zones of mixing/wetting and agglomeration downstream of the ejector nozzle, followed
by various options or combinations of devices to separate the scrubber solution droplets from the off-
gas. Mist eliminator devices include cyclones, chevrons, packed beds, screens, or mesh pads.

Other potential high-efficiency wet scrubbing technologies include high-energy venturi scrubbers and
electric charge-assisted wet scrubbers such as wet electrostatic precipitators and ionizing wet scrubbers.
Venturi scrubbers require a relatively high pressure drop, sometimes exceeding 60 in. water, for the high
efficiencies needed for particulate control in mixed waste treatment.

Acid Gas Control

For this discussion, acid gases include hydrogen halides (HCl, HI, HF, and HBr) and other compounds
such as Cl2, F2, and SO2 that are often regulated as hazardous air pollutants. Acid gases are produced
when waste materials that contain sulfur or halides are thermally treated. Most sulfur and organic-bound
halides evolve to the off-gas system of a thermal treatment process. Design objectives for acid gas control
devices include:

• Providing the necessary control efficiency (typically >99%) to meet applicable emission limits
based on known or assumed input feedrates

• Operating with acceptably low corrosion, maintenance requirements, and downtime

• Minimizing the amounts of off-gas secondary streams that are radioactive

• Optimizing the treatability of the secondary streams, including avoiding liquid mixed waste
streams

• Having minimal impact on system backpressure and flowrates

Acid gas removal technologies include wet scrubbing, semi-dry scrubbing, and dry scrubbing. Wet
acid gas scrubbers include the various types of wet scrubbers used for particulate control, and also
scrubbers such as packed-bed scrubbers that are commonly used less as stand-alone particulate removal
devices. Most acid gases are highly soluble in caustic or pH-adjusted aqueous solutions. Some devices
that have relatively low particulate removal efficiency, such as packed-bed scrubbers and low-efficiency
venturis, can still have high enough HCl removal efficiencies to satisfy regulatory emission limits. If dry
particulate filtration is used for particulate control upstream of acid gas control, then various
available acid gas removal options can include wet scrubber options that need not have high particulate
removal capability.

If the off-gas system is designed to include wet particulate removal along with acid gas removal, then
high-energy scrubbers that can remove particulate matter can also be operated to remove acid gases in
the same steps. Free-jet scrubber systems are very efficient for both particulate and acid gases. Other wet
scrubbing technologies such as wet electrostatic precipitators may require combinations in series with a
unit such as a packed-bed scrubber to provide adequate overall acid gas and particulate control.
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For most wet scrubbers, the off-gas is cooled to or below the saturation temperature just prior to the
scrubber inlet. This enables the scrubber system to be constructed of corrosion-resistant materials such
as fiber-reinforced plastics that cannot tolerate temperatures above around 200°F.

Dry-wet systems that have separate particulate and acid gas removal steps can effectively separate dry
particulate and wet secondary streams. This can be attractive in some secondary waste disposal scenarios.
Assuming that the initial filtration can efficiently remove particulate and radionuclides, concentrations
of these contaminants in the scrubber discharge may be below regulatory limits.

Particulate removal and acid gas scrubbing are both performed in semi-dry (spray-dry) or dry scrub-
bing systems. Semi-dry scrubber designs use a wet slurry of sorbent media, such as slurried lime, injected
in the off-gas cooling step. As the slurry water evaporates to provide the needed off-gas cooling, the
solid-phase sorbent absorbs the acid gases. Sorbent particles are collected in a downstream filtering device
such as a baghouse. Additional acid gas scrubbing is commonly achieved in the baghouse as the off-gas
passes through the filter cake that contains still unspent sorbent. In some cases, most of the acid gas
control is in fact achieved in the baghouse, rather than between the sorbent injection point and the
baghouse.

Semi-dry scrubbers are typically not as efficient as well-designed and -operated wet scrubbers. The
use of semi-dry scrubbing may require extra reagent (that is unused in the process) to achieve adequate
acid gas scrubbing. Semi-dry scrubbing can also be prone to process upsets that could cause increased
maintenance or loss of scrubbing performance. For example, if the slurry is not completely dry by the
time the off-gas reaches the filter media, then the filters could be blinded with moisture. Wetted lime
could dry in the piping or equipment, resulting in a difficult-to-remove cemented monolith. In another
process upset condition, high temperatures of the off-gas as the wet slurry is injected can reduce the
sorbent capability to adsorb acid gases.

Mercury Control

The recently promulgated MACT Rule Hg emission limits are typically 10 to 1000 times lower than prior
permitted limits for existing incinerators. Treatment systems that complied with prior permit requirements
must now improve Hg control in the off-gas system, or restrict the feedrate of Hg into the treatment system.

Various technologies are in progressive stages of development and application for achieving high off-
gas Hg removal efficiencies. The EPA has identified wet scrubbing at low mercury feedrates, as well as
carbon adsorption via carbon injection into the off-gas or via flow-through fixed carbon beds, as MACT
for controlling mercury emissions from hazardous waste incinerators. Amalgamation of Hg with gold
for removal from off-gas (followed by thermal regeneration and recovery) has also been under develop-
ment and demonstration. Dry particulate removal (such as fabric filters and electrostatic precipitation),
the use of various metal oxides and metal ores, and molten gallium filtration have also been evaluated.
Because of high vapor pressures of the dominant mercury species (Hg and HgCl2), dry particulate
filtration is not expected to provide efficient and reliable mercury control. Some fundamental research
on Hg adsorption using metal oxides and metal ores has been performed in the United States and Russia.
While molten gallium filtration has been patented as a mercury control technology, only limited infor-
mation has been found regarding this technology.

More detailed discussion of mercury control technologies for off-gas control in mixed waste treatment
is provided in Section 7.6.

HEPA Filtration

Particulate control efficiencies for baghouses and free-jet scrubbers can exceed 99.9%. Other off-gas
equipment, including evaporative coolers and acid gas scrubbers, can also exhibit some particulate
removal capability. However, in a nuclear facility, final HEPA filtration is normally required to control
any small remaining amounts of particulate for radionuclide emissions control.

Spent HEPA filters will be a secondary waste that can be recycled to the primary thermal treatment
process, processed in other secondary waste treatment facilities such as chemical leaching or glass melting,
or macroencapsulated. Recycle to a melter is possible as long as there is not a large buildup of Hg or
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difficult-to-control fines in the system. With a high combined particulate removal efficiency for the off-
gas system upstream of the HEPA filters, the HEPAs for a well-designed and -operated off-gas system
should not require frequent replacement.

NOx Control

NO, NO2, and other nitrogen oxide species in off-gas are typically grouped together and identified as
NOx. NOx in thermal process off-gas is typically 90 to 95% NO, with the remainder being NO2 and
smaller levels of other nitrogen oxides. After exiting the facility off-gas stack, NO ultimately converts to
NO2 in the atmosphere, with a reaction time constant of 1 to 2 min. Most mixed wastes have low nitrogen
levels and evolve low NOx levels during thermal treatment. Most off-gas NOx from mixed waste processes
is “thermal” NOx, produced when small amounts of N2 in process air are oxidized at high temperatures
to form NOx. When waste-bound nitrogen is low, NOx control is not generally required for mixed waste
thermal treatment because thermal NOx formation is typically low in most thermal treatment systems.
NOx emission levels have not been regulated under either 40 CFR Part 264 Subpart O incinerator
regulations, nor are NOx emissions specifically regulated under the MACT standards. NOx emissions
from most thermal treatment processes for most kinds of mixed waste are low enough to avoid triggering
other NOx emission regulations.

While most mixed waste treatment facilities have not emitted NOx at levels approaching regulatory or
public concern, there are some exceptions. Increasingly strict regulations have resulted the inclusion of
NOx control for the recently modified off-gas control system for the Forshungzentrum Karlsruhe alpha
waste incinerator. Processes such as plasma torch melters that use air for the torch gas produce appreciable
amounts of thermal NOx, and thus have included NOx control. There are some wastes that contain sludges
of metal nitrates, and some aqueous liquid radioactive wastes contain high levels of nitric acid and metal
nitrates. Treating these kinds of wastes that often contain percent levels of nitrates and nitric acid can
produce appreciable amounts of NOx, which can sometimes be mostly NO2. For example, test results
have shown that the off-gas from the calciner system at the New Waste Calcining Facility at the INEEL
contains up to 4 vol% NOx (dry, corrected to 7% O2) which is 80 to 90% NO2.

NOx control technologies can be described as dry or wet processes and catalytic or noncatalytic
processes (Dalton et al., 1992). Dry processes convert NOx to N2 by reacting the NOx with other gaseous
reagents. Dry technologies include selective catalytic and noncatalytic reduction as well as nonselective
catalytic and noncatalytic reduction processes. Selective reduction processes react NOx with ammonia
or other nitrogen compounds. Catalytic processes can achieve a destruction efficiency between 85 and
95% while operating at temperatures between 500 and 800°F.

Noncatalytic processes can normally achieve destruction efficiencies of up to 70 or 80% at temperatures
between 1600 and 2200°F. In nonselective processes, a fuel is mixed with gas containing the NOx and
burned to convert NOx to nitrogen, water, or carbon dioxide. The fuel (such as methane, propane, or
other hydrocarbons) is not selective and will react with other constituents, primarily oxygen. In fact, the
presence of oxygen is generally required to initiate the NOx-reduction reactions. Reaction conditions,
including stoichiometries, temperatures, mixing, and residence times, need to be carefully controlled to
achieve NOx reduction while also efficiently oxidizing the added fuel.

Continuous Monitoring

Continuous emissions monitoring requirements based on the MACT Rule are shown in Table 7.7. This
table also includes some assumed additions to meet expected permit requirements and for some specific
process monitoring and control. Continuous monitors that are being developed for such species as Hg,
other metals, and D/Fs are not included. While continuous Hg and metals monitors may be commercially
available, these are still in field development and demonstration stages. At present, they do not meet
reliability requirements, nor do they meet performance specifications in the United States. Operating
permits and emission regulations are expected to continue to specify or at least allow the use of feed limits,
monitoring and control of key system components, and periodic performance testing (manual sample
collection and analysis) in lieu of continuous monitors that are not yet fully developed and demonstrated.
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Continuous radionuclide emissions monitoring requirements are not included in Table 7.7. Radionu-
clide continuous monitoring for DOE facilities, including mixed waste treatment facilities, is assumed
to be required according to American National Standard N13.1 revised as of January 1999 (ANSI, 1999).
This standard specifies a graded approach for emissions sampling and monitoring. Using this approach,
radionuclide continuous monitoring for most mixed waste treatment facilities should include at least
two components. The first component is continuous, real-time monitoring using a constant air monitor

(CAM) with alarm capability. The CAM should have sensors to detect the presence of all radionuclides
(gaseous or aerosol beta, gamma, or alpha emitters) expected to be present in the facility. The
CAM provides operators with a real-time indication of any radionuclide emissions above the CAM
detection limits.

TABLE 7.7 Continuous Emissions Monitoring for Off-Gas Systems

Paramete
r Monitoring Point Comments

O2 Near SCC outlet Continuously monitor excess oxygen in the SCC to show that 
the SCC outlet O2 stays above 3% (wet basis).

NOx Upstream of NOx removal Optional. Included only when the off-gas system has an NOx 
removal stage, for process control of that operation, and to 
determine removal efficiency. Upstream NOx measurements 
may not always be required.

Off-gas 
flowrate

Continuous off-gas flowrate measurement is required to ensure 
adequate residence time in the SCC.

O2 For use in making oxygen correction calculations for pollutant 
measurements.

CO The MACT Rule allows continuous CO or continuous THC 
monitoring. Continuous THC monitoring is typically 
preferred because CO monitoring is typically less costly and 
less maintenance intensive.

THC Typically at the stack (or upstream of 
any other gas flows such as building 
ventilation air, if vented to the stack)

Continuous THC monitoring may also be required by regulators 
or may be used for process monitoring/control or for added 
stakeholder assurance.

PM Required for compliance to the MACT Rule, but 
implementation of this requirement is delayed until PM 
monitors can demonstrate compliance to applicable 
performance specifications.

CO2 Primarily for information only, and for determining combustion 
efficiency.

NOx NOx monitoring is not required by the MACT Rule. If state and 
local regulations and the operating do not require NOx 
monitoring, then this may be eliminated.

HCl HCl monitors are commercially available and have been used 
for many years in the U.S. Cl2 monitors have not yet been 
accepted by EPA for compliance use in the U.S. The alternative 
of feedstream Cl limits and monitoring of scrubber and other 
systems is used instead of total HCl and Cl2 emissions 
monitoring. The use of HCl monitoring provides continuous 
process control data for the acid scrubber and assurance of 
acceptable total Cl emissions if Cl2 emissions are low compared 
to HCl emissions.



© 2001 by CRC Press LLC

CAM detection limits are typically too high to provide a record to show that radionuclide emissions
are within regulatory and facility limits. The second component of radionuclide emissions monitoring,
which is usually required for mixed waste treatment facilities, includes continuous sampling to collect
radionuclides expected to be present in appropriate collection media. High-efficiency filters are used for
collecting particulate matter, while other media such as liquid impingers or carbon filters can be used
for gasesous radionuclides such as tritium (in water vapor) or radioactive isotopes of iodine or chlorine.
Periodic retrieval and offline analysis of these collection media provide a much more sensitive, although
time-integrated and time-delayed, record of compliance with radionuclide emission limits.

The use of optional CEMs such as HCl, Cl2, Hg, and metals CEMs should be considered based on
specific advantages and disadvantages. The tangible capital and operating costs may be outweighed by
other less tangible issues. These issues include:

• Potential for using some optional CEMs for compliance instead of sometimes restrictive feed limits
for total Cl, Hg, and various metals. However, if these optional CEMs are used for verifying
compliance, then when these CEMs incur planned or unplanned maintenance, shut-downs, or
upsets, the treatment facility would need to automatically shut down. These optional CEMs are
generally less well demonstrated, may not meet applicable performance specifications, may not
even have approved and standardized performance specifications, and can be more prone to upset
conditions or maintenance than more routinely used CEMs.

• Added knowledge of operating conditions for better process control, even if the CEMs are not used
for compliance monitoring. This can be useful for facility operators to diagnose system performance
and make adjustments to better maintain system performance within operating limits.

• Generation of emissions information on a continuous, ongoing basis for providing to stakeholders,
even if the CEMs are not used for compliance monitoring. This potential two-edged sword could
improve stakeholder acceptance of the treatment process, but may also cause concern at times
when the CEMs are either offline for maintenance or erroneously report higher emissions.

Target: Zero Emissions

Operation of thermal and non-thermal treatment systems with “zero emissions” is not realistically
possible using current technologies because of the generation of effluent gas that typically contains at
least some amounts of noncondensable gases such as N2 and O2, which can contain some contaminants
that cannot be 100% removed. The most technically feasible approach for “zero emissions” or “zero
uncontrollable emissions” is to minimize the volume of off-gas to the extent possible; minimize the
amounts of any organic, metal, and radionuclide contaminants in the off-gas; and then prevent release
of the off-gas to the atmosphere until adequate analysis is completed that demonstrates that pollutant
emissions are within regulatory limits. Methods that can be used to approach this concept of zero
emissions include:

1. Oxygen instead of air for combustion can reduce off-gas flowrates by up to about 75%, by reducing
or eliminating nitrogen in the off-gas. This much volume reduction is not feasible for higher-
heating-value organic wastes because oxygen-firing can produce temperatures too high for even
refractory-lined equipment. O2-fired combustion can more efficiently destroy organics. The use
of O2-fired combustion or O2-enriched combustion is commercially available but not in wide-
spread use because higher safety hazards and higher costs usually outweigh the benefits of lower
off-gas flowrates and improved combustion.

2. Electrical heating or indirect heating for treating low-heating-value wastes can lower off-gas flowrates
by up to 50%. This is one of the advantages that the various versions of plasma, electric-arc, and
joule-heated melter treatment technologies have over classical incineration systems that co-fire the
waste with auxiliary fuel such as natural gas or kerosene. Higher capital and operating costs, and
potentially higher emissions of metals and radionuclides that need to be controlled in the off-gas
system, can outweigh the benefits of lower off-gas flowrates, but other benefits such as an improved
and lower-volume final waste form can increase the desirability of melter technologies.
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3. Using highly efficient and reliable off-gas control systems to remove constituents of concern to
reduce emissions to orders of magnitude below regulatory limits. This is not generally done because
there is no regulatory requirement to incur the added capital and operating costs. However, in
cases where there are public acceptability concerns even when the facility meets regulatory limits,
lowering emissions to levels well under regulatory limits may be worth the added cost.

4. Segregation of organic waste materials that do not require treatment to destroy the organics can
proportionately lower off-gas flowrates. Consequences of this method include increased costs and
hazards associated with characterizing and segregating wastes, and larger-volume and less-uniform
final waste forms for the organic materials segregated from the feed.

5. Segregation of waste streams or waste items that contain specific contaminants can prevent those
contaminants from evolving to treatment system off-gas. These items include elemental mercury,
lead shielding, electronic components, and materials that contain tritium or carbon-14. Alternative
storage or treatment options for these items may be necesssary.

6. Partial, rather than complete, oxidation of organic material in waste streams can proportionately
lower off-gas flowrates. Consequences of this method include larger-volume and less-uniform
final waste forms, and an increased potential for residual hazardous materials to be retained in
the final waste form.

7. Evaporation of directly injected water spray for cooling, rather than cooling by adding cool air,
can reduce off-gas flowrates by up to 90%. Most state-of-the-art designs for off-gas control systems
already incorporate water or scrubber spray evaporation for cooling to obtain this and other
benefits such as fast temperature quenching to limit synthesis of D/Fs in the off-gas system.

8. Lower-temperature (non-thermal) treatment processes can lower the amounts of hazardous metals
and radionuclides that are volatilized from the wastes during treatment.

9. Off-gas retention until analyses verify that off-gas emissions are within regulatory limits will
prevent emissions of any uncharacterized off-gas.

10. CO2 removal from the off-gas via absorption, liquefaction, solidification, or through photosyn-
thesis can lower off-gas emissions by over 90% when used in combination with O2-fired combus-
tion. This could also lower emissions of 14C, which is not readily controlled by any other
commercially available off-gas control technology.

All but two of the above-listed methods to reduce off-gas flowrates are commercially available and
demonstrated for mixed waste treatment. Oxygen enrichment has been used in various processes and is
technically viable. Electric heat input, such as via indirect heating or through the use of electrically heated
melters (joule-heated melters or plasma arc melters), is also technically viable for waste treatment. Waste
treatment systems based on electric melters are available from many vendors. Water-spray evaporation
for cooling is more commonly used than air dilution cooling, mainly for the obvious reason that off-
gas flowrates can be appreciably reduced, lowering the size, footprint, and cost of downstream off-gas
control equipment.

The last two above-listed methods for approaching zero emissions (off-gas retention and CO2 removal)
are presently considered to be economically impractical, and have not been proven technically (Soelberg
et al., 1998). Two conditions may increase future attention to, or use of, these methods. Increasing public
concern over air emissions from waste treatment processes may provide sufficient need to retain off-gas
emissions until practical, wider-ranging continuous and noncontinuous analysis can be made that dem-
onstrate compliance to many, if not all regulated emissions. The ever-increasing concern about worldwide
anthropogenic CO2 emissions may eventually necessitate CO2 removal from the off-gas in addition to or
instead of off-gas retention.

Studies have shown, however, that pollutant emissions from hazardous and mixed waste incineration
are very small in comparison with emissions from other sources. For example, hazardous waste inciner-
ation presently accounts for only 0.1% of the total D/Fs emitted in the United States (Bruce, 2000). Even
if all D/F emissions from hazardous waste incineration in the United States were completely eliminated,
a reduction in D/F emissions of only 0.1% would be achieved. The technical and cost challenges to further
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limit pollutant emissions from hazardous and mixed waste treatment need to be evaluated with respect
to the potential benefits, as well as with respect to potential reductions in pollutant emissions from other
anthropogenic sources such as utility power generation, metals industries, municipal waste incineration,
transportation, backyard refuse burning, and even private use of small engines such as lawn mowers.

In the meantime, off-gas retention and CO2 removal have not been included in mixed waste treatment
off-gas systems or any final designs for new facilities. The implementation of a zero emissions philosophy
to a degree that includes these methods depends on stakeholder and operator requirements, cost/benefit
evaluations, and yet-to-be-proven technical feasibility.

Mercury Emissions Control Technologies for Mixed 
Waste Treatment

Under the MACT Rule, mixed waste treatment may require more extensive mercury control than has
been required in the past or that will be required at most hazardous waste combustion facilities. For this
reason, mercury control for mixed waste thermal treatment has recently been specifically evaluated
(Chambers et al., 1998; Cole, 2000; Fellows, 1998; Soelberg et al., 1999; Young 1997). Extra attention to
mercury control has been given in this chapter compared to control of other pollutants because of this
unique need for mixed waste treatment, and because most other off-gas technologies are quite well
addressed in other references (see the “For Further Information” section, and in particular Cooper and
Alley (1994), Dalton et al., (1992), EER (1992), EPA (1991), Hesketh (1991), and IAEA, (1989).

Mercury is present in many mixed waste streams. Some mixed waste streams contain amounts of
mercury used in certain chemical processes. Other mixed waste streams contain elemental mercury from
such items as mercury thermometers and mercury switches, or even containers of liquid mercury.
Mercury is also sometimes present in such forms as paints and pigments. Because mercury is already
present in some mixed waste streams, practices such as limiting feedrates of mercury and limiting the
amounts of mercury that are included in waste streams are less practical for mixed waste treatment than
for treatment of other hazardous wastes. Mixed waste inventory estimates show that if some mixed waste
streams are thermally treated, the off-gas could contain mercury in concentrations ranging up to 500,000
µg/dscm (dry, at 7% O2). Facilities that need to comply with the MACT standards or similarly strict
emission limits may require Hg removal efficiencies ranging up to 99.99% unless strict feed character-
ization, sorting, and blending are used to used to the limit Hg feedrate.

Several modeling and experimental studies have evaluated mercury speciation in thermal treatment
off-gas. Off-gas concentrations of SO2 and HCl, temperature, residence time, and initial mercury species
can affect mercury speciation in off-gas streams. Both SO2 and Cl can increase the formation of the
oxidized species (Lausman and Lavely, 1997). Laboratory tests to investigate the kinetics of reactions of
gas-phase elemental mercury with various off-gas constituents showed that elemental mercury was
oxidized by HCl, Cl2, NO2, and O2 in the presence of activated carbon (Senior et al., 1997). The same
experiments showed that oxidized mercury was reduced back to elemental mercury by reaction with SO2

and CO as well as steel surfaces. The authors concluded that it was impossible to ascertain how important
the reduction reactions would be in a full-scale system.

Off-gas temperature can strongly affect mercury speciation. At gas temperatures above about 550 to
700°C, gaseous elemental Hg is thermodynamically and kinetically favored over all oxidized species, even
in the presence of high HCl levels (Gaspar et al., 1997; Soelberg et al., 1997a; Widmer et al., 2000; Young,
1997). Mercury speciation at the outlet of typical secondary combustion chambers that operate at
temperatures of 1000 to 1200°C may be entirely elemental Hg. However, some of the elemental Hg may
convert to oxidized forms as the hot off-gas is cooled in conventional off-gas systems. At temperatures
below 550 to 700°C, HgCl2 is thermodynamically favored, but not kinetically favored, even when there
is excess HCl. In contrast, the gas-phase reaction of mercury with Cl2 is fast even at temperatures as low
as 10°C (50°F). In one laboratory study, as little as 2 ppm Cl2 was enough to oxidize half the elemental
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mercury in about 1 second, starting with a mercury concentration of 0.012 ppm (100 µg/m3), (Senior
et al., 1997).

Mercury speciation between Hg and HgCl2 can vary widely in different thermal treatment systems
because of expected nonequilibrium conditions at temperatures below 550 to 700°C, and because mercury
speciation depends not only on temperature and HCl, but also Cl2 and other gas constituents. Equilibrium
models have shown that other species in addition to Hg and HgCl2 (such as HgO) are not thermody-
namically favored at most off-gas conditions.

Mercury control technologies addressed in the following subsections include wet scrubbing, adsorption
on activated carbon, and removal by amalgamation with gold. The EPA’s MACT Rule database and several
other references contain some data on efficiencies of mercury removal from hazardous waste incinerator
off-gas by wet scrubbers, carbon beds, and carbon injection (Chambers et al., 1998). In addition, some
vendor recommendations are available on the use of activated carbon adsorption. Mercury removal
efficiency data for the gold amalgamation filter is limited at this time due to the developmental stage of
this technology.

Hg Control Using Wet Scrubbing

Wet scrubbing is commonly used in thermal process off-gas systems for controlling particulate matter
and acid gases. If wet scrubbers in existing mixed waste incinerator off-gas systems could provide the
necessary mercury control with minimal modifications, then major retrofits could be avoided. However,
based on data currently available, mercury removal efficiencies for traditional wet scrubbing can vary
from less than 10% to over 99% (Table 7.8).

Such a wide variation in mercury removal performance is possible because many different factors can
affect mercury removal thermodynamics, mass transfer, or kinetics for different system designs and
operating conditions. Any of several different factors can dominate at different times in different systems.
These factors include:

• Hg concentration and speciation in the scrubber inlet gas (which in turn depends on Hg feedrate,
gas temperature, cooling rate, composition, etc.)

TABLE 7.8 Mercury Removal Efficiencies for Wet Scrubbers

Ref.
Hg Removal Efficiency 

(%) Comments

Krause (1995) 30–70 Coal-fired power plants
Chang and Owens (1994) 20–>90 Field measurements at full-scale wet scrubbers
Vidic et al. (1997) 8–72 Removal from flue gas desulfurization (FGD) 

systems
Siret and Eagleson (1997) Elemental and ionic Hg 

removal rates >90%
Wet scrubbing process utilizing 2 scrubbers in 

series; 1 at low pH and 1 at high pH
Livengood and Mendelsohn (1997) ~10–>80 Field tests conducted by DOE/EPRI in wet FGDs
Meij (1991) Avg. removal of 52, 60, and 

75
Study conducted in the Netherlands, Germany, and 

Sweden, respectively
EPA (1997a) 20–99.9 APC systems include venturi scrubbers, packed-bed 

scrubbers, wet electrostatic precipitators (ESPs), 
and ionizing wet scrubbers

EPA (1997a) 8–94.4 Dry-wet systems that include wet scrubber 
components and also dry components such as 
ESPs, fabric filters, cyclones, dry scrubbers, and 
waste heat boilers

EPA (1997b) >90 For soluble species of Hg such as HgCl2 and HgO; 
and for a 3-stage wet scrubbing system

Connett and Connett (1992) >90 Data from incinerator in Basel, Switzerland (1989)
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• Scrubber design (gas and liquid residence time, scrub solution turbulence in scrub tank, etc.)

• Scrubber operating conditions (temperature, scrub solution pH, scrub solution recycle-to-dis-
charge ratios, PM and acid gas concentrations and removal efficiencies, use of reagents and
additives, etc.)

• Any treatment or filtration of recycled scrub solution that can affect the solubility of Hg species
in the scrub solution or the phase separation of suspended solids or suspended elemental Hg from
the liquid water phase

While elemental Hg is thermodynamically favored over other species at elevated temperatures, HgCl2

is favored at low temperatures typical of wet scrubbers when there is sufficient Cl in the waste feed. Most
hazardous wastes have sufficient Cl for reaction with Hg to form HgCl2. When the off-gas is quenched
relatively slowly, as in a heat recovery boiler, then there may be sufficient residence time at temperatures
up to 500 to 750°C such that thermodynamics and kinetics favor conversion of Hg to HgCl2. However,
most mixed waste treatment off-gas systems quench the off-gas rapidly, mainly to minimize D/F forma-
tion. The rapid off-gas quench slows the conversion of Hg to HgCl2 such that when the off-gas enters
the wet scrubber, elemental Hg may still persist rather than react to form HgCl2. HgCl2 is highly water
soluble, but Hg is not. Wet scrubbers can have high total Hg removal efficiencies if they follow slow off-
gas cooling where the conversion of Hg to HgCl2 is high. Wet scrubbers that follow rapid quench systems
may have low total Hg removal efficiencies because of limited conversion of Hg to HgCl2.

Some wet scrubber conditions, such as low pH or oxidizing additives such as sodium sulfide or sodium
hypochlorite, may improve the removal of elemental Hg by chemically reacting with Hg to form solid
or water-soluble Hg species. Then, the wet scrubber removal efficiency for Hg will depend on the
effectiveness of the Hg oxidizing reactions, and on the effectiveness of the scrubber system to separate
the dissolved and suspended Hg species from the scrub solution before the scrub solution is recycled
back to the off-gas. In radioactive systems, scrub solution discharge-to-recycle ratios are typically very
low to minimize the amounts of secondary waste production. Dissolved or suspended Hg species can be
re-entrained into the off-gas when the scrub solution is recycled to the scrubber or to the quench, unless
the recycled scrub solution is treated or filtered to remove Hg species from the scrub solution.

Hg control by wet scrubbing may only be moderate (ranging from 10 to 90%), unless specific capa-
bilities such as scrub solution additives, low pH scrubbing, or scrub solution filtration are used. Moderate
Hg control in wet scrubbing, however, may be adequate for mixed waste thermal treatment for many
low-Hg waste streams and when the input waste can be sorted to remove items that contain Hg. Reliance
on wet scrubbing for even moderate Hg control is not recommended without facility-specific Hg wet
scrubbing efficiency data under expected facility operating conditions, and without some understanding,
monitoring, and control of parameters such as those listed above that can affect Hg control in
wet scrubbers.

Hg Control Using Carbon Adsorption

Carbon adsorption of mercury can be accomplished by (1) injecting dry carbon with or without other
dry sorbents into the off-gas upstream of a PM control device (typically a baghouse), or (2) using a fixed
or moving bed of granular carbon through which the off-gas flows. The effectiveness of carbon adsorption
depends on many different factors, including mercury concentration and speciation, pre-treatment of
carbon (such as sulfur impregnation), operating temperature, sorbent particle size, residence time, and
sorbent capacity.

Temperature can significantly affect carbon adsorption. Most carbon injection and carbon bed adsorp-
tion studies have shown that the adsorptive capacity of the carbon decreases with increasing operating
temperature. Mercury speciation affects carbon adsorption because while carbon readily adsorbs oxidized
Hg species, elemental Hg is not readily adsorbed. Impregnation of the carbon with sulfur or iodine allows
the oxidation of elemental Hg to improve the total Hg adsorption. Impregnated carbon is limited by
temperature even more than untreated carbon because both sulfur and iodine will tend to volatilize at
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higher temperatures. The temperature effect on impregnated carbon is also influenced by the method
of impregnation.

One study determined that the capacity of the carbon increased with the concentration of the mercury
in the gas, indicating that there was better carbon utilization when exposed to the greater adsorption
driving force provided by the higher concentration (Livengood et al., 1994). The adsorptive capacity of
the carbon for mercury at low temperatures and higher inlet concentrations of mercury was nearly double
its adsorption capacity at the same temperature but about half the inlet mercury concentration. At low
concentrations of mercury in the off-gas, the adsorption process could become mass transfer limited and
reduce mercury removal efficiency. When the system is mass transfer limited, using smaller carbon
particles can improve mercury removal.

Hg Control Using Carbon injection

Activated carbon injection (ACI) has been used in some waste incineration plants (mainly in Europe)
for controlling mercury or D/F emissions. The activated carbon injection and gas flow characteristics
must be controlled to allow proper mixing, temperature, and contact time. Baghouse collection of the
spent injected carbon affords increased contact time with mercury in the flue gas (thus enhancing
removal) because the injected carbon particles that are captured on the bags can continue to adsorb
mercury from the gas that flows through the bags. Carbon injection systems can be added relatively easily
to off-gas systems that are already equipped with baghouses for PM removal. The addition of carbon
injection adds little to the overall pressure drop of a baghouse. These features make carbon injection
more attractive than carbon beds for industries such utility power generation where baghouse PM control
is common, off-gas flowrates are large, and mercury concentrations are low (thus, removal efficiencies
above 90% are not required).

Carbon injection systems typically operate at temperatures between 150 and 200°C (300 and 400°F).
Few systems operate at temperatures less than 150°C to avoid moisture condensation in downstream PM
removal equipment, and the mercury adsorption capability of the carbon is significantly decreased above
200°C. At temperatures between 150 and 200°C, the Hg removal efficiencies for carbon injection systems
can vary from 10 to 100% as shown in Table 7.9.

The maximum expected capacity of Hg on carbon in carbon injection systems depends on many
variables. The maximum design Hg capacity recommended by at least one vendor is 1 wt% (1 g Hg per
100 g carbon) for activated, sulfur-impregnated carbon.

TABLE 7.9 Reported Mercury Removal Efficiencies for Carbon Injection Systems

Ref.
Reported Hg removal efficiency 

(%) Comments

Connett and Connett (1992) 40–94 ACI used at a Zurich, Switzerland, 
incinerator

Connett and Connett (1992) >87 Activated carbon injection
EPA (1997a) 97.4–97.9 For dry-wet APC systems that include 

carbon injection
Krishnan et al. (1996) >90 ACI followed by a fabric filter in 

municipal waste combustors (MWCs)
Lausman and Lavely (1997) Increased removals from 10 to 

20%, up to 50–60%
Through addition of carbon injection to 

an APCS
Lausman and Lavely (1997) 100 and 80, respectively Injected I- & S-impregnated carbons
Roeck (1996) At a feed rate of 0.12 lb Hg per hr, 

a removal efficiency of 97% was 
achieved with carbon injection 
system

Extensive testing of carbon injection 
completed at Waste Technologies 
Industries, a hazardous waste 
incinerator in Ohio
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Hg Control Using Fixed-Bed Carbon Adsorption

In a typical fixed-bed carbon adsorption system, the flue gas flows through a vessel packed with a specified
depth of carbon granules. The bed and packing are designed to limit the linear velocity of the off-gas in
the bed to increase the contact time with the carbon. Due to the increased contact times and typically
lower operating temperatures, better removal efficiencies can be achieved than for carbon injection. At
a residence time of 10 s in the carbon bed, virtually all of the mercury can be removed (NUCON, 1995).
Mercury removal efficiencies of essentially 100% have also been reported by Livengood et al. (1994).

Fixed-bed carbon adsorption is less common than carbon injection, and there is less reliable performance
data. Data used to support the proposed MACT Rule ranges from 76.2 to 92.7% mercury removal efficiency
for a dry off-gas system that included air dilution cooling, dry sorbent injection, fabric filtration, HEPA
filtration, and fixed-bed carbon adsorption (EPA, 1997a). Vendors recommend maximum operating tem-
peratures of around 65°C. Because of the use of pretreated carbons, fixed-bed carbon adsorption is more
temperature limited than carbon injection, where carbon pretreatment is less common.

Fixed-bed carbon adsorption is most applicable to processes that generate small off-gas flowrates with
high off-gas mercury concentrations, at lower off-gas temperatures. While existing mixed waste inciner-
ator systems have relatively low off-gas flowrates and may have high mercury concentrations, off-gas
temperatures are typically higher than vendor-recommended maximum limits. New carbon pretreatment
methods have been able to raise recommended temperature limits to over 100°C (Korpiel and Vidic,
1997).

There are several uncertainties or potential limitations that may need to be resolved before using fixed-
bed carbon adsorption for Hg control in mixed waste treatment systems. Pressure drop associated with
the fixed beds is a necessary evil, but it can be minimized through appropriate design. Other potential
limitations to using carbon bed adsorption in mixed waste treatment systems include the initial capital
cost, generation of a potentially radioactively contaminated secondary mixed waste (carbon contaminated
with mercury, radionuclides, and possibly other hazardous compounds), and installation and operation
in a radioactive process.

Carbon bed replacement may be infrequent because of the high expected loading of mercury adsorp-
tion on pretreated carbons, as long as carbon life is not limited by other factors. Carbon bed capacity
for Hg may even be large enough such that some systems can be sized to last for the planned lifetime of
the facility. Factors that might limit the lifetime of a carbon bed to a duration less than expected based
on the Hg capacity include (1) depletion of sulfur impregnation over time, (2) physical degradation of
carbon particles, (3) buildup of particulate matter in the carbon bed, (4) adsorption of other off-gas
contaminants such as trace organics or radionuclides to a limit that is reached before the Hg capacity
limit is reached, and (5) regulatorily specified bed replacement frequency that is more frequent than it
would be if based on the Hg capacity of the bed.

The theoretical equilibrium adsorption capacity of one type of vendor-supplied carbon is 85 g mercury
per 100 g adsorbent (85 wt% capacity). However, achieving that level in commercial applications is
impractical because an extremely long contact time would be required for diffusion and adsorption of
the mercury into the carbon pellets. Dynamic adsorption capacity data obtained by carbon vendors
suggests that a typical design capacity of carbon for mercury is 20 wt% of the carbon. Some facilities
have reported over 23 wt% capacity at the adsorber inlet for high mercury concentrations in the off-gas
(NUCON, 1995).

Hg Control Using Gold Amalgamation Filter

Mercury can be removed from off-gas streams by reversible sorption of mercury on noble metal sorbents
(typically gold) coated on a support media such as alumina. Because of the affinity of gold for mercury
(regardless of Hg speciation) mercury removal can be as high as 99.99% (Roberts, 1995; Roberts et al.,
1998), and effluent mercury concentrations in the treated off-gas have been reduced to less than 8 µg/m3

(Fellows, 1998). Operating temperatures up to 180°C (350°F) are possible, and the pressure drop through
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the unit can be low. Tests indicate that mercury removal is independent of mercury speciation, water,
and HCl in the flue gas. The gold can be regenerated by taking the filter bed offline and thermally
desorbing the mercury into a small flowrate of purge gas (ADA, 2000). The purged mercury, at very high
concentrations in the purge gas, can be largely recovered as liquid mercury upon cooling. Remaining
mercury in the purge gas can be vented through a second gold amalgamation filter that is online while
the first filter is being regenerated.

Gold amalgamation appears to be a promising alternative for controlling mercury emissions from
mixed waste thermal treatment processes because of the high temperature limit, filter media regenera-
bility, high mercury removal efficiency, and small-volume secondary wastes.

Hg Control Cost Comparisons

Installation, operation, and life-cycle costs were estimated for a hypothetical mixed waste thermal treat-
ment facility so that the different mercury control technologies (carbon injection, carbon bed, and gold
amalgamation) could be evaluated on the same bases. Performance and cost comparisons developed here
are preliminary, based on the currently available information for the above technologies. Costs are based
on a hypothetical mixed waste incineration or thermal processing facility that would operate 4032 hours
per year based on operating 24 hours per day, 240 days per year, at 70% availability.

Two different average mercury feedrates to the treatment system were assumed: 10 g/hr and 1000 g/hr.
All input mercury fed was assumed to evolve into the off-gas. All of the mercury was assumed to be
elemental, although this is an adjustable parameter in the cost calculation spreadsheet. The assumption
of 100% elemental Hg represents the most conservative scenario because of the need to use sulfur-
impregnated carbon adsorbent, which is 10 times more expensive than untreated carbon. No credit was
taken for possible removal of some of the mercury in other off-gas system components, such as wet
scrubbers, that may be located upstream of the mercury control technologies evaluated here. Three off-
gas flowrates were assumed for sizing the equipment: 5000, 10,000, and 20,000 acfm. These off-gas
flowrates encompass typical mixed waste incinerator off-gas flowrates.

The target mercury concentration in the treated off-gas was 10 µg/dscm (at 7% O2), providing a safety
factor of 4.5 below the MACT Rule limit of 45 µg/dscm for new facilities. At lower mercury concentra-
tions, the removal efficiencies may be more mass transfer limited, and at the same time, less mercury
has to be removed to meet the target concentration. It was assumed for simplicity that any reduction in
removal efficiency at lower concentrations was equal to the reduced removal efficiency needed to meet
the target mercury concentration.

Numerous cost estimation factors were employed in the capital cost calculations. These factors, includ-
ing the adjustments for higher costs for installation and operation of radioactive mixed waste processes
at DOE locations compared with nonradioactive commercial facilities, were obtained from Feizollahi
Quapp (1996). These factors were percentages of other various cost components. Equipment and instal-
lation cost factors were percentages of the equipment purchase cost and included electrical (15%);
mechanical support, instrumentation, and installation (30% each); and connecting ductwork (10%).
Facility construction costs included a factor for indirect costs at 29% of the building, structure, and
equipment costs. Additional facility capital cost factors were percentages of the facility construction costs
and included design (25%), inspection (7%), project management (10%), construction management
(17%), and an allowance for project scope change or management reserve (10%). An additional factor
for contingency was included in the total installed capital cost at 25% of the installed facility capital costs.

Operating costs were estimated based on several components and assumptions. Labor was assumed
for all systems to consist of one operator per shift at $140,000 per person-year. The cost for carbon was
calculated using $5 per pound for sulfur-impregnated carbon. No consumable materials were included
in the costs for the gold amalgamation filters because the gold filters can be regenerated and reused.
Annual maintenance, spare parts, and replacement equipment was estimated at 10% of the equipment
purchase cost. Maintenance labor was estimated as 250% of the cost for spare parts and replacement
equipment. A contingency factor was added in as 25% of the subtotal of all of the other operating costs.
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Total life-cycle costs for each of the systems include the total installed capital costs, D&D costs at $450
per square foot of the structure in question, and the total operating expenses over an assumed 10-year
operating life. Any handling, treatment, or disposal costs for spent carbon or other secondary wastes that
would be generated from these mercury control systems were excluded from these estimates. Spent carbon
disposal costs may be significant, but at present are very uncertain because of the potentially mixed waste
nature and conflicting waste codes that could be applied.

Carbon Injection Capital Costs

Table 7.10 shows the cost estimates for carbon injection control of mercury for each of the assumed
mercury concentrations and off-gas flowrates. The maximum mercury adsorptive capacity of the carbon
used in carbon injection was assumed to be 1 wt% of the carbon, per vendor recommendations. The
amount of carbon injected did not vary when the mercury feedrate did not vary, although the mercury
concentration and amount of mercury that had to be removed to meet the target mercury concentration
varied when the off-gas flowrate varied. Therefore, estimated costs were constant regardless of off-gas
flowrate for each of the assumed mercury feedrates.

For the lower mercury feedrate case, a bulk bag carbon storage/addition system was considered
adequate. This system had a much lower life-cycle cost compared to the silo carbon storage/addition
system that was necessary for the higher mercury feedrate. While the mercury feedrate varied by a factor
of 100x for the two cases, the feedrate of carbon changed by only 74x. This is because some of the
inefficiencies that limit carbon adsorption were considered relatively larger for the lower mercury feedrate
case than for the higher mercury feedrate case. Retrofits of installations that do not already include an
adequately sized baghouse for PM removal would require a baghouse, but this was not included in the
present calculations. Inclusion of a baghouse would increase the equipment cost by $8/acfm, with
associated cost increases factored into other cost components. A baghouse addition to the low mercury
feedrate case would increase the equipment costs by 80 to 320%. A baghouse added to the high mercury
feedrate case would increase capital costs by 13 to 53%. Operating costs and total life-cycle costs would
also increase by varying amounts.

The total installed capital cost for the low mercury feedrate case was $1.5 million, while the total
installed capital cost for the high feedrate case was twice as high at $3 million. This installed cost included
costs for the carbon injection system (carbon storage unit, structural steel frame, volumetric screw feeder
and suction funnel, eductor, blower package, electric hoist and trolley, and standard instrumentation)
and costs associated with system design, construction, and installation. The building cost was assumed
to be the same for both cases because the footprint of the added equipment was considered equal in
both cases. While the cost for injected carbon injection varied in proportion to the mercury feedrate
variation (100x), labor costs did not vary proportionately; thus, the annual operating cost for the high

TABLE 7.10 Capital and Operating Cost Estimates for Carbon Injection 
Adsorber Systems in 1997 U.S. Dollars

Feedrate of Hg to Thermal Treatment System, 
(g/hr) 10 1000

Flowrate (acfm) 5000–20,000 5000–20,000
Equipment type Bulk bag Silo
Equipment cost ($ million) 0.050 0.30
Area of structure (ft) 260 260
Building cost ($million) 0.442 0.442
Total installed capital cost ($ million) 1.5 3.0
Carbon injection rate (lb/h) 3 221
Annual cost for injected carbon ($ million) 0.044 4.4
Annual operating cost ($ million) 0.26 5.9
Carbon waste generated (lb/yr) 12,000 890,000
Total lifecycle cost ($ million) 4.2 62
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mercury feedrate case was only 23x the annual operating cost for the low mercury feedrate case. The
total life-cycle costs, over a 10-year life cycle, were $4.2 million and $62 million for the two cases, a
difference of 15x.

Fixed-Bed Carbon Adsorption Capital Costs

Table 7.11 shows the life-cycle cost estimates for fixed-bed carbon adsorption control of mercury for
each of the assumed mercury concentrations and off-gas flowrates. Per vendor recommendation, the
maximum adsorptive capacity of the carbon for mercury was assumed to be 20 wt% of the carbon. The
number of beds needed and the amount of carbon per bed for each facility were calculated by trying to
achieve an adequate residence time, which was calculated as the depth of the bed divided by the superficial
velocity through the bed. The beds, based on information from vendors regarding the typical size of beds
currently used in industry, were assumed to be housed in cylindrically shaped vessels 10 ft in diameter
and 15 ft in length. Each vessel holds approximately 13,500 lb carbon. A minimum residence time of at
least 2.5 s was used to calculate the required number of beds needed for a given off-gas flowrate. The
lifetime of each bed was calculated based on the rate of mercury throughput.

Potential variations such as a separate bed of untreated activated carbon for dioxin and furan (D/F)
and other trace organics removal, or using two or three banks of mercury-adsorbing beds in series for
better capture efficiencies, were not included in the cost estimates. Other potentially significant cost
variations excluded from this analysis were (1) shortened bed life due to factors other than Hg loading
and (2) costs associated with treatment and disposal of spent carbon that may be contaminated with
radionuclides or hazardous organics such as D/Fs.

TABLE 7.11 Capital and Operating Cost Estimates for Fixed Bed Carbon Adsorber Systems in 1997 U.S. 
Dollars

Feedrate of Hg to Treatment System (g/hr) 10 1000

Flowrate (acfm) 5000 10,000 20,000 5000 10,000 20,000
Number of beds 1 2 4 1 2 4
Equipment cost ($ million) 0.15 0.30 0.60 0.15 0.30 0.60
Total installed capital cost ($ million) 2.3 4.5 9.1 2.3 4.5 9.1
Design velocity (ft/min) 63.7 63.7 63.7 63.7 63.7 63.7
Nominal residence time (s) 2.83 2.83 2.83 2.83 2.83 2.83
Total mass of carbon in beds (lb) 13,500 27,000 54,000 13,500 27,000 54,000
Life of carbon beds (years) 26 53 106 0.26 0.53 1.1
# of times purchase full quantity of carbon 

over life of facility
1 1 1 38 19 10

Annual cost for carbon ($ million) 0.007 0.014 0.027 0.26 0.26 0.27
Annual operating cost ($ million) 0.25 0.33 0.48 0.56 0.63 0.78
Total lifecycle cost ($ million) 4.9 8.1 14.4 8.0 11.1 17.4

TABLE 7.12 Capital and Operating Cost Estimates for Gold 
Amalgamation Filters Systems in 1997 U.S. Dollars

Off-Gas Flowrate (acfm) 5000 10,000 20,000

Cost for equipment ($ million) 0.47 0.71 1.1
Installed cost with sorbent ($ million) 3.7 5.1 7.3
Steam for regeneration ($/yr) 3,000 35,000 54,000
Operating labor ($/yr) 140,000 140,000 140,000
Maintenance/parts ($/yr) 47,000 71,000 110,000
Total operating expense ($ million/yr) 0.26 0.31 0.38
Annual capital expense ($ million) 0.37 0.51 0.73
Total life-cycle costs ($M) 6.4 8.3 11.1
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Gold Amalgamation Filter Capital Costs

The estimated costs for the gold amalgamation filter are depicted in Table 7.12. ADA Technologies, Inc.,
provided cost estimates for a gold amalgamation filter system capable of removing and recovering
mercury from 5000 acfm of flue gas. Equipment costs for the 10,000 and 20,000 acfm cases were estimated
using the cost for the 5000 acfm case and a 0.6 power scale-up factor. In a parallel configuration that
includes at least two filters, the filters can be readily regenerated without removal from the system. Costs
per unit were essentially insensitive to the mercury concentration in the flue gas. The effects of entrained
droplets of mercury in the off-gas were not considered. Because disposal costs for the mercury desorbed
from gold amalgamation are not included in these estimates, there is no difference in the estimated
operating costs or life-cycle costs for low and high mercury feedrates.

Secondary Wastes for Hg Control

Carbon injection will generate more spent carbon waste than carbon beds (per gram of mercury removed)
because of the lower maximum mercury loading (1 wt% of the carbon) compared to that of carbon beds
(20 wt%). In nonradioactive processes, this spent carbon can be retorted and recycled or otherwise
disposed, depending on the concentrations of leachable mercury. Spent carbon from radioactive processes
would not have the flexibility of retorting and reuse, due to the likelihood of radioactive contamination.
This is especially true for carbon injection, wherein the baghouse used to collect the carbon is also the
primary PM control device. The fate of spent carbon secondary wastes from radioactive processes is yet
to be resolved, and depends on levels and types of radioactive contamination, and levels of other
contamination such as from trace organics and metals that may also be collected by the carbon bed over
its operating life.

Spent carbon can also contain adsorbed trace organics, including D/Fs. The EPA Phase IV Land
Disposal Restrictions (LDR) rule requires that all Underlying Hazardous Constituents (UHCs) meet the
applicable low Universal Treatment Standards (UTSs). Therefore, the secondary waste must be charac-
terized to determine the applicable treatment standards and treated accordingly. If the spent carbon is
contaminated with D/Fs above RCRA LDR treatment standard levels for D/Fs, the D/Fs in the waste
would need to be incinerated, which would release mercury into the incinerator off-gas system, thus
“undoing” the previous mercury adsorption process. Alternatively, the D/Fs could potentially be stripped
with superheated steam and the effluent passed through an afterburner and then a caustic scrubber to
neutralize the HCl. The facility that does this must be permitted for handling this toxic waste.

Secondary wastes from gold amalgamation will consist of recovered mercury and the spent ceramic-
based sorbent. The initial sorbent is assumed to last for the lifetime of the facility. Final regeneration of
the sorbent is assumed to be able to clean the adsorbent of mercury sufficiently such that the spent
sorbent can be categorized as low-level radioactive waste and directly disposed. The recovered elemental
mercury would likely be contaminated with radionuclides and would therefore require amalgamation to
meet current LDR treatment standards for such waste.

Hg Control Conclusions and Recommendations

Performance data for wet scrubbing and gold amalgamation is insufficient to definitively determine
mercury control efficiencies because of numerous parameters that may affect mercury removal in different
systems. More information is needed to relate mercury control to potentially controlling parameters such
as mercury speciation and concentration, off-gas temperature and composition, wet scrubber design and
operation (pH, residence time, reagent additive type and quantity, recycle ratio, phase separation, Hg
revolatilization, etc.), and gold amalgamation removal efficiencies and regenerability over many cycles.

Given certain assumptions made in this study, capital costs for carbon injection are less than those
for gold amalgamation and carbon beds. Operating costs are lowest for gold amalgamation. At low
mercury feedrates, operating costs for carbon injection are lower than for carbon beds; but at high
mercury feedrates, operating costs for carbon injection increase significantly above operating costs for
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carbon beds because of the high usage of carbon in carbon injection. Disposal costs for secondary wastes,
such as the spent carbon and mercury desorbed from gold amalgamation, are not included in the present
calculations because of their uncertainty. These disposal costs could further increase operating costs of
each of the systems, especially for higher mercury feedrates and for the carbon adsorption systems
(especially carbon injection).

Estimated life-cycle costs for the different mercury control technologies are compared in Table 7.13.
At low mercury feedrates, life-cycle costs for carbon injection were less than those for carbon beds or
gold amalgamation; but at high mercury feedrates, life-cycle costs for carbon injection were much higher
than those for carbon beds or gold amalgamation because of the large differential in operating costs.
Life-cycle costs for carbon bed adsorption were similar to those for gold amalgamation at low mercury
feedrates; carbon bed life-cycle costs were higher than for gold amalgamation at higher mercury feedrates
due to increased operating costs.

Gold amalgamation for mercury control is not yet commercially available with reliable performance
data for design and installation. Carbon adsorption systems are commercially available from several
vendors, but secondary waste disposal continues to be a major concern — especially for carbon injection.
Operating temperature limits can be a concern for treated carbon beds.

The fate of spent carbon that is contaminated with radionuclides, hazardous metals including mercury,
and potentially hazardous organics including D/Fs is uncertain at this point, and needs to be more fully
addressed if carbon adsorption is implemented in mixed waste treatment off-gas systems.

Off-Gas System Design and Capital Cost Estimates

Off-gas system design must be based on design and performance objectives such as those listed in Section
7.2 and estimates of input off-gas flowrates and compositions such as those tabulated in Section 7.3.
Different stages of planning and design require increasingly detailed design information.

Process Simulations

Process simulations using a computational model allow quick comparisons of different design alternatives
and evaluations of whether desired objectives can be achieved for a given design early in the design
process. These comparisons can be used to assist decision-making, process design, and determinations
of technical feasibility, and to identify areas of weakness in the process design. Various commercially
available or private consultant/vendor computer models perform simulations based on thermodynamic
equilibrium calculations. These models should generally be capable of estimating (1) off-gas system unit
operation performance based on input parameters, bounding conditions, chemical equilibria; (2) mass
balances that show input and output streams and compositions; (3) equipment size; and (4) energy
balances. More advanced or specialized models that include kinetic calculations and non-equilibrium
conditions are often necessary because chemical equilibrium conditions are often not achieved in off-
gas systems due to kinetic or mass transfer limitations. The ability to link multiple unit operations such
as exist in an off-gas system is needed for at least final design and for earlier evaluations of overall system

TABLE 7.13 Total Life-Cycle Cost Comparisons for Mercury Control Technologies Systems in 
1997 U.S. Dollars

Feedrate of Hg to Treatment Process (g/hr) 10 1000

Off-gas flowrate (acfm) 5000 10,000 20,000 5000 10,000 20,000
Carbon injection adsorption ($million) 4.2 62
Fixed bed carbon adsorption ($million) 4.9 8.1 14.4 8.0 11.1 17.4
Gold amalgamation ($million) 6.4 8.3 11.1 6.4 8.3 11.1
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performance. The ability to model solids handling processes such as particulate filtration that are not
based on thermodynamic equilibria is also usually necessary.

Many different commercial and private process simulation models exist and have been employed in
off-gas system design. Some examples are listed or used in various references (see also the “For Further
Information” section) and in particular Dalton et al. (1994), Feizollahi and Quapp (1996), Liekhus et al.
(1997), and Soelberg et al. (1998).

Some key results generated from the various process simulations and comparisons with actual per-
formance data are listed below.

1. A well-designed and -operated off-gas system can meet all applicable emission regulations.
2. Equilibrium concentrations predicted by process simulations can be inconsistent with measure-

ments from actual systems. Reactions, especially at low temperatures, are often limited by kinetics
or mass transfer from reaching thermodynamic equilibrium in the off-gas system where residence
time is measured in seconds or less. In these cases, predictions need to be made to better reflect
observed data by limiting the extent of reaction, or by specifying a reaction temperature at which
to calculate the equilibrium composition. For example, Hg control performance in off-gas systems
suggests that speciation in off-gas often varies and is often not at chemical equilibrium. At
temperatures exceeding 550 to 700°C, elemental Hg is thermodynamically favored under typical
off-gas conditions. Hg speciation at a secondary combustor outlet, where temperatures can reach
1200°C, is predicted to be almost entirely elemental Hg based on chemical equilibrium. At tem-
peratures below 550°C, HgCl2 becomes thermodynamically favored in the presence of even small
amounts of HCl. At temperatures between 400 and 550°C, HgCl2 formation from reaction of Hg
and Cl is rapid and can be described by equilibrium calculations, but the reaction is kinetically
limited at lower temperatures (Senior et al., 1997). If a process simulation allows the Hg-HgCl2

reaction to reach equilibrium in a low-temperature wet scrubber, then very little Hg would exist,
and the process simulation would predict that the total Hg is readily scrubbed in the wet scrubber.
However, this is not consistent with empirical data from many sources (Chambers et al., 1998;
Soelberg and Chambers, 1997b). To make the process simulation better match reality, the mini-
mum equilibrium temperature for the Hg-HgCl2 reaction can be specified at a higher temperature
(e.g., 550°C). The use of the higher temperature for Hg-HgCl2 equilibrium calculations considers
the rapid temperature quench and effectively “freezes” a significant portion of Hg as elemental
Hg, even in excess Cl when HgCl2 is thermodynamically favored at quench outlet temperatures.

3. The mass flowrate of the off-gas can increase, although the volumetric flowrate may decrease, as
the off-gas is quenched from sometimes high secondary combustor temperatures to lower off-gas
system temperatures. If water spray quenching is used, followed by moderate hot air dilution
reheating, then the mass flowrate of the off-gas may increase by about a factor of 2.

4. Particulate in off-gas results from particles of feed material or fly ash entrained in the off-gas
exiting the treatment unit, or condensation of volatile material when the off-gas is cooled in the
off-gas system. The most conservative assumption assumes that all particulate formation from
condensation occurs by homogeneous condensation, yielding submicron particulate with particle
diameters less than 0.5 µm. Chemical equilibria also show that some condensed material can
revolatilize if the off-gas is reheated for HEPA filtration. This can be a mechanism that allows
some condensible material that would otherwise be retained as particulate matter to pass through
typical HEPA filtration at temperatures as low as 100°C.

5. Particulate removal efficiencies should be based on estimated or measured removal efficiencies as
a function of particle size. Example design removal efficiencies for an efficiently designed baghouse
can range from 99.9% for particles equal to or larger than 0.5 µm particles to 99% for particles
less than 0.5 µm.

6. Recycling scrub solution discharge to quench the hot off-gas at the inlet to the off-gas system can
reduce the amount of scrub solution that is discharged. However, if the scrubber solution blow-
down is not treated to remove dissolved and suspended solids (especially Hg species), then these
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contaminants can be re-entrained as very small (submicron) particles when the water droplets
evaporate. These small particles are especially difficult to capture in downstream particulate
control equipment. The potential to increase emissions of material captured in a wet scrubber
system by re-entraining the material into the off-gas should be considered in designs that minimize
scrub solution discharge by recycling some of the discharge to the quench.

7. Mercury in the form of HgCl2 can be captured in caustic or acidic wet scrubbers with efficiencies
exceeding 99%, although elemental Hg is not very water soluble and not efficiently captured in
typical caustic wet scrubbers.

8. Subcooling the off-gas to a temperature below its dewpoint can improve the collection of acid
gases, particulate matter, and metals. It can also lower the total freshwater makeup requirements.
Excessive off-gas subcooling to temperatures below 45 to 55°C may lead to undesireably high-
energy requirements to condense water from the off-gas, and may cause undesireably large scrub
solution discharge streams due to large amounts of condensate formed as the off-gas is subcooled.

9. Vendor-recommended maximum dissolved salt concentrations in scrub solution range around 10
wt%. Scrub solution discharge or treatment is necessary to keep the salt concentration below this
limit to miminize the potential for solid deposits forming in the scrub system.

10. Off-gas reheating may be limited to a temperature about 20 to 30°C above its dewpoint, not to
exceed a maximum temperature of 100 to 120°C, which may be an operational limit for Hg control
in carbon beds. Using preheated air to blend with the saturated off-gas for reheating is a unique
design that has potential advantages, including elimination of heater elements in contact with off-
gas, and lowering of the blended off-gas dewpoint. Potential problems (such as corrosion and
fouling from aerosols impacted on the elements) are eliminated when the heating elements are
not in contact with the saturated off-gas. Also, any maintenance that is required for the heating
elements can be performed in an area of lesser contamination than expected for the off-gas.

11. The use of a coarse prefilter, even after baghouse or wet scrubber particulate control, is recom-
mended to better protect and increase the operating life of downstream HEPAs. A coarse prefilter
can have removal efficiencies that range from essentially 100% of particles larger than 2 µm, to
70% for particles smaller than 0.3 µm.

12. HEPA filters can be certified for 99.97% efficiency for removing 0.3 µm particles. However, a more
conservative efficiency of 99.9% or less should be assumed for each HEPA filter when there are
multiple HEPA filters in series. This more conservative assumption was made to be consistent for
multiple filtration steps in series (Burchsted et al., 1979) and to better account for nonidealities
such as housing and frame warping, occasional moisture, etc. Even this more conservative effi-
ciency model may be orders of magnitude higher than filtration efficiencies actually measured in
some off-gas systems.

13. Properly designed and operated sulfur-impregnated carbon beds may be assumed to remove 99%
of the total Hg still in the off-gas at the carbon bed inlet. While there is no data to indicate removal
efficiencies for other pollutants, including trace organics and radionuclides, in sulfur-impregnated
carbon beds, some removal of these trace pollutants should be expected. This can have the
advantage of even lower emissions of these species, and the disadvantage of added contaminants
in the carbon that could shorten the carbon bed operating life or complicate final disposal of the
spent carbon.

14. Calculated (theoretical) decontamination factors (DFs, or ratios of influent mass to effluent mass)
for PM and all metals except mercury can range up to 109 when multiple metals and PM removal
devices are used in series. Baghouse DFs can range from 100 to 200. Wet scrubber DFs range up
to approximately 300. Prefilter DFs  range up to 10, and DFs for each HEPA filter for double HEPA
filters range up to 1000 for each filter. Actual measurements for operating off-gas systems typically
do not indicate such high DFs. The difference between calculated and measured DFs can be due,
in part, to the insensitivity of measurements and/or the inability of successive PM and metals
control devices to achieve such high DFs when the input concentrations of PM and metals become
increasingly small.
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15. Calculated DFs for Hg can range from 100 to 10,000, depending on the amount of HgCl2 in the
off-gas that can be removed in a scrubber and the use of sulfur-impregnated carbon beds for Hg
control.

16. Replacement frequencies for HEPA filters range up to around once per 1000 operating hours (40
operating days for continuous operation).

17. Carbon bed replacement frequency can extend to thousands of operating hours or even for the
life of the operating facility, assuming that factors other than Hg capacity of the carbon do not
limit the carbon operating life.

Off-Gas System Equipment Size and Cost Estimates

Installed capital costs for the off-gas systems were estimated by Soelberg et al. (1998) for hypothetical
high and low off-gas flowrate cases. The hypothetical off-gas flowrates and compositions for these two
cases are shown in Table 7.14. The high-flow case is based on off-gas produced from a hypothetical rotary
kiln incinerator that would treat mixed waste at a rate of 2150 lb/hr, using auxiliary fuel fired in a
secondary combustion chamber and using air for combustion of waste and auxiliary fuel. The low-flow
case is based on off-gas produced from a thermal treatment process such as a plasma arc melter that
would treat mixed waste at a rate of 2150 lb/hr, using oxygen instead of air for waste combustion. The
low-flow case also has assumed concentrations of HCl and SO2 that are 10 times higher than those in
the high-flow case.

Capital costs were estimated using vendor-provided purchase costs, equipment and system and foot-
print estimates, and installation cost factors. The estimated costs are expected to be representative but
not exact because many design and operating details could not be included without a more specific
treatment system scenario. Facility capital costs such as building, design, inspection, electrical, instru-
mentation, and management cost factors are generally consistent with those used in cost estimates for
the ITTS study (Feizollahi and Quapp, 1996).

The capital cost estimates of the APCS alternatives for the high-flow and low-flow cases are shown in
Table 7.15. The estimates are organized to separately show the major cost components: purchase costs
of major equipment, other equipment and installation costs, building costs, indirect costs, and other
facility capital costs. The costs of installation and other equipment and indirect costs are determined
using cost factors. While slightly different cost factors and approaches for accounting for indirect and
other facility costs can vary for different sites to estimate facility costs, this approach should provide
representative cost estimates for planning and decision-making. Consistent with most installed capital

TABLE 7.14 Input Off-Gas Conditions at the Outlet of the Secondary 
Combustion Chamber

Parameter High-Flow Case Low-Flow Case

Off-gas temperature (°F) 2200 2200
Off-gas flowrate (scfm) 6715 3429
Off-gas composition (by volume):

Oxygen (%) 7 14
Nitrogen (%) 74 5
CO2 (%) 8 30
H2O (%) 10 48
CO (ppm) 10 10
NOx (ppm) 4000 4000
HCl (ppm) 2500 25,000
Cl2 (ppm) 5 100
SO2 (ppm) 100 1000
Total (%) 100 100
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cost estimates for DOE facilities, the actual major equipment purchase cost is the smallest of all these
cost components.

The largest single cost component is the “other facility capital costs” category. This cost category
includes five key subcomponents: design, inspection, project management, and construction manage-
ment. The design subcomponent includes both preliminary design and detailed design and is estimated
at 25% of the facility construction cost for an alpha-facility. The inspection subcomponent includes
engineering support during construction, and is estimated at 7% of the facility construction cost. The
project management subcomponent is estimated at 10% of the facility construction cost and includes
project management costs incurred both by the DOE and the site management and operations (M&O)
contractor. Construction management (CM) is estimated at 17% of the construction costs, which is the

TABLE 7.15 Capital Costs for Conceptual APCS Alternatives in Millions of 1997 U.S. 
Dollars

Cost Factor High Flow Case Low Flow Case

Major equipment purchase cost:
Partial quench spray tower 0.25 0.19
Baghouse 0.32 0.18
Full quench spray tower 0.04 0.03
Free-jet scrubber 0.16 0.12
Scrubber water chiller 0.13 0.09
Air heater 0.03 0.03
Carbon adsorbers 1.40 0.52
HEPA filtration system (includes prefilters) 0.38 0.19
Reheater 0.20 0.20
NOx control 0.50 0.40
CEMs 0.17 0.17

Subtotal of major equipment purchase costs 3.58 2.12

Other equipment and installation costs:
Electrical, 15% of equipment cost 0.54 0.32
Mechanical support, 30% of equipment cost 1.07 0.63
Instrumentation, 30% of equipment cost 1.07 0.63
Installation costs, 30% of purchase cost 1.07 0.63
Connecting ductwork, 10% of purchase cost 0.36 0.21

Subtotal of other equipment and installation costs 4.11 2.42

Building cost (at $1700/ft2 for alpha-containment):
Area of building housing APCS (ft2) 5400 3090

Building cost 9.18 5.25
Subtotal of installed equipment and building: 16.87 9.79
Indirect Costs, 29% of total of building, structure, and 

equipment costs
4.89 2.83

Total Facility Construction Costs: 21.76 12.62
Other Facility Capital Costs:

Design, 25% of facility construction costs 5.44 3.16
Inspection, 7% of facility construction costs 1.52 0.88
Project management, 10% of facility construction costs 2.18 1.26
Construction management, 17% of construction costs 3.70 2.15
Allowance for project scope change or management 

reserve, 10% of construction costs
2.18 1.26

Subtotal of other facility capital costs 15.02 8.71
Subtotal of installed facility capital costs: 36.78 21.33

Contingency, 25% of total installed capital costs 9.20 5.33
Total Installed Capital Cost 45.98 26.66
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sum of the equipment, building, and indirect costs. Construction management includes material and
services procurement and control activities, which are typically handled by the site CM contractor.
Allowances for project scope change or management reserve is estimated at 10% of construction costs.

Facility construction costs include the rest of the installed costs and include the purchase cost of
equipment, installation costs, building costs, and indirect costs as defined below:

• Major equipment purchase cost. Cost estimates for the individual pieces of equipment that comprise
the air pollution control system were primarily determined by soliciting budgetary costs from
suppliers and vendors. Where this was not a practical option, engineering estimation methods
were used and costs were scaled for time and capacity.

• Other equipment and installation costs. For systems that involve processing equipment, the allow-
ance for electrical is 15%, mechanical support is 30%, and instrumentation is 30% of the equip-
ment costs. Factors for installation costs and costs for connecting ductwork were also included in
the equipment subtotal at 30% and 10% of the purchase cost, respectively.

• Building and structure costs. Building and structure costs are estimated by multiplying building
unit costs by the space square footage allocated to each process unit. Assumed unit rates are applied
to several categories of buildings. The category chosen for this study was that of an alpha waste
processing area rated at $1700/ft2 for triple-confinement alpha cells. Building unit rates incorporate
all material and labor needed for constructing the building shell including utilities, lighting,
heating, ventilation, and air conditioning (HVAC), and site development costs.

• Indirect costs. Indirect costs, including subcontractor overhead and fee, are estimated at 29% of
the total of equipment, building, and structure costs.

Because the costs are a planning-level estimate, a 25% contingency is also included. The contingency
is applied to the total capital cost.

Off-Gas System Equipment Sizing Estimates

The major components of the air pollution control system contributing to the size of the housing required
to contain the system were the baghouse, the spray quench towers, the HEPA filters, and the carbon
adsorbers. All of the other process units were considered small factors in determining the total equipment
footprint needed to estimate a building size in square feet. The footprint for the baghouse for the high-
flow case was calculated to be roughly 900 ft2. The baghouse footprint for the low-flow case was deter-
mined to be about 500 ft2.

The estimated footprint for the Flanders HEPA filter system, including prefilters and two banks of
HEPAs, was 320 ft2 for the high-flow case and 160 ft2 for the low-flow case. The carbon adsorption system
using fixed beds in parallel was sized based on vendor information. For the high-flow case, calculations
showed that six beds in parallel would be required to handle the gas flowrate, with each bed being 10 ft
in diameter and 15 ft long, a footprint of 150 ft2 per bed, and a total footprint of 900 ft2. The low-flow
case only required three parallel beds of the same size for a total footprint of 450 ft2.

The partial spray quench tower was 100 ft2 for the high-flow case and 50 ft2 for the low-flow case. The
estimated footprint for the full quench tower was 30 ft2 for the high-flow case and 25 ft2 for the low-
flow case.

The total footprint for the other pieces of equipment was assumed to occupy roughly 450 ft2 for the
high-flow case and 360 ft2 for the low-flow case. This area includes the SCR at 150 ft2; free-jet scrubber
at 100 ft2 for high-flow and 60 ft2 for low-flow; scrubber water chiller at 100 ft2 for high-flow and 50 ft2

for low-flow; and heater and reheater at 100 ft2 together.
The total equipment footprint was multiplied by a factor of two, to account for such space as the areas

needed between each major equipment component, access around the equipment, and filter and adsorbent
replacement space. Consideration was not given to how some equipment items may be physically located
on decks or structures above other equipment, which may in fact be desirable not only to reduce footprint
but also to avoid long or tortuous runs of interconnecting ducting. Costs for non-alpha-containment
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building space for control rooms, storage, laboratories, maintenance, and other activities were also not
specifically itemized, but were be considered to be within the safety factor of two for the alpha-containment
space. The total area of the alpha-containment building for the APCS is estimated at 5400 ft2 for the high-
flow case and 3090 ft2 for the low-flow case.

Off-Gas System Capital Cost Estimates

The purchase costs for major pieces of equipment were based on data supplied by vendors. These costs
are itemized below for each major component in the off-gas systems:

Figure 7.9 shows how each major component contributed to the total purchased equipment cost. The
carbon adsorber beds, NOx control unit, and HEPA filtration system are the largest contributors to the
purchased equipment cost. For the carbon beds, the high-flow case was calculated to need six beds in
parallel that are 10 ft in diameter, 15 ft long, with a carbon bed depth of 3 ft. The process simulation
model assumed that the carbon beds had a removal efficiency of 99%. Thus, it was calculated that there
would be 7.75 lb mercury captured in the beds per hour. At this capture rate and an assumed carbon
adsorptive capacity of 20 wt%, the carbon beds were calculated to have a lifetime of 1800 operating hours
before saturation. The cost of the carbon needed to achieve this removal would be on the order of
$404,000. This cost is rather high because the expected high percentage of elemental mercury dictates
the use of sulfur-impregnated carbon. It was assumed that 99.6% of the mercury going to the carbon
beds was elemental. The cost of impregnated carbon is about $5/lb, compared to plain activated carbon
which costs between $0.50–1/lb.

Cost

Item
High-Flow 

Case
Low-Flow 

Case

Partial quench tower $251,000 $186,000
Baghouse $168,000 $94,000
Full quench tower $44,000 $32,000
Free-jet scrubber $160,000 $117,000
Scrubber water chiller $125,000 $90,000
Air heater $30,000 $30,000
Prefilter/HEPA filters $189,000 $94,000
Fixed-bed carbon adsorbers $1,404,000 $520,000
Reheater $196,000 $196,000
SCR for NOx control $500,000 $400,000
CEMS $166,000 $166,000

O2 monitors: $7000
CO2 monitor: $5000
CO monitor: $6000
NOx monitor (2): $20,000
THC monitor: $12,000
Gas conditioner and pump: $20,000
DAS: $10,000
Heated sample line: $20,000
Flow splitter: $10,000
Stripchart recorder: $5000
Regulators, fittings, etc.: $5000
Instrument racks: $5000
Off-gas flowmeter: $1000
Pressure transducer: $2000
In situ particulate matter monitor: $25,000
Misc. fittings, valves, tubing, gages: $13,000
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The low-flow case, at half the off-gas flowrate of the high-flow case, needed only three beds of carbon
of the same dimensions stated previously. The same assumptions of removal efficiency and adsorptive
capacity were made as in the high-flow case. For this case, only 0.042 lb mercury would be captured in
the carbon beds per hour. At this capture rate, the carbon beds would have a lifetime of 168,000 operating
hours. Assuming 4032 hr per year as in the life-cycle costs, the carbon beds would have a lifetime of 42
operational years. The cost of the carbon to achieve this removal would be approximately $20,000. This
cost is much lower than that of the high-flow case because much of the Hg was removed in the low-flow
case in the scrubber upstream of the carbon beds and because the mercury was assumed to be 100%
HgCl2 because of the high HCl levels. Therefore, plain activated carbon can be used instead of impreg-
nated carbon at a cost of about $0.50/lb.

The estimated installed APCS total capital cost for the high-flow case was about $46 million, and the
installed APCS cost for the low-flow case was about $27 million.

Figure 7.10 shows the components of the total capital cost for the two systems modeled in this study.
The largest cost component is the “facility capital costs” which include design, inspection, project
management, construction management, and an allowance for project scope change or management
reserve. Contingency and building costs are similar in magnitude and are the second and third largest
cost components. The remaining three factors — indirect costs, equipment installation costs, and equip-
ment purchase costs — are also roughly equivalent, although the actual purchase cost of major equipment
is the smallest of all cost components.

FIGURE 7.9 Breakdown of purchased equipment cost by major process units of the APCS.
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Capital Cost Sensitivity Studies

Many primary waste treatment processes do not produce large amounts of NOx, although waste streams
that contain some nitrates that can be a source of NOx. Existing and proposed federal regulations for
waste treatment do not include emission limits for NOx, although state and local regulations can limit
NOx emissions. If NOx emissions from the treatment process are not regulated or are within applicable
emission limits, then the SCR reactor can be eliminated. The SCR is one of the largest single compo-
nents of the APCS capital cost. Elimination of the SCR will decrease the APCS capital costs by 6 to
9%, as shown in Table 7.15. The capital cost for the high-flow case will decrease from $46 million to
about $43 million, and the capital cost for the low-flow case will decrease from $27 million to
$24 million.

Sensitivity studies can also show cost savings that would be realized without the carbon bed adsorbers
because these are also a major cost item that can be eliminated if other Hg control technologies are
available or if Hg control is not required. These savings are shown in Table 7.2 to be $9.3 million (20%
of the total cost) for the high-flow case and $3.6 million (13% of the total cost) for the O2 combustion
case.

FIGURE 7.10 Breakdown of factors that determine total capital cost.
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Conclusions and Recommendations

High-performance APCS designs of several varieties are available to meet performance requirements.
Process simulations indicate that pollutant emissions can be controlled to within expected emission
limits, and even below expected detection limits for some metals and PM, although Hg emissions control
is still not well demonstrated. Many variables, including Hg levels in waste feeds and Hg speciation in
the off-gas, can affect Hg control. The performance of Hg control technologies including sulfur-impreg-
nated carbon absorption must be validated to provide the level of Hg control (sometimes up to 99.99%)
needed if some Hg-contaminated mixed wastes are thermally treated. If such high Hg control efficiencies
are not possible, then the Hg content in waste fed to mixed waste incinerators may need to be significantly
limited to meet expected emission limits.

Process simulations are necessary for designing off-gas systems to meet design and performance
objectives, determine equipment size and cost, determine masses and properties of influent and effluent
streams, and evaluate potential off-gas system variations. Installed capital costs of an APCS for hypo-
thetical low and high off-gas flowrate cases were estimated to be $27 million and $46 million, respectively.
These installed capital costs are 6 times higher than the major and other equipment purchase costs,
largely because of factors needed to account for costs associated with designing, constructing, and
permitting DOE facilities (facility capital costs). The most costly control equipment in these hypothetical
systems were fixed-bed carbon adsorbers, followed by the NOx control unit and HEPA filters.

Issues that should be addressed in future APCS designs include:

1. Hg control technology capabilities and limitations
2. Optimization of off-gas cooling, reheat, and carbon adsorber temperature to prevent moisture

condensation in HEPAs and downstream equipment while achieving desired Hg removal efficiency
and minimizing secondary wastes

3. Optimization of prefilter, HEPA filter, and carbon bed media replacement frequency
4. Optimization of D/F control
5. Optimization of secondary waste amounts and properties
6. The impact that secondary waste treatment has on off-gas system alternatives
7. Validation of assumptions for PM size distribution and control
8. Validation of metals partitioning and control

Acronyms

ALARA As Low As Reasonably Achievable
APC Air Pollution Control
APCS Air Pollution Control System
ARAR Applicable or Relevant and Appropriate Requirement
BIF Boilers and Industrial Furnaces
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act
CFR Code of Federal Regulations
CIF Consolidated Incineration Facility
CM Construction Management
DF Decontamination Factor
D/F Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
DOE U.S. Department of Energy
DRE Destruction and Removal Efficiency
DWPF Defense Waste Processing Facility
EER Energy and Environmental Research Corporation
EPA U.S. Environmental Protection Agency
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HEPA High Efficiency Particulate Arresting (filter), or more commonly, High Efficiency 
Particulate-Air (filter)

HVAC Heating, Ventilation, and Air Conditioning
INTS Integrated Nonthermal Treatment System
ITTS Integrated Thermal Treatment System
IWPF Idaho Waste Processing Facility
LMITCO Lockheed Martin Idaho Technologies Company
LVM Low Volatile Metals
MACT Maximum Achievable Control Technology
MEI Maximum Exposed Individual
M&O Maintenance and Operations
MSE-TA Mountain States Energy Technology Applications
NESHAPS National Emission Standards for Hazardous Air Pollutants
PIC Product of Incomplete Combustion
POHC Principal Organic Hazardous Constituent
PM Particulate Matter
RCRA Resource Conservation and Recovery Act
SCC Secondary Combustion Chamber
SCR Selective Catalytic Reduction
SNCR Selective Non-Catalytic Reduction
SRS Savannah River Site
SVM SemiVolatile Metals
TEQ Toxicity Equivalent
THC Total HydroCarbons
TRU TransUranic
TSCA Toxic Substances Control Act
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For Further Information

A number of books, reports, and other references have been published over the past decade on off-gas
control for hazardous and mixed waste treatment. The intent of this chapter on off-gas control is not to
repeat information provided in these other references, but to update, focus, and apply this information
and provide new information to aid in state-of-the-art off-gas control system design and operation for
mixed waste treatment.

Recent textbooks and handbooks that address off-gas control for mixed waste treatment are listed
chronologically as follows:

Burchsted, C.A., Kahn, J.E., and Fuller, A.B., 1979, Nuclear Air Cleaning Handbook: Design, Construction,
and Testing of High-Efficiency Air Cleaning Systems for Nuclear Application, ERDA 76-21, Oak Ridge
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The EPA, DOE, and other federal departments and agencies have also funded research, design, and
development of off-gas control technologies and systems for mixed waste treatment, especially in the
1990s. The author estimates that total funding by the DOE alone for off-gas control system research and
development in the 1990s approached $100 million dollars. DOE programs and projects that included
off-gas system research and development were many and diverse. Just a few of these included:

• Pilot-scale tests for the Consolidated Incineration Facility (CIF) incinerator/off-gas system

• The Mixed Waste Integrated Program (MWIP)

• The Buried Waste Integrated Program (BWID)

• The Mixed Waste Focus Area (MWFA)

• The Integrated Thermal Treatment Systems Study (ITTS)

• The Integrated Nonthermal Treatment Systems Study (INTS)

• The Idaho Waste Processing Facility (IWPF) at the INEEL

• The Advanced Mixed Waste Treatment Facility (AMWTF) at the INEEL

• The EPA/DOE National Technical Workgroup for Mixed Waste Treatment

These programs or projects have resulted in several useful references that can be useful in design and
operation of mixed waste off-gas control systems. Listed in chronological order, some of these references
are:

Dalton, J.D., Gillins, R.L., Harris, T.L., and Wollerman, A.L., 1992, An Assessment of Off-Gas Treatment
Technologies for Application to Thermal Treatment of Department of Energy Wastes, DOE/MWIP-
1, September.
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Rocky Flats Fluidized Bed Unit, State of the Art Assessment, EPA Contract 68-CO-0094.

Dalton, J.D., Wolfe, W.P., and Geimer, R.M., 1994, Air Pollution Control System Flowsheet for the Pilot-
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DOE, 1994, Technical Area Status Report for Second-Stage Destruction and Off-gas Treatment,
DOE/MWIP-5, August.
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9.2
Risk Analysis and Toxicology
Robin L. VanHorn
Idaho National Engineering and Environmental Laboratory
Idaho Falls, Idaho

Introduction

The purpose of this section is to provide an introduction and overview of risk assessment and toxicology
as they apply to mixed waste management. This section presents the basic risk assessment approach,
principles, and vocabulary for the working professional in waste technologies, chemical engineering,
environmental engineering, and civil engineering disciplines. It is divided into subsections on human
health risk assessment (HHRA), ecological risk assessment (ERA), and toxicology.

Human Health Risk Assessment (HHRA)

HHRA been defined as “the characterization of the potential adverse health effects of human exposures
to environmental hazards” (NRC, 1983). The determination of an adverse effect is a value judgment. It
can be defined quantitatively as an hazard quotient (HQ) exceeding 1.0 or a risk factor of cancer occurring
in 1 out of a million, to more difficult-to-measure concepts such as the quality of life or spiritual values.

As an emerging science, risk assessment has gained more acceptance by both the regulators and the
public. The basic risk assessment process involves identifying hazards, such as the release or potential
release of a toxic substance into the environment, and then using measurement, testing, and mathematical
or statistical models to quantify the relationship between the event and the effect. Therefore, the HHRA
can be discussed in terms of three major sections or phases: hazard identification, exposure assessment,
and risk characterization.

Hazard Identification

Hazard identification is concerned with the presence of potentially hazardous substances, their potential
toxicity, and the site situation. All available data specific to the location is examined and summarized. A
clear understanding of the hazardous substances at the site, their concentration in the media present,
and spatial distribution need to be developed. Hazardous substances can occur in groundwater, surface
water, soil (both surface and subsurface), air, and food.

It is important to evaluate the site history, land use, and environmental characteristics. The description
of the site should include location, cultural resources, and regulatory status. The current activities should
be documented as well as the past history, particularly as it relates to potential contamination. Environ-
mental characteristics of importance to the assessment may include physiography, topography, meterol-
ogy, geology, and hydrology. Initially, potential contamination associated with the facility’s operations is
identified by historical knowledge and then characterized for risk assessment by sampling. The contam-
inants should be broadly characterized, for example, as organics, metals, and radionuclides.

A few contaminants and exposure routes usually dominate total risk, and minimal effort should be spent
in detailed evaluation of minor contaminants and routes of exposure. Therefore, after concentrations by
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media type have been determined, it is common to screen chemicals and radionuclides, to focus on those
substances that are present at higher concentrations in the environment, are more toxic, are more persistent,
or mobile. These contaminant-specific screenings include statistical comparisons between site-related and
background samples, special handling of undetected contaminants, evaluation of detection frequency, and
comparison with applicable regulatory guidance and requirements.

Two approved approaches to additionally eliminate substances of less concern are either a scoring or
ranking process for both the contaminants and routes of exposure or the use of a risk-based concentration
screen (USEPA, 1989). Appropriately used, these processes can dramatically reduce the effort of risk
assessment, while not significantly changing the results.

Screening can be performed against risk-based concentrations (RBCs) and preliminary remediation
goals (PRGs). The U.S. Environmental Protection Agency (USEPA) Region 9 developed PRGs as tools
for evaluating and cleaning up contaminated sites. The PRGs contained in the Region 9 PRG Table were
calculated using generic standardized equations, combining exposure information assumptions and EPA
toxicity data. They are calculated without site-specific information. These PRGs are useful for site
“screening”  and as initial  clean-up goals, i f  applicable.  This Website is  located at:
http://www.epa.gov/region09/waste/sfund/prg/index.htm. USEPA Region 3 has developed RBCs for use
for risk assessment purposes calculated using genetic exposure models from USEPA (1989). This Web
site is located at: http://www.epa.gov/reg3hwmd/risk/riskmenu.htm

Exposure Assessment

Exposure assessment is a key phase in the risk assessment process, because without an exposure, even
the most toxic substance does not present a threat. Exposure assessment includes three steps:

1. Characterization of the exposure setting
2. Identification of complete exposure pathways
3. Quantification of the exposure

To characterize the exposure setting, it is important to identify both the exposed populations (general
public or selected groups) and the exposure scenario (residential, worker, trespasser, recreation, or
construction).

Potentially exposed populations are determined based on the surrounding land use and documented
sources of demographic information. Populations that may be exposed as the result of contaminants that
migrate from the site are also considered. A site visit is important to verify patterns of human activity
associated with various land uses. Potentially exposed populations include:

• Present populations in the vicinity

• Future populations in the vicinity

• Subpopulations of special concern (e.g., infants, elderly, pregnant women, and those with chronic
illness)

• Potential on-site workers (e.g., during remediation)

The development of exposure scenarios characterizes the conditions under which the populations may
be potentially exposed. This consists of an evaluation of both current and reasonable future uses of the
site. After scenarios have been determined, then the specific parameters needed to assess exposure
(exposure frequency, duration, and intake rate) can be selected. Commonly used exposure scenarios
include current and future daily worker, a construction worker, recreational use, current and future
residental use, and trespassers.

Once potentially exposed populations have been identified and characterized, exposure pathways can
be traced from the site to the exposed populations. Each exposure pathway describes a mechanism by
which a population or individual might be exposed to contaminants. The exposure pathway is the
environmental route that substances from the site can reach receptors. A pathway consists of the following:
a source, a release and transport mechanism, an exposure point, a receptor, and an exposure route.

http://www.epa.gov/region09/sfund/prg/index.htm
http://www.epa.gov/reg3hwmd/risk/riskmenu.htm
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Exposure routes are the pathways by which contaminants gain entry into the body. There are three
exposure routes by which environmental contaminants may enter the body: (1) inhalation (respiratory
tract), (2) ingestion (gastrointestinal tract), and (3) dermal contact (skin). For radionuclides, there is a
fourth exposure route, external exposure.

The result of this analysis yields a conceptual site model, which is an overview of the actual movement
of the contamination through the system, the exposure routes and the receptors. An example is shown
in Figure 9.2.1.

Actual measurements of exposures are not commonly available. Exposure models are frequently used
to develop exposure point concentrations. For example, in air quality studies, chemical emission and air
dispersion models are used to predict the air concentrations to downwind populations. Residential
drinking water wells downgradient from a site may not currently show signs of contamination, but may
become contaminated in the future as contaminants in the groundwater migrate to the well site. In these
situations, groundwater transport models can estimate when contaminants of potential concern will
reach the wells.

Pollutants can be transported away from the source. They can be physically, chemically, or biologically
transformed. They can also accumulate in various media. Assessment of the contaminate fate requires
knowledge of many factors, including organic carbon and water partitioning at equilibrium (Koc), chem-
ical partitioning between soil and water (Kd) partitioning between air and water (i.e., Henry’s law
constant), solubility constants vapor pressures, partitioning coefficients between water and octanol (Kow),
and bioconcentration factors (BCFs).

Risk Characterization

This final stage in the risk assessment process involves prediction of the frequency and severity of effects
in exposed populations. Conclusions reached concerning hazard identification and exposure assessment
are integrated to yield probabilities of effects likely to occur in humans exposed under similar conditions.

Because most risk assessments include major uncertainties, it is important that biological, analytical,
and statistical uncertainties are described in the risk characterization. The assessment should identify
which components of the risk assessment process involve the greatest degree of uncertainty.

Potential human carcinogenic risks associated with chemical exposure are expressed in terms of an
increased probability of developing cancer during a person’s lifetime. For example, a 10–6 increased cancer
risk represents an increased lifetime risk of 1 in 1 million for developing cancer. For carcinogenicity, the
probability of an individual developing cancer over a lifetime is estimated by multiplying the cancer slope
factor (in units of mg/kg/day) for the substance by the chronic (assumed to be a 70-year average) daily
intake (in units of mg/kg-day).

For non-carcinogenic effects, the exposure level for each potential contaminant is compared to a
chemical-specific Acceptable Daily Intake (ADI) or Reference Dose (RfD) derived for similar exposure
periods. Three exposure durations are considered: acute, intermediate, or chronic. For humans, acute
effects are considered those that arise within days to a few weeks; intermediate effects are those evident
in weeks to a year; and chronic effects are those that become manifest in a year or more.

Risk assessments at mixed waste sites are additionally complex, due to:

• Exposure to multiple substances, both radioactive and nonradioactive, with the potential for
numerous chemical and biological interactions

• Exposures to multiple media and pathways (e.g., via water, air, and soil)

• Exposure to multiple organisms with differing susceptibilities (e.g., infants, elders).

The assumption of dose additivity is most acceptable when substances induce the same toxic effect by
the same mechanism. When available, information on mechanisms of action and chemical interactions
are considered and are useful in deriving more scientific risk assessments.

Individuals are often exposed to substances by more than one exposure pathway (e.g., drinking of
contaminated water, inhaling contaminated dust). In such situations, the total exposure will usually equal
the sum of the exposures by all pathways.
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FIGURE 9.2.1 Residential exposure scenario conceptual site model (CSM).
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In conclusion, whether the risk description is simply a brief presentation (particularly true when risks
are below project-specific targets), or a long discussion of complex results, they must be usable to the
risk manager. The EPA guidelines (USEPA, 1998) reiterates that to facilitate mutual understanding, it is
critical that the risk assessment results are prepared in a manner that is clear, transparent, reasonable,
and consistent with other risk characterizations of similar scope.

Ecological Risk Assessment (ERA)

Ecological risk assessment (ERA) is the evaluation of the likelihood that undesirable ecological effects
will occur or are occurring as a result of exposure to one or more stressors. A stressor refers to any
physical, chemical, or biological entity that can induce an adverse effect (USEPA, 1992). An ERA at a
site can be indicated because it has been shown that protecting human health does not always result in
protecting ecosystem integrity (Hegner, 1994).

Background and Guidance

Ecological risk assessment (ERA) was identified during the late 1980s as part of the Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA) process, and for the last 20 years,
the EPA responded by providing guidance to performing ERA. These references are located at
http://www.epa.gov/superfund/programs/risk/rabasics.htm. Sorensen and Margolin (1998) have summa-
rized the ERA assessment guidance available and provide a valuable resource. Since this paper was
published, an additional guidance has come out in draft related to the evaluation of mixed waste issues
related to incineration. This is the Screening Level Ecological Risk Assessment Protocol for Hazardous
Waste Combustion Facilities (USEPA, 1999).

ERA Process Overview

The USEPA (1992 and 1998) presented a three-step approach to ecological risk that includes (1) problem
formulation, (2) analysis, and (3) risk characterization. The following subsections discuss the application
of this stepped approach and the type of information that should be included to support the assessment.

Problem Formulation

Problem formulation begins the ERA process by defining the site(s) of concern, contaminants of concern
(or stressors), and receptors in an organized method. The goals of the ERAs are defined upfront as part
of the planning process between the regulators, site officials, and risk assessors at this time. The USEPA
has established biological technical assistance groups (BTAGs) to assist in scoping large ERAs and to
provide technical support and review as necessary.

The general description and characterization of the site and the contaminant source and migration
from the area of concern are identified. Combined with an evaluation of receptors, the exposure pathways
of the identified contaminants are qualitatively modeled, and the potentially affected components of the
ecosystem are identified. The relationship between the contaminants, exposure pathways, and ecosys-
tem(s) at risk is then assimilated into the conceptual site model (CSM). Assessment and measurement
endpoints are then defined and summarized.

Description of Site and Hazard Identification
At most facilities, previous investigations are directed primarily at defining stressors (generally contam-
inants) and areas of concern based on human health issues. Activities at the problem formulation stage
of the ERA will be similar to the human health hazard identification, and should be performed in a
similar time frame. ERAs have differing concerns from human health risk assessments due to multiple
receptors and the possibility of greater toxicity from certain substances.

Existing data on potential contamination to the media associated with the area can be used to support
the definition of the problem and support further evaluations based on ecological receptors. This includes
the compilation of any relevant ecological investigations in the area of concern. The purpose of reviewing

http://www.epa.gov/superfund/programs/risk/rabasics.htm
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previous ecological and contaminant studies is to identify and locate data that can be used to support
the ERA.

A wide range of properties should be considered during the ecosystem characterization portion of
problem formulation. These properties include ecosystem structure (i.e., type and abundance of flora
and fauna species), trophic-level relationships of flora and fauna species, ecosystem function (i.e., energy
source and pathways of utilization, and nutrient processing), as well as abiotic components such as
climate, topography, and soil. “Knowledge of the ecosystem potentially at risk can help identify ecological
components that may be affected and stressor–ecosystem interactions relevant to developing exposure
scenarios” (USEPA, 1992).

Receptor Identification
Identification of the biotic components (flora and fauna) is one of the initial steps of the risk assessment.
This information may be available from past surveys or other local sources of information. A biological
survey of the area of concern surrounding the facility may have been performed to develop vegetation
and wildlife species lists. Potential risks to federally regulated threatened and endangered (T/E) species
or other species of concern should be addressed in the risk assessment. Therefore, habitats critical to T/E
species potentially present in the area should be identified and characterized. Other critical habitats (such
as wetlands) that may be impacted by facility activities should be identified and characterized.

The development of a food web model for each ecosystem identifies the relationships between the
flora and fauna found in the area of concern. The food web can also be incorporated into the CSM,
depending on the simplicity of the assessment. Through the food web model, the trophic relationships
within the ecosystem are identified so that the ecological risk assessor can define potential contamination
pathways (Calabrese and Baldwin, 1993). This allows an estimation of contaminant transfer through
each trophic level in the ecosystem and from the different sources via an abiotic medium (e.g., soil,
sediment).

Because food web models are used to identify indirect effects of contaminant exposure to species that
comprise upper trophic levels, they are important in producing the ERA pathways, as well as exposure
and conceptual site models. Figure 9.2.2 depicts a simplified food web model developed for use at the
Idaho National Engineering and Environmental Laboratory (INEEL) (VanHorn et al., 1995). This type
of model is readily understood, but may be too simplistic. Other types of visual approaches that depict
boxes and arrows may provide more information but can quickly become difficult to interpret.

Abiotic components such as topography, hydrology, geology, soil, and climatic conditions in the area
may have significant impacts on transport, fate, and effects of environmental contaminants. A general
characterization of the landscape should be provided as background for interpretation of potential effects
identified in the analysis. Prominent landforms should be identified. Streams and wetlands should be
mapped. If stream flow maps are available, they provide useful information. A characterization of soils
present in the area should be included as part of this effort.

Pathways of Contaminant Migration and Exposure
Contaminant migration and pathways modeling are a major focus of ERA, incorporating source and
receptor identification, contamination release mechanisms, and contaminant environmental transport.
The models attempt to address direct exposure to terrestrial and aquatic species through the identification
of exposure pathways, and indirect exposure (e.g., ingestion of contaminated prey) or direct contact with
environmental media.

Typical exposure routes considered in ERAs include:

• Ingestion (soil, water, and biota)

• Inhalation

• Dermal contact

• External exposure for radionuclides
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The Conceptual Site Model
Development of the conceptual site model is based on the food web and appropriate pathways/exposure
models. Simplistically, the conceptual site model combines the ecological and contaminant characteristics
of the ecosystem being analyzed to develop exposure scenarios for use in assessing the risk at the site.
The model integrates all direct exposure pathway models identified with indirect exposure scenarios (i.e.,
prey consumption).

The basic components of the model are contaminant sources, pathways (including release mechanisms
and environmental transport routes), and exposure scenarios (which link the receptors to the source).
The conceptual model integrates receptors identified in the receptor characterization process with the
pathway model to produce an overall summary of exposure for the ecosystem and serves as input to the
analysis phase of the assessment (USEPA, 1992).

Conceptual site models can be presented in one of two formats:
An evaluation model is a flow chart analysis depicting the movement of contaminants from source to

receptor (similar to the HHRA Figure 9.2.1). An illustrative model that depicts the site, source, affected
media, and receptors with arrows indicating contaminant movement through the environment (see
Figure 9.2.3).

Assessment and Measurement Endpoints
Assessment endpoints are “formal expressions of the actual environmental values that are to be
protected” (Suter, 1989). For ERA, assessment endpoints are the focus for risk characterization and

FIGURE 9.2.2 Simplified food web model. (From VanHorn, R.L., Hampton, N.L., and Morris, R.C., 1995. INEEL-
95/0190, April.)
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link the measurement endpoints to risk management goals (USEPA, 1992). Criteria for ERA assessment
endpoints encompass biological relevancy policy goals and societal values, susceptibility to the con-
taminant, and consideration of measurability and predictability (USEPA, 1992; Suter, 1993). A mea-
surement endpoint is “a quantitative expression of an observed or measured effect of the hazard; it is
a measurable environmental characteristic that is related to the valued characteristic chosen as an
assessment endpoint” (Suter, 1989).

Analysis

The information gathered during the problem formulation directs the analysis phase of the ERA and
provides the basis for calculating an indication of risk. The analysis phase consists of exposure assessment
and ecological effects analysis.

Exposure Assessment
The exposure assessment quantitatively determines the magnitude and routes of exposure, and contam-
inant fate and transport, as well as the ecosystem parameters, and an estimation of contaminant exposure
point concentrations (EPCs) for receptors of concern.

Site-specific and literature-based information on the transport and fate in the environment for con-
taminants of potential concern are evaluated. As with human health risk assessment, it is common to
model the exposure point concentration. This includes any available information on studies concerning
the behavior of a contaminant in the biota (e.g., movement through the food web or accumulation in
certain tissues). This information, combined with the ecological effects assessment, will provide an
effective picture of the potential movement of the contaminant through the ecosystem and allow adequate
characterization of the risk.

The ecosystem characterization that was performed for the problem formulation is the basis for
the development of the ecosystem exposure parameters necessary to perform the analysis. The input

FIGURE 9.2.3 Conceptual site model. (From VanHorn et al., 1998.)
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parameters for the exposure assessment should be presented in this section of the assessment. Site-specific
data should be used whenever available, and literature values related to the specific species used when
site-specific data is lacking. Conservative assumptions are commonly necessary due to the lack of receptor-
specific data. The EPA Wildlife Factors Exposure Handbook (USEPA, 1993) is an excellent source for this
type of information. The ecosystem characterization presented in this section of the analysis phase should
include a discussion of temporal and spatial characteristics, ingestion rates, body weight and diet, and
food-chain exposure calculations.

Exposure Analysis
The exposure analysis section will summarize the information compiled during the problem formulation
as the information relates to exposure pathways and conceptual site models. The characterization of the
environmental media and contaminants is performed as part of the problem formulation phase of the
ERA. This information can be presented as a review with a brief discussion. This review should include
a discussion of the pathways identified, the species potentially exposed, and a review of the assumptions
that will be made concerning the selection of endpoints and receptors.

For screening purposes, receptors are assumed to be exposed to stressors to the maximum extent,
perhaps beyond what is actually expected (e.g., assuming that a raptor captures 100% of its prey from a
contaminated site, and that all the prey are exposed to maximum contaminant concentrations). This is
similar to the human risk assessment concept of the “maximally exposed individual,” a hypothetical
individual who is assumed to live and grow his own food at a location of maximum exposure to a stressor.
This conservative approach helps ensure that a potentially important contaminant will not be eliminated
from future evaluations.

Exposure modeling is discussed in many of the available guidance documents (USEPA, 1993; 1998).
The total exposure of each of the terrestrial and aquatic wildlife receptors to contaminants is calculated
as the sum of the dietary, soil (or sediment), and drinking water (surface water) exposure estimates.

Effects Assessment
The purpose of the effects (or stressor-response) assessment is to characterize the toxicity of stressors to
selected measurement endpoints (e.g., ecological receptors). In this section, effects of the contaminants
on identified receptors will be quantified. This process relies on professional judgment, especially when
minimal data is available or when choices among several sources of data are required. If the available
data are inadequate, this will be identified as a data gap and will be addressed in the screening evaluation.
The derivation of ecological toxicity reference values (TRVs) will often involve various extrapolations
from literature reviews of laboratory studies and is discussed in greater detail below.

Risk Characterization

The final phase of risk assessment — risk characterization — involves the evaluation of the likelihood
of adverse effects occurring as a result of exposure to stressors. Risk characterization includes two major
steps: risk estimation and risk description. In the risk estimation, the contaminants that had an indication
of potential risk based on the HQ approach are summarized. In the risk description, this potential risk
is characterized and discussed. The risk description also presents and qualifies the uncertainty inherent
in the assessment.

Risk Estimation
Risk is estimated by comparing the calculated dose to the TRV expressed as an HQ. Exposure parameters
used to calculate dose have been discussed in the previous subsections. If the dose from the contaminant
does not exceed its TRV (i.e., if the HQ is less than some target value, sometimes set at 1.0), adverse
effects to ecological receptors from exposure to that contaminant are not expected and no further
evaluation is required. Hence, as in human health risk assessment, the HQ is an indicator of potential
risk. HQs are calculated using the following equation:

HQ = Dose/TRV (9.2.1)
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where
HQ = Hazard quotient (unitless)
Dose = Dose from all media (mg/kg/day)
TRV = Toxicity reference value (mg/kg/day)

Depending on the contaminants, receptors, and waste sites, HQs can be summed across the pathways
by receptor. It is important to consider additive effects for all pathways and contaminants. This total is
commonly called the hazard index (HI) and should be evaluated to determine if the sum is greater than
1.0. The HI is the summation of effects, the determination of relative risk from a suite of contaminants
under consideration, and the propagation of higher risk contaminants through to more detailed risk
assessment, while dropping those with low risk.

Risk Description, Uncertainty and Summary
For the risk manager to evaluate the full range of possibilities contained in the ERA, it is important at
this stage to review the results based on the goals of the assessment developed during the problem
formulation. The results of the risk estimation are discussed and interpreted. The uncertainties inherent
in the assessment and how they relate to the results should also be brought forward into the uncertainty
section.

As part of the ERA process, it is also important to consider the impact of any planned activities, such
as a remediation, on the receptors at each site. An analysis of the planned response should be performed
to determine if the solution is worse than the problem. In the evaluation of risk assessment performed
at CERCLA sites, the determination may often be “no action.” The disturbance associated with remedial
operations to ensure elimination of the contaminant may be more damaging to the environment and
ecological receptors than the presence of the contaminant. For such sites, monitoring in lieu of active
remediation can be conducted to ensure that changes are not occurring.

In conclusion, as with the HHRA, whether the risk description is simply a brief presentation (partic-
ularly true when risks are below targets) or a long discussion of complex results, they must be usable to
the risk manager. When integrating the HHRA results with the ERA, it becomes more critical that the
risk assessment results are prepared in a manner that is clear, transparent, reasonable, and consistent.

Toxicology

The dictionary definition of toxicology is “the study of the nature, effects, and detection of poisons and
the treatment of poisoning.” A toxicologist is a scientist who determines the adverse effects of substances
(chemicals) and the cellular, biochemical, and molecular mechanisms responsible for the effects. Toxi-
cology is an extremely complex field. This subsection provides an overview of issues and terminology
important to the performance of the risk assessment.

The risk to receptors as a result of the presence of substances in the environment is determined by the
toxicity and the fate of the substance in the environment and in the receptor. The toxicologist uses a
dose-response curve to determine toxicity. The EPA has provided systematic and in-depth toxicity
evaluations for common contaminants of concern at hazardous waste sites for risk assessment purposes.
Additional toxicity evaluations are performed only if specific issues arise during the assessment.

A basic understanding of the general routes of exposure, modes of toxicity, derivation of slope factors,
and RfD, is important in performing a risk assessment. Most hazardous waste site risk assessments deal
with multiple substances in the environment. The evaluation of the risk from the presence of these
multiple substances with various exposure routes, modes of toxicity, possible interactions, as well as other
considerations, introduces a large amount of uncertainty into the risk assessment process. Frequently,
the risk assessment makes extensive simplifications during the analysis to address that lack of adequate
data. An understanding of these issues allows the risk assessor to adequately address them during
the analysis.
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Exposure Routes

Toxic effects are evident only after absorption (the uptake by cells or organism). However, it is still
important to know the route of entrance into the receptor. Except for those substances that have a direct
harmful effect on the skin, the mucous membrane, the eye, or the inner lining of the lung, the crucial
factor is not the external level of a substance but rather its concentration in the body or target organ(s).
This concentration represents the internal exposure. When the absorption rate exceeds the rate of
excretion and biotransformation, accumulation may take place, and the body burden will increase.
Distribution over the body is dependent on the properties of the substance.

The media, the physical state, and the physiochemical properties of the substance determine the form
of exposure. Exposure routes include inhalation (respiratory tract), ingestion (gastrointestinal tract), and
dermal contact (skin). For radionuclides, there is a fourth exposure route: external exposure to radiation.

Categories of Toxin Effects

Toxic substances can be categorized as systemic toxins and organ toxins. A systemic toxin affects the
entire body or many organs rather than a specific site. Organ or tissue toxicants affect only specific tissues
or organs while not producing damage to the body as a whole. These specific sites are known as the
target organs or target tissues. In some cases, the effect will occur at only one site or organ. This is referred
to as the specific target organ. In other cases, toxic effects will occur at multiple sites or organs.

The types of systemic toxicity include:

1. Acute toxicity occurs within hours to days after exposure. An acute exposure is usually a single
dose or a series of doses received within a 24-hr period.

2. Subchronic toxicity results from repeated exposure for several weeks or months.
3. Chronic toxicity represents cumulative damage to specific organ systems and takes many months

or years to become a recognizable clinical disease.
4. Carcinogenicity is a complex multistage process of abnormal cell growth and differentiation, which

can lead to cancer.
5. Developmental toxicity pertains to adverse toxic effects to the developing embryo or fetus.
6. Genetic Toxicity results from damage to DNA and altered genetic expression. This process is known

as mutagenesis. The genetic change is referred to as a mutation and the agent causing the change
as a mutagen.

Types of organ-specific toxic effects are:

1. Blood and cardiovascular toxicity results from chemicals acting directly on cells in circulating blood,
bone marrow, and heart.

2. Dermal toxicity results from direct contact or internal distribution to the skin.
3. Eye toxicity resulting from direct contact or internal distribution to the eye.
4. Hepatotoxicity is toxicity to the liver, bile duct, and gall bladder. The liver is particularly susceptible

due to a large blood supply and its role in metabolism.
5. Immunotoxicity is toxicity to the immune system
6. Nephrotoxicity is toxicity to the kidneys. A high volume of blood flows through them and they

filter large amounts of toxins that can concentrate in the kidney tubules.
7. Neurotoxicity represents toxicant damage to cells of the central nervous system (brain and spinal

cord) and the peripheral nervous system (nerves outside the central nervous system).
8. Reproductive toxicity involves toxicant damage to reproductive systems. This is one of the most

critical effects evaluated for ecological receptors.
9. Respiratory Toxicity relates to effects on the upper respiratory system (nose, pharynx, larynx, and

trachea) and the lower respiratory system (bronchi, bronchioles, and lung alveoli).
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Factors Influencing Toxicity

The toxicity of a substance depends on form and innate chemical activity dosage, especially dose-time
relationship, exposure route, species, age, sex, ability to be absorbed, distribution within the body,
excretion, metabolism, and the presence of other chemicals. The form of a substance can have a profound
impact on its toxicity, especially for metallic toxins. For example, the toxicity of mercury vapor differs
greatly from that of methyl mercury. Another example is chromium. Cr3+ is relatively nontoxic whereas
Cr6+ causes skin or nasal corrosion and lung cancer.

The dosage is the most important factor in determining if a substance will be an acute or chronic
toxicant. Virtually all chemicals can be acute toxicants if sufficiently large doses are administered. Often
the toxic mechanisms and target organs are different for acute and chronic toxicity.

Dose and Dose-Response
Dose, by definition, is the amount of a substance administered at one time. Exposure dose is the amount
of substance encountered in the environment. The absorbed dose is the actual amount of the exposure
dose that enters the receptor. The total dose is the sum of the individual doses.

The gram is the standard unit in toxicology for risk assessment. However, the milligram (mg) is also
commonly used. The common dose measurement is milligram/kilogram (mg/kg), which stands for
milligram of substance per kilogram of body weight.

Another important aspect is the time over which the exposure has occurred. This is especially important
for chronic exposures. The commonly used time unit is one day and thus, the usual dosage unit is
mg/kg/day, where body weight is implied.

The dose-response relationship is fundamental to and essential in evaluating the toxicity of a substance.
Mathematical relationships between the dose and response have been established from theoretical models
(e.g., the normal distribution as a statistical model). In general, the higher the dose, the more severe the
response. This relationship is based on observed data from experimental animal, human clinical, or cell
studies.

Knowledge of the dose-response relationship determines:

• Causality that the chemical has in fact induced the observed effects

• The lowest dose where an induced effect occurs — the threshold effect

• The slope for the dose response

The dose-response curve indicates the point at which toxicity first appears, or the threshold dose level.
From that point, the curve increases with higher dose levels. A threshold for toxic effects occurs at the
point where the body’s ability to detoxify or repair toxic injury has been exceeded. The threshold concept
is important in the regulatory context. It is often prudent to focus on the most sensitive members of the
population; therefore, regulatory efforts are generally made to keep exposures below the population
threshold, which is defined as the lowest of the thresholds of the individuals within a population.

Dose-Response Assessment
The dose-response assessment step determines the relationship between dose and incidence of effects. There
are normally two major extrapolations required. The first is from high experimental doses to low environ-
mental doses, and the second from animal to human doses. The procedures employed to extrapolate from
high to low doses are different for assessment of carcinogenic effects and non-carcinogenic effects.

1. Carcinogenic effects are not considered to have a threshold, and mathematical models are generally
used to provide estimates of carcinogenic risk at very low dose levels.

2. Non-carcinogenic effects (e.g., neurotoxicity) are considered to have dose thresholds. The lowest
dose with an effect in animal or human studies is divided by safety or uncertainty factors to provide
a margin of safety.

Cancer risk assessment. Assessing carcinogenic effects involves several steps. The substance’s
potential for human carcinogenicity is inferred from the available information relevant to the potential
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carcinogenicity of the chemical and from judgments as to the quality of the available studies. The EPA
uses a weight-of-evidence approach to classify the likelihood that the substance is a human carcinogen.
A three-stage process is followed. In Stage One, the evidence is characterized separately for human studies
and for animal studies. In Stage Two, the human and animal evidence are combined into a presumptive
overall classification. In Stage Three, the preliminary classification is adjusted upward or downward,
based on analysis of available supporting evidence. The result is that each substance is placed into one
of the following five categories:

The key risk assessment parameter derived from the EPA carcinogen risk assessment is the cancer
slope factor. This is a toxicity value that quantitatively defines the relationship between dose and response.
The cancer slope factor is a plausible upper-bound estimate of the probability that an individual will
develop cancer if exposed to a chemical for a lifetime of 70 years. The cancer slope factor is expressed as
mg/kg/day.

Non-carcinogenic risk assessment. In the past, the Acceptable Daily Intake (ADI) procedure was used
to determine permissible chronic exposure levels for humans based on non-carcinogenic effects. The
ADI is the defined as the daily dose that a person can be exposed to for a long time (usually a lifetime)
without suffering harmful effects. It is determined by applying safety factors (to account for the uncer-
tainty in the data) to the highest dose in human or animal studies which has been demonstrated not to
cause toxicity (No Observable Adverse Effect Level, or the highest exposure level at which there are no
statistically or biologically significant increases in the frequency or severity of adverse effect between the
exposed population and its appropriate control; some effects may be produced at this level, but they are
not considered adverse, nor precursors to adverse effects. (NOAEL)).

The EPA has slightly modified the ADI approach and calculates a Reference Dose (RfD) as the
acceptable safety level for chronic non-carcinogenic and developmental effects. The RfDs developed by
the EPA are used extensively in the risk assessment process.

The EPA uses the following basic procedure for establishing an RfD:

1. Select the most sensitive species for which adequate studies are available.
2. Human data is always given priority for HHRA purposes.
3. Select the principal or critical studies using the appropriate route of exposure. RfDs are route

specific.
4. Select supporting studies
5. Identify the NOAEL. When a NOAEL is not available, an LOAEL can be used to calculate the RfD.

An additional safety factor is included if a lowest observed adverse effect level (LOAEL) is used.
(The LOAEL is the lowest exposure level at which there are statistically or biologically significant
increases in frequency or severity of adverse effects between the exposed population and its
appropriate control group.)

6. The NOAEL for the most sensitive endpoint is adjusted downward by orders of magnitude to
reflect uncertainty. The more uncertain or unreliable the data becomes, the higher will be the total
uncertainty factor (UF) or modifying factor (MF) that is applied.

Group Category

A Human carcinogen
B Probable human carcinogen:

B1 indicates limited human evidence
B2 indicates sufficient evidence in animals and inadequate or no evidence in humans

C Possible human carcinogen
D Not classifiable as to human carcinogenicity
E Evidence of non-carcinogenicity for humans
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The RfD is determined using the following equation:

RfD = NOAEL/(UF × MF) (9.2.2)

In general, the RfD is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily
exposure to the human population (including sensitive subgroups) that is likely to be without an
appreciable risk of deleterious effects during a lifetime. The RfD is generally expressed in units of
mg/kg/day.

The RfD is useful as a reference point from which to evaluate the potential effects of the contaminant
at other doses. Doses less than the RfD are not likely to be associated with adverse health risks, and are
less likely to be of regulatory concern. As the frequency and/or magnitude of the exposures exceeding
the RfD increase, the probability of adverse effects in a human population increases. However, it should
not be generally concluded that all doses below the RfD are risk-free and that all doses in excess of the
RfD will result in adverse effects.

Reference doses for many contaminants are not available from EPA sources. Frequently only certain
routes of exposure will have an EPA-developed RfD. In these cases, the risk assessment generally states
this and discusses these issues qualitatively in the risk characterization or in the uncertainty sections. It
is possible to study the relationships between physiochemical properties and biological activities. These
techniques are known by the acronym QSAR (quantitative structure-activity relationships). If necessary,
a toxicologist can use this approach or others to develop an RfD specifically for a contaminant of potential
concern at a site.

Ecotoxicology

The derivation of ecological toxicity reference values (TRVs) will often involve various extrapolations
from literature reviews of laboratory studies. Extrapolations commonly used include those between
species, between responses from laboratory and field, and between responses from field to field. Differ-
ences in responses among taxa depend on many factors, including physiology, metabolism, resource
utilization, and life history strategy. The relationship between responses also depends on many factors,
including the mechanism of action and internal distribution of the stressor within the organism. When
extrapolating between different laboratory and field settings, important considerations include differences
in the physical environment and organism behavior that will alter exposure, interactions with other
stressors, and interactions with other ecological components.

Depending on available data and endpoints, various adjustment factors are used to derive TRVs from
experimental data to adjust HQs to account for uncertainty and extrapolation. Table 9.2.1 presents an
example from Kester et al. (1998). This allows for a certain conservatism to be included in the assessment.
There are various methods that are applicable to this task.

Guidance for developing TRVs can be found in Oak Ridge National Laboratory (Opresko et al., 1994)
and INEEL (VanHorn et al., 1995) documents, as well as others. TRVs should be derived for each receptor
species by selecting the most appropriate experimental study. The selection of appropriate toxicity
information may require the expertise of a senior toxicologist.

Radiotoxicity

The EPA classifies all radionuclides as Group A carcinogens. Depending on the level of exposure, radiation
can adversely affect individuals directly exposed as well as their descendants. Radiation can affect the
cells of the body, increasing the risk of cancer or harmful genetic mutations that can be passed on to
future generations; or, if the dosage is large enough to cause massive tissue damage, it may lead to death
within a few weeks of exposure.

The EPA generally evaluates potential human health risks based on the radiotoxicity (i.e., adverse
health effects caused by ionizing radiation), rather than on the chemical toxicity of each radionuclide
present. However, in assessing the material, the chemical toxicity (e.g., uranium) may be also contribute
to risk. Ionizing radiation has been shown to be carcinogenic, mutagenic, and teratogenic. Radiation can
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induce cancers in nearly any tissue or organ in both humans and animals, and the risk of cancer increases
with increasing dose. The assessment of dose from ionizing radiation is complex. This subsection discusses
the general characteristics of concern and some of the concepts associated with management of radiation.
An excellent source of detailed information is Radiological Assessment: A Textbook on Environmental Dose
Analysis (Till and Meyer, 1983). If a facility is actively working with ionizing radiation, the special concerns
(shielding and As Low As Reasonably Achievable [ALARA] practices) need to be addressed by a profes-
sional in this field.

Ionizing radiation is energy (particles or rays) emitted from radioactive atoms undergoing radioactive
decay processes. The four basic types of ionizing radiation that are of primary concern for management
of mixed waste are alpha particles, beta particles, gamma rays, and neutron particles.

1. Alpha particles. The alpha particle is a highly energetic helium nucleus that is emitted from the
nucleus of the radioactive isotope (atom). It is a positively charged, massive particle, consisting
of two protons and two neutrons. Because alpha particles are easily shielded and travel a short
distance (2 in. in air), the primary exposure route of concern is internal ingestion or inhalation.

2. BETA particles. A beta particle is physically identical to an electron that is emitted from the nucleus
of an atom, and is negatively charged. If ingested or inhaled, a beta emitter can be an internal

TABLE 9.2.1 Adjustment Factor Values and Criteria for Use in Developing TRVs for INEEL (Kester et al., 1998)

Adjustment 
Factor

Qualitative 
Ranking Value Criteria

I Low 1 Variability is low
Medium 2 Variability is moderate or average
High 3 Variability is high, or information on variability is inadequate

R Low 1 Test organism and receptor (or all functional group members) are in same 
taxonomic order and trophic category

Medium 2 Test organism and receptor (or all functional group members) are in same 
trophic category but in different taxonomic orders (at least one functional 
group member); or for bioaccumulative COPCs, if the test organism and 
the receptor (or functional group) are in different trophic categories and 
test organism is from a higher trophic category than the receptor (or 
functional group)

High 3 Test organism and receptor (or all functional group members) are in different 
trophic categories, and the test organism is in a lower or equivalent trophic 
category than the receptor (or functional group)

Q1 Low  0.1 Experimental endpoint is highly unlikely to occur in the field
Medium  0.5 Experimental endpoint is moderately unlikely to occur in the field@@
High 1 Experimental endpoint is likely to occur in the field

Q2 Low 1 Study was of chronic duration
Medium 2 Study was of subchronic duration
High 3 Study was of acute duration

Q3 Low 1 NOAEL
Medium 2 LOAEL
High 3 Adverse effect level or frank effect level

U Low 1 High-quality studies
Medium 2 Studies of reasonable quality
High 3 Studies with flawed design or incomplete information

I = AF accounts for intratoxon variability
R = AF accounts for intertaxon variability
Q1 = a data-quality AF reflecting the risk assessor’s certainty that the COPC actually causes the critical effect in the

receptor, and that it is an ecologically significant effect
Q2 = a data-quality AF used when extrapolating across endpoint types to estimate an NOAEL
Q3 = a data quality AF used when extrapolating across endpoint types to estimate an NOAEL
U = an AF to account for any residual uncertainty in the data evaluation process and estimation of other AFs based

on data quality, study design, and/or known but otherwise unaccounted for extrapolation issues.
Modified from Ludwig et al., 1993.
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hazard due to it short range (typically 10 ft in air). Beta particles are easily shielded by plastic,
glass, metal foil, or safety glasses; however, external exposure to beta particles is potentially
hazardous to the skin and eyes.

3. Gamma-rays/X-rays. Gamma/X-ray radiation are electromagnetic waves or photons and have no
electrical charge. Gamma/X-ray radiation requires shielding by very dense materials, such as
concrete, lead, or steel. Because gamma/X-ray radiation has no charge and no mass, they are highly
penetrating and have a large range (typically several hundred feet in air). Gamma/X-ray radiation
can result in radiation exposure to the entire body.

4. Neutron particles. A neutron radiation consists of neutrons having zero charge that are ejected
from the nucleus. Neutrons have a relatively high penetrating ability, large range (typically several
hundred feet in air), and are difficult to stop. Materials with high hydrogen content, such as water
or plastic, best shield neutron radiation. Neutrons are a whole-body hazard due to their high
penetrating ability.

Units of Measure

The roentgen (R) it the unit that measures radiation as it travels through air. The roentgen unit is
applicable only to gamma/X-rays and does not apply to particulate radiation (such as alpha, beta, neutron
or high-speed ions) and it does not involve biological tissue. To account for the interaction with biological
receptors, the concept of absorbed dose was introduced. The unit of absorbed dose is called a Rad
(radiation absorbed dose); 1 rad is that quantity of ionizing radiation of any type that will deposit 100
ergs of energy in each gram of absorbing tissue.

The relationship between exposure and absorbed dose depends on the tissue involved. An X-ray
exposure of 1 R will deliver a dose of very nearly 1 rad in soft tissue (e.g., muscle). In bone, an exposure
of 1R corresponds to a dose of considerably more than 1 R. The units are not interchangeable. The
difference in dose results from the fact that bones are opaque to X-rays, so they absorb most of the X-ray’s
energy, while flesh is transparent, allowing much of the X-ray energy to pass through without being
absorbed. The rad has now been superceded by the Gray (Gy), where 1 Gy = 100 rad.

To account for differences in biological effectiveness between types of radiation, the unit of dose
equivalence was introduced, called a rem (Roentgen Equivalent Man). The unit roughly indicates the
relative degree of biological damage caused by a particular exposure to ionizing radiation.

The dose equivalent (in rems) is calculated by multiplying the absorbed dose (in rad) by a quality
factor Q (Q = 1) for beta, gamma, or X-radiation, and twenty (Q = 20) for alpha particles or fast neutrons.
Therefore, a dose of 1 rad of gamma-radiation delivers a dose equivalent of 1 rem; whereas a dose of 1
rad of alpha-radiation delivers a dose equivalent of 20 rem. It is possible to use experimentally derived
quality factors to convert rads to rems, based on a careful measurement of Relative Biological Effectiveness
(RBE). In general, the rem is an administrative unit used for regulatory purposes.

The rem is now superceded by the Sievert (Sv); 1 Sv = 100 rem. Thus, the dose equivalent in sieverts
can be found by multiplying the absorbed dose in Grays by the same quality factor Q discussed above
(because 1 Gy = 100 rad).

The dose is the amount of radiation received. The dose rate is the rate. Dose rate equals dose divided
by time (e.g., rem/hr).

Radioactivity is measured in the number of disintegrations radioactive material undergoes in a certain
period of time. The Curie (Ci) was the basic unit of activity. Originally defined as the activity of 1 g of
pure radium, the Curie was later redefined as 37 billion disintegrations per second. The Curie has now
been superceded by the Becquerel (Bq), which is one disintegration per second. Commonly, the mea-
surement of radiation in the media of concern (e.g., ρCi/g) is used to assess risk to receptors.

Acute and Chronic Radiation Doses

Potential biological effects depend on how much and how fast a radiation dose is received. Acute radiation
dose has an acute effect and is a physical reaction due to massive cell damage. An acute dose can occur
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to the whole body and to only part of the body. It takes a massive acute dose of radiation before any
physical effect is seen (on the order of 500,000 mrem or larger). Acute effects include blood changes,
hemopoietic (bone marrow) syndrome, gastrointestinal syndrome, and central nervous system syndrome.

Chronic radiation dose is typically a small amount of radiation received over a long period of time.
The body is better equipped to tolerate a chronic dose. The body has time to repair damage because a
smaller percentage of the cells need repair. Health effects in the exposed individual include somatic and
genetic effects. A somatic effect is a mutation in a cell other those related to genetic information. Mutation
in somatic cells can give rise to cancer. A genetic effect is passed on in the genetic material in the cell,
possibly causing mutations in offspring. Delayed effects can include cancer, leukemia, bone cancer, lung
cancer, life shortening, and cataracts.

Additional Radiation Dose Issues

Receptor populations are constantly being exposed to low levels of natural background radiation, includ-
ing environmental sources, and at higher levels, occupational sources, medical therapy, and other human-
mediated events. Risks to humans exposed to low levels of radiation are considered to be minimal and
there is evidence that in many cases the effects may be beneficial. Available research has not yielded the
type of information readily used to make risk assessments related to low exposures to radiation. As
discussed, the severity of many effects is dose dependent. However, the severity of most delayed effects
does not depend on the dose received. For example, there is no such thing as a “little bit” of cancer. This
is also true in the case of a genetically-defective child. These effects could have resulted from either a
large or a small dose of ionizing radiation. Effects of this nature are said to be stochastic.

• Stochastic effects are effects that occur on a random basis with the effect independent of the size
of dose. The effect typically has no threshold and is based on probabilities, with the chances of
seeing the effect increasing with dose

• Non-stochastic effects are effects that are related directly to the dose received. The effect is greater
with a higher dose (i.e., the burn gets worse as dose increases). It typically has a threshold, below
which the effect does not occur.

Radiation-Specific Risk Assessment Issues

Factors affecting biological damage due to exposure to radiation include total dose, dose rate, type of
radiation, area of the body exposed, cell sensitivity, and individual sensitivity. These factors should be
addressed in the risk assessment.

Another unique characteristic of radionuclides is that different isotopes disintegrate at different rates,
and each isotope has its own characteristic decay rate. Radioactive decay is important for management
of mixed wastes. Atoms in a radioactive substance decay in a random fashion but at a characteristic rate.
The length of time this takes, the number of steps required, and the kinds of radiation released at each
step are well known.

The half-life is the time taken for half of the atoms of a radioactive substance to decay. Half-lives can
range from less than a millionth of a second to millions of years, depending on the element concerned.
After one half-life, the level of radioactivity of a substance is halved; after two half-lives, it is reduced to
one quarter; after three half-lives, to one-eighth; etc. This will generally reduce the risk accordingly. This
decay, combined with the exposure scenario, needs to be considered during the evaluation. However,
radioactive decay can also produce longer-lived radioactive daughter products. These may contribute
significantly to the risk and will need to be taken into consideration as well.

Radiation dose limits are established for occupational workers. The organizations that have set stan-
dards include the International Commission of Radiological Protection (ICRP), the International Atomic
Energy Agency (IAEA), and the National Committee on Radiation Protection and Measurements
(NRCP), as well as others. These types of guidance should be consulted when evaluating exposures at
each site.
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Sources of RfDs and Slope Factors

• The Integrated Risk Information System (IRIS) at http://www.epa.gov/iris/ is the primary source
of toxicity information for non-radioactive contaminants promulgated by the EPA. The informa-
tion represents a consensus opinion of EPA health scientists representing the Program Offices and
the Office of Research and Development. The consensus process involves interpreting the scientific
literature applicable to health effects of a chemical, and using established methodologies to develop
values for oral reference doses, inhalation reference concentrations, carcinogenic slope factors and
unit risks. The products of this process, summarized in IRIS and elaborated in chemical-specific
support documents, have been subject to the EPA’s peer review policy since its issuance in 1994.
As new scientific information becomes available, the EPA will review it, as appropriate, and revise
IRIS files accordingly.

• Heath Effects Assessment Summary Tables (HEAST) located at http://www.epa.gov/radia-
tion/heast/index.html#index is the primary source of toxicity information for radionuclides com-
piled by the U.S. EPA’s Office of Radiation and Indoor Air Radiation Protection Division focusing
on radiation and dose risk modeling. HEAST lists ingestion, inhalation and external exposure
cancer slope factors for radionuclides. Ingestion and inhalation, slope factors are central estimates
in a linear model of the age-averaged, lifetime attributable, radioactive cancer incidence (fatal and
nonfatal cancer) risk per unit of activity inhaled, or ingested expressed as risk/pCi. External
exposure slope factors are also central estimates of lifetime attributable radiation cancer incidence
risk for each year of exposure to external radiation from photon-emitting radionuclides (e.g.,
gamma) distributed uniformly in a thick layer of soil and are expressed as risk/year per pCi/gram
soil.

• U.S. Agency for Toxic Substances and Disease Registry (ATSDR) toxicity profiles found at
http://www.atsdr.cdc.gov/ provide excellent supporting information and detailed evaluations of
substances that have been analyzed.

TOXNET is cluster of databases on toxicology, hazardous chemicals, and related areas. A valuable
source of available toxicity databases is available at http://toxnet.nlm.nih.gov/.

Additional Resources

Various individual Department of Energy (DOE) facilities have produced risk assessment guidance. The
DOE Oak Ridge National Laboratory (ORNL) has produced extensive guidance, benchmark documents,
and general support. Their Web site (http:\ornl.gov) provides a listing of the documents available that
can also be downloaded from this location.

T he  D O E  B io t a  D o se  Ass es sm en t  Co m mi t te e  ( B DAC )  Web  s i t e  i s  l o ca t ed  a t
http://homer.ornl.gov/oepa/public/bdac/. BDAC has assisted DOE in developing a DOE Technical Stan-
dard “A Graded Approach for Evaluating Radiation Doses to Aquatic and Terrestrial Biota,” that provides
a graded approach for evaluating radiation doses to aquatic and terrestrial biota. The DOE Technical
Standard can also be used for assessing ecological effects of radiological impact when conducting ERAs.

The EPA Superfund Web site at http://www.epa.gov/superfund/ provides access to EPA information
and guidance. It also provides links to other sites of interest. The EPA also has a Web site called tools of
the trade; this site has access to guidance, policy, and technical tools for Superfund risk assessment.
Information on both human health and ecological risk assessment is included, and most of the resources
referenced can be downloaded. This site is located at http://www.epa.gov/superfund/programs/risk/tool-
trad.htm#dbsw.
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&	Acidic wastewaters and aqueous slurries �	Organic contaminated soils (halogenated or nonhalogenated)
&	Basic wastewaters and aqueous slurries �	RCRA metal contaminated soils
&	Cyanide wastewaters �	Soils with debris
����������
���� ������������

&	Aqueous/halogenated or nonhalogenated organic liquids �	Metal debris
&	Pure halogenated or nonhalogenated organic liquids �	8�������
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& Inorganic particulates &	7�
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& Absorbed aqueous or organic liquids &	)���������@�������
���

& Ion exchange media &8���������	
���@
�������

& Calcined solids
& Inorganic sludges
& Wastewater treatment sludges
& Plating waste sludges  �!������"�#�$�����������

& Paint waste-liquids/sludges, chips/solids &	)������
�	�������

& RCRA metal salt wastes &	)������
�	��
�

& Activated carbon (halogenated or nonhalogenated) &	3��������

& Organic resins (halogenated or nonhalogenated) &	3
�����	C	8�@=!@'

& Organic absorbents (halogenated or nonhalogenated) &	3
�����	C	8�@=!@'

& Organic sludges (halogenated or nonhalogenated) &	8
�����	���
�@
�����

& Organic particulates (halogenated or nonhalogenated)
& Biological materials
& Organic Chemicals (halogenated or nonhalogenated)
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Unit Disposal Cost ($/m3)

Compaction Cost = $1.50/lb ($3.21/kg)

Compaction Cost = $0.50/lb ($1.10/kg)

Decontamination Cost @ $1.20/lb ($2.65/kg)

$40.00

$35.00

$30.00

$25.00

$20.00

$15.00

$10.00

$5.00

$0.00
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